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Key Points:

« We use a multi-layer canopy-atmosphere exchange model to interpret ozone flux
observations inside and above a North-Italian forest

» Two state-of-science vertical exchange parameterizations do not capture in-canopy
stable stratification suppressing ozone deposition

« Soil nitric oxide emissions do not increase ozone deposition due to compensating
effects by deposition and transport
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Abstract

Dry deposition is an important ozone sink that impacts ecosystem carbon and water cy-
cling. Ozone dry deposition in forests is regulated by vertical transport, stomatal up-
take, and non-stomatal processes including chemical removal. However, accurate descrip-
tions of these processes in deposition parameterizations are hindered by sparse obser-
vational constraints on individual sink terms. Here we quantify the contribution of canopy-
atmosphere turbulent exchange and chemical ozone removal by soil-emitted nitric ox-

ide (NO) to ozone deposition in a North-Ttalian broadleaf deciduous forest. We apply

a multi-layer canopy exchange model to interpret campaign observations of nitrogen ox-
ides (NO,;=NO+NO3) and ozone exchange above and inside the forest canopy. Two state-
of-science parameterizations of in-canopy vertical diffusivity, based on above-canopy wind
speed or stability, do not reproduce the observed exchange suppressed by canopy-top ra-
diative heating, resulting in overestimated dry deposition velocities of 10-19% during day-
time. Applying observation-derived vertical diffusivities in our simulations largely resolves
this overestimation. Soil emissions are an important NO,, source despite the observed
high background NO, levels. Soil NO, emissions decrease the gradient between canopy
and surface layer NO, mixing ratios, which suppresses simulated NO, deposition by 80%
compared to a sensitivity simulation without soil emissions. However, a sensitivity anal-
ysis shows that the enhanced chemical ozone sink by reaction with soil-emitted NO is
offset by increased vertical ozone transport from aloft and suppressed dry deposition. Our
results highlight the need for targeted observations of non-stomatal ozone removal and
turbulence-resolving deposition simulations to improve quantification and model repre-
sentation of forest ozone deposition.

Plain Language Summary

Ozone is a harmful air pollutant that impacts human and ecosystem health. Ozone
can be removed by forest ecosystems as a result of air transport into forests followed by
plant ozone uptake or chemical removal, but quantifying these individual processes is dif-
ficult. We combine model simulations and treetop measurements to study the role of ver-
tical forest-atmosphere air transport and chemical ozone removal inside the forest. We
find that our model can only reproduce surface ozone removal if we account for suppressed
transport as derived from observations. The soil is a substantial source of nitric oxide
(NO) that reacts with ozone. According to our analysis, the presence of a soil NO source
does not lead to increased ozone removal because other ozone sinks are reduced. Our re-
sults suggest that individual ozone removal processes in forests can best be studied us-
ing targeted observations and models that better resolve forest-atmosphere exchange.

1 Introduction

Removal of ozone at the land surface (ozone dry deposition) is an important com-
ponent of the tropospheric ozone budget, accounting for 15-20% of the total tropospheric
ozone sink (Hu et al., 2017; Young et al., 2018; Bates & Jacob, 2020). Ozone dry depo-
sition occurs when air masses, transported downward by turbulent motions in the at-
mospheric boundary layer, come in contact with the land surface. Forests are particu-
larly efficient ozone sinks (e.g., Hardacre et al., 2015): removal processes include plant
uptake through stomata and various non-stomatal sinks such as external leaf surfaces
and soils, and chemical removal in the canopy airspace (Fowler et al., 2009). Upon stom-
atal uptake, ozone may impact stomatal conductance and photosynthesis, reducing ecosys-
tem carbon assimilation on large spatial scales (Ainsworth et al., 2012). Better quan-
titative estimates of stomatal and non-stomatal ozone sinks can improve understanding
and quantification of the total land surface ozone sink and impacts on ecosystem car-
bon uptake driven by stomatal ozone uptake.
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Stomatal uptake typically accounts for 40-90% of forest ozone uptake during the
growing season (Fowler et al., 2009), but the contribution by individual sink terms is poorly
constrained by parameterizations of land-atmosphere exchange in global and regional at-
mospheric chemistry models (Clifton et al., 2020). Multi-parameterization intercompar-
isons indicate that these uncertainties lead to a large spread in simulated ozone depo-
sition (Wu et al., 2018; Visser et al., 2021). Likewise, Clifton et al. (2017) found that inter-
annual variability in the ozone deposition velocity in a global atmospheric chemistry model
was underestimated by a factor two compared to an 11-year ozone flux dataset, and at-
tributed this to year-to-year variability in non-stomatal removal. Global model simula-
tions of ozone deposition carry considerable uncertainty (Hardacre et al., 2015; Young
et al., 2018), and an effort to quantify inter-model spread of ozone deposition in regional
air quality models is currently underway (Galmarini et al., 2021). Altogether, these find-
ings highlight the need for improved process understanding of ozone deposition. In this
study, we focus on two of these uncertain processes: in-canopy turbulent exchange and
ozone scavenging by soil-emitted nitric oxide (NO). These processes are not explicitly
considered in commonly applied ”big leaf” representations of dry deposition. Addition-
ally, the scarcity of observational constraints on these processes limit our understand-
ing of the contribution of these processes to forest ozone deposition.

Vertical mixing conditions inside forests can be different compared to those above
the canopy, leading to an inversion at the canopy top or inside the canopy, regulated by
meteorological conditions and forest structure (Russell et al., 2018). This can lead to a
(partial) decoupling between the canopy and the overlying air layers, with implications
for canopy-atmosphere gas exchange (e.g., Foken et al., 2012). For example, in-canopy
inversions can lead to a missing soil carbon respiration contribution to above-canopy mea-
surements of net ecosystem exchange of COy (Jocher et al., 2018). For ozone, several stud-
ies suggest a dependence of ozone deposition on in-canopy turbulent mixing based on
correlations between the deposition velocity and the friction velocity (e.g., Neirynck et
al., 2012; Fares et al., 2014; El-Madany et al., 2017). Van Pul and Jacobs (1994) derived
such a parameterization from measurements over maize crop, but its applicability to other
land use categories remains uncertain. Multi-layer canopy-atmosphere exchange mod-
els typically simulate vertically resolved in-canopy and canopy-surface layer turbulent
exchange based on K-theory (e.g., Ganzeveld, Lelieveld, Dentener, Krol, & Roelofs, 2002;
Ashworth et al., 2015), which however has strong limitations when applied for rough sur-
faces such as forests (Bannister et al., 2022). Inferring in-canopy mixing conditions from
observations requires vertical profile measurements of temperature and the sensible heat
flux (e.g., Brown et al., 2020), which are not typically available at flux measurement sites.
Therefore, the simplified representation of canopy-atmosphere exchange in current mod-
els and the sparse observational constraints limit our understanding of the role of tur-
bulent mixing in canopy ozone removal.

Chemical ozone removal in plant canopies is another poorly constrained element
of the ozone deposition sink. The canopy has a distinctly different photo-chemical regime
compared to the surface layer affected by radiation extinction, emissions of soil NO and
biogenic volatile organic compounds (BVOCs), as well as deposition processes. In big
leaf parameterizations, it is common practice to emit soil NO directly into the surface
layer after application of a canopy reduction factor, thereby only implicitly accounting
for in-canopy NO, removal. Therefore, these parameterizations do not account for the
different photo-chemical regime inside the canopy. Observation-based studies indicate
a widely varying contribution of chemical ozone removal by soil NO and BVOCs, that
largely depends on site-specific characteristics such as soil and plant type, temperature,
soil moisture and vapour pressure deficit (Fares et al., 2012; Rannik et al., 2012; Finco
et al., 2018; Vermeuel et al., 2021). Due to decreasing anthropogenic emissions, agricul-
tural and forest soils are becoming an increasingly important component of the Euro-
pean NO, emission budget (Skiba et al., 2021), that contribute to ozone formation par-
ticularly during NO,-limited ozone formation conditions (Visser et al., 2019). Soil-emitted
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NO also act as an ozone sink inside forest canopies depending on the emission strength
and canopy radiation extinction, leading to a locally NO,-saturated ozone production
regime. Commonly used parameterizations of soil-biogenic NO, emissions in chemical
transport models assume that forest soil NO emissions are relatively small compared to
anthropogenic emissions, but are an important source of NO, in pristine environments
(Yienger & Levy, 1995). For example, Rummel et al. (2007) found that soil NO-ozone
chemistry accelerates nighttime near-surface ozone loss in a tropical forest. In more pol-
luted environments, nitrogen deposition accumulated over multiple years may substan-
tially increase forest soil NO, emissions (Pilegaard et al., 2006). Under such circumstances,
soil NO-ozone chemistry may explain a considerable part of total ozone deposition even
during daytime (Dorsey et al., 2004; Duyzer et al., 2004).

In this study, we aim to investigate the combined impact of canopy stability and
soil NO emissions in the canopy airspace on ozone fluxes. We interpret field campaign
observations of vertical gradients in ozone uptake in the North-Italian Bosco Fontana
forest, experiencing substantial NO,, and ozone air pollution (Finco et al., 2018). This
analysis of field observations is supported by observation-driven simulations with the Multi-
Layer Canopy-CHemistry Exchange Model (Ganzeveld, Lelieveld, Dentener, Krol, & Roelofs,
2002; Visser et al., 2021). Specifically, we address the following research questions for
a temperate mid-latitude forest:

1. How does the representation of vertical exchange in a multi-layer canopy model
affect simulated canopy ozone uptake?

2. What is the contribution of soil and canopy-top NO, fluxes to observed NO, mix-
ing ratios inside and above the canopy?

3. What is the contribution of NO,-ozone chemistry to in-canopy ozone removal un-
der different model representations of vertical exchange?

2 Data and Methods
2.1 Observations

We use atmosphere-biosphere exchange measurements obtained during an obser-
vational campaign in June-July 2012 at the Bosco Fontana deciduous forest in north-
ern Italy (45.20°N,10.74°E) (Finco et al., 2018). This campaign took place within the
European project ECLAIRE (Effects of Climate Change on Air Pollution Impacts and
Response Strategies for European Ecosystems). This forested site is situated in the Po
Valley, in a 235 ha natural reserve composed primarily of Carpinus betulus L. and Quer-
cus robur L., and the average canopy height is 26 m above ground level (Gerosa et al.,
2017).

The Po Valley is characterized by warm summers and high concentrations of ozone
and nitrogen oxides. Under such conditions, hydrological interactions leading to droughts
might reduce the land surface ozone sink, which can exacerbate ozone air pollution (Lin
et al., 2020). The summer of 2012 was characterized by slightly drier meteorological con-
ditions (+10) compared to the long-year average around Bosco Fontana, while the area
south of the Po Valley experienced dry conditions (Fig. 1b, more details can be found
in Supplementary Text S1). The stomatal ozone flux does not exceed 3 nmol m=2 s=!
and is up to 50% lower compared to the multi-year summer average value (Fig. 1). This
is likely caused by stomatal closure as a result of drought conditions. In the (pre-)alpine
regions north of Bosco Fontana, conditions are slightly wetter than average, and stom-
atal ozone fluxes are higher (>4 nmol m~2 s~1) compared to the south, with no clear
indication of a regional anomaly (Fig. 1b). We therefore deem these observations rep-
resentative for typical summer conditions in North Italy.
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Figure 1. Summer 2012 ozone fluxes around northern Italy in a spatio-temporal con-

text. Panel a: June-August average daytime total (outer circles) and stomatal (inner cir-

cles) ozone fluxes derived from observations at FLUXNET locations (data from Ducker et al.,
2018). Panel b: July-August normalized 3-month SPEI anomaly (gridded data, derived from
https://spei.csic.es/index.html, last access 24 March 2022), where negative (positive) values
indicate drier (wetter) than average conditions, and the total and stomatal ozone flux relative
anomaly compared to the observational record at the FLUXNET location. Bosco Fontana is indi-
cated with a black diamond in both figures. See Supplementary Text S1 for details on the SPEI

and SynFlux data analysis.

We here focus on the period of 24 June-11 July 2012, when temperature, wind speed,
humidity, ozone and NO, concentrations as well as fluxes of sensible heat and ozone were
measured along a vertical profile inside and above the canopy at the Bosco Fontana site.
Specifically, measurements were performed at two heights above the canopy top (41m
and 32m), at the interface layer between the canopy and the surface layer (24m) and at
two heights inside the canopy (8m and 16m). More details on the observational setup
and flux data processing can be found in Finco et al. (2018).

2.2 The Multi-Layer Canopy-CHemistry Exchange Model (MLC-CHEM)

We perform biosphere-atmosphere trace gas exchange simulations using the Multi-

Layer Canopy-CHemistry Exchange Model (MLC-CHEM). This model simulates atmosphere-

biosphere exchange fluxes and vertical profiles of trace gases, and includes a represen-
tation of biogenic volatile organic compounds (BVOC) emissions (Guenther et al., 2012)
and soil NO emissions (Yienger & Levy, 1995), in-canopy vertical mixing, a complex chem-

istry scheme (CBM-IV) and dry deposition of atmospheric compounds (Ganzeveld & Lelieveld,

1995; Ganzeveld et al., 1998). Stomatal conductance is calculated using the assimilation-
stomatal conductance model A-g; (Ronda et al., 2001), with parameter settings based
on the observation-driven values derived by Visser et al. (2021). In this study, we force
MLC-CHEM with canopy-top observations of net shortwave radiation, temperature, rel-
ative humidity, wind speed, friction velocity and surface-layer NO, NO5y and ozone mix-
ing ratios. MLC-CHEM simulates in-canopy mixing ratios and fluxes of these species as
affected by the aforementioned sources and sinks inside the canopy. We further highlight
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MLC-CHEM'’s representation of vertical exchange and soil NO emissions in the sections
below.

In the set-up of MLC-CHEM in this study, the model consists of three layers: one
bulk atmospheric surface layer, and a crown and understory layer that together repre-
sent the forest canopy. This set-up of the model has also been coupled to large-scale at-
mospheric chemistry models (Ganzeveld, Lelieveld, Dentener, Krol, Bouwman, & Roelofs,
2002; Ganzeveld et al., 2010). In-canopy radiation is expected to display large gradients
between canopy-top and soil, and therefore processes affected by radiation (photolysis
and biogenic emissions) are calculated in more vertical detail using four layers. Although
MLC-CHEM can in principle be applied at a higher vertical resolution (i.e. with more
than two canopy layers), we can only derive vertical transport from observations at two
heights inside the canopy (see Section 2.3.3 and Figure 2). This motivates our use of the
two-layer version in this study.

2.3 Vertical mixing in MLC-CHEM

We here test two methods of simulating turbulent exchange between atmosphere
and the canopy, and compare these to exchange simulations with observation-derived ver-
tical exchange. These representations will be introduced in this section, and are schemat-
ically visualised in Figure 2.

2.3.1 Reference parameterization of turbulent exchange (REF)

MLC-CHEM’s default parameterization of turbulent exchange between canopy and
the surface layer derives the surface-layer to upper canopy eddy diffusivity (denoted as
K 1) by integrating the aerodynamic conductance over the difference in reference height
between the surface layer and the upper canopy layer, following Monin-Obukhov Sim-
ilarity Theory. The in-canopy eddy diffusivity (K ), used to calculate turbulent ex-
change between the crown layer and the understory layer, is then derived by scaling Kg o
with the in-canopy wind speed profile (Ganzeveld, Lelieveld, Dentener, Krol, & Roelofs,
2002):

0.5(u(l) + u(l — 1))
0.5(u(1) + u(0))

Koo =Kpgq (1)

where (1) is the horizontal wind speed at layer 1 (index values 0,1,2 represent the bulk
surface layer, the upper canopy layer and the lower canopy layer, respectively, as shown
in Fig. 2). The simulated in-canopy wind speed decreases exponentially as a function
of canopy height and canopy-specific attenuation coefficients (Cionco, 1978). Figure 2
displays typical mid-day values of the vertical diffusivity as derived from MLC-CHEM.
During typical summer afternoon conditions characterized by efficient vertical mixing

above the canopy, in-canopy K g is typically a factor £7 lower than canopy-top Ky due
to the scaling by the in-canopy wind speed.

2.3.2 Near-field theory (NFT)

We additionally apply a parameterization based on near-field theory (Raupach, 1989),
which has resulted in improved surface ozone simulations with an online chemistry trans-
port model (CTM) over forested regions in the United States (Makar et al., 2017). This
formulation accounts for a decrease in the turbulent mixing intensity inside and above
the forest with respect to the reference height of the lowermost model layer, resulting
from obstruction of air flow due to the presence of trees. In this parameterization, Ky s
in the lowermost model layer of the CTM is scaled down towards the land surface as a
function of canopy height, friction velocity and the Obukhov length. Figure 2 shows how
the NFT vertical diffusivity decreases towards the surface in this formulation as a result
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of canopy influences on turbulence intensity. Ky at the canopy-top is particularly smaller
in NFT compared to the reference parameterization in MLC-CHEM (REF). In-canopy
Ky is relatively similar in both formulations.

2.3.8 Observation-inferred turbulent exchange derivation (INF)

Thirdly, we derive the the turbulent exchange coefficient from observations follow-
ing K-theory. This theory relates the observed sensible heat flux to the obseved verti-
cal potential temperature gradient via the vertical diffusivity coefficient K :

H(z) = ~Kn(2) 2] 2)

where H(z) is the observed sensible heat flux at height z and 5%(;) is the vertical poten-

tial temperature gradient at height z, inferred from temperature measurements above
and below z. This slope is derived by fitting potential temperature to the curve 8 = a+
bxIn(z)+exIn(z)? (Mélder et al., 1999; Brown et al., 2020). We here apply the ver-
tical diffusivity derived from observed vertical profiles of temperature and the sensible
heat flux in our simulations of ozone and NO, canopy-atmosphere exchange, assuming
that exchange coefficients of these gases resemble the exchange coefficient of heat. We
will revisit this assumption in the discussion, by a comparison with exchange coefficients
derived from vertical gradients of ozone concentrations and fluxes.

We calculate Ky (z) at two different heights within the canopy. Ky is calculated
at the canopy-surface layer interface from 30-minute averages of sensible heat fluxes mea-
sured at 24m and temperature gradients between 16m and 32m. In-canopy Ky is de-
rived from 30-minute averages of sensible heat fluxes measured at 16m and temperature
gradients between 8m and 24m. Figure 2 displays the typical mid-day Ky range as de-
rived from observations. Note that we apply K g 24, for simulating exchange at the canopy-
top, so these values are shown at z=26m. K g 16, is used for simulating vertical exchange
between the crown and understory layers (z=13m). The observation-inferred K is lower
than REF and NFT at the canopy-top, and the mid-canopy values of REF and NFT ap-
proximately coincide with the upper value of the observation-inferred Ky range.

2.4 Soil NO, exchange

We perform an initial evaluation of MLC-CHEM-simulated NO, mixing ratios in
the understory to understand the role of soil NO, exchange on observed NO, mixing ra-
tios at Bosco Fontana. A simulation with the default deciduous forest soil NO emission
factor from (Yienger & Levy, 1995) results in an emission strength of 0.2-0.6 ng N m~2
s~! (Supp. Fig. S2a). This is substantially lower than the site-derived emission flux of
20.8 ng N m~2 s~!, based on enclosure chamber measurements directly above the Bosco
Fontana forest floor (Finco et al., 2018). As a result, MLC-CHEM-simulated understory
NO, mixing ratios using the default deciduous forest emission factor are underestimated
by 2.1 ppb (27%) on average (Supplementary Fig. S2c).

However, imposing the observation-derived soil NO emission flux in MLC-CHEM
leads to an overestimation of understory NO, mixing ratios by 3.1 ppb (37%) compared

to observations, reflecting NO, accumulation (Supplementary Fig. S2c¢). These over-estimations

in simulated lower-canopy [NO,] result partly from an underestimated NOy deposition
sink in MLC-CHEM (1-6 ng N m~2 s7!) that is more than a factor two smaller com-
pared to the observation-derived soil NOy deposition flux of 14 ng N m~2 s~! (Finco

et al., 2018). A sensitivity test assuming a strongly enhanced soil uptake efficiency of NOa,
by reducing MLC-CHEM’s NO, soil uptake resistance from 600 to 100 s m™!, does not
strongly increase simulated soil NOs deposition. Additionally, there are strong observed
vertical gradients in NO, mixing ratios near the soil, reflecting strongly stable conditions
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Figure 2. Schematic representation of typical afternoon vertical profiles of vertical diffusivity
(Kg) in the Bosco Fontana forest (indicated by the green shaded area) in an unstable mixing
regime. The reference MLC-CHEM vertical mixing parameterization (REF) is shown in blue
diamonds and the near-field theory parameterization (NFT) is indicated by the red line. These

Lu=2ms™ ! Kg(zref) =4 m?s™! (at a reference

profiles are calculated using u. = 0.5 m s~
height of 50 m), r, = 20 s m~". Solid black lines and points show the mid-day (12-15 h LT)
range of observation-inferred Kg values at two different heights. Dashed black lines indicate
the interface between model layers in MLC-CHEM. The index ! (varying from 0-2) refers to the

model layers in Equation 1.
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Table 1. Configuration of MLC-CHEM simulations.

Experiment Ky method Eno.sou g Nm™2 57 14,4(NO2) [s m™!

1 REF 0.2-0.6° 600
2 REF 8 600
3 NFT 8 600
4 INF 8 600
5 REF 0 10°
6 NFT 0 10°
7 INF 0 10°

¢ Diurnal range, peaking in the afternoon

and NO, loss due to chemical removal and soil deposition, which are not represented in
MLC-CHEM’s understory layer with a thickness of 13 m. This indicates that a substan-
tial part of the soil-emitted NO, does not escape the air layer directly above the soil.

In order to infer the contribution of soil NO, exchange to observed NO, mixing
ratios at the reference height of MLC-CHEM’s understory layer (z=6.5 m), we study the
sensitivity of simulated understory NO, to the soil NO emission flux. By comparison with
observed NO, mixing ratios in the understory, we find that application of a reduced soil
NO emission strength of 8 ng N m~2 s~! minimizes the mismatch between simulated and
observed understory NO, (Supplementary Fig. S2¢), and we therefore choose this value
to represent the effect of soil NO, exchange on canopy ozone uptake for our simulations.

2.5 Setup of the numerical experiments

In order to answer our research questions, we modify the representation of in- and
above-canopy vertical mixing, as well as soil NO, exchange, in MLC-CHEM. The ref-
erence simulation (experiment 1) applies the model’s reference vertical diffusivity for-
mulation (REF), a default temperate forest soil NO emission factor (Yienger & Levy,
1995) and the standard soil NO2 uptake resistance (Ganzeveld & Lelieveld, 1995). In ex-
periments 2-4, we modify MLC-CHEM’s vertical exchange formulation as explained in
Section 2.3. We use the effective soil NO emission flux that best represents soil effects
on lower-canopy NO, mixing ratios and the default NOy uptake resistance (Section 2.4).
In experiments 5-7, we deactivate soil NO emissions and soil NOy deposition to quan-
tify the effect of soil NO, exchange on in-canopy NO, mixing ratios and ozone deposi-
tion.

3 Results
3.1 Vertical exchange

We start our analysis by examining temporal variability in the observation-derived
vertical diffusivity (K ) and its relation to in- and above-canopy stability. Figure 3 dis-
plays the stability regimes in the surface layer and the canopy. Stably stratified condi-
tions occur frequently inside the canopy even during daytime (Fig. 3), resulting from ra-
diative heating of the canopy-top and a closed canopy structure that prevent the warm
above-canopy air from entering the canopy airspace (Finco et al., 2018). Observation-
inferred Ky at the interface between the canopy and the overlying air layer (z=24 m)
peaks at 2.4 m? s~! at 15:30 LT (Fig. 4b), coinciding with prevailing unstable mixing
conditions above the canopy (Fig. 3). The campaign-average diurnal cycle of the observation-
derived Ky inside the canopy (z=13 m) is characterized by lower values throughout the
day (up to 0.5 m? s71, Fig. 4d), reflecting the decrease in vertical mixing inside the for-
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Figure 3. Occurrence of in- and above-canopy stability classes during the observational time

period (24 June-12 July, 2012). Data were separated into four stability classes, based on stability

parameter % as unstable (lowercase u, ¥ < 0) or stable (lowercase s, + > 0), as well as height of

the observations, being representative of the surface layer (uppercase S, derived from observations

at 32m) or inside the canopy (uppercase C, derived from observations at 16m).

est canopy (Fig. 2). Mid-canopy Kp derived from observations peaks at 11:30-12:00 LT
(Fig. 4d), coinciding with predominantly unstable conditions inside and above the canopy.

Contrary to the observations, simulated Ky according to the REF approach in MLC-
CHEM follows a symmetric diurnal profile peaking at 13:00 LT (Fig. 4b), which is sub-
stantially larger compared to the observation-inferred Ky during daytime. The Ky over-
estimation results from the simplified K derivation in this model setup (see Section 2.3.1).
As a result, REF-simulated vertical exchange at the canopy-top is overestimated com-
pared to observation-inferred Ky (Fig. 4b). The REF-simulated in-canopy Kp shows
substantial day-to-day variation due to its dependence on above-canopy wind speed (Sec-
tion 2.3.1), and strongly overestimates Kp inside the canopy leading to well-mixed con-
ditions inside the canopy during daytime in this simulation. As a result, vertical exchange
is strongly overestimated in the REF vertical exchange representation in MLC-CHEM
compared to observation-inferred vertical mixing during the observational campaign.

Canopy-top Kp from a simulation based on near-field theory (NFT) follows a sim-
ilar diurnal cycle compared to REF, since NFT is derived from scaling down the REF-
simulated vertical diffusivity to include effects of the roughness sublayer (see Section 2.3.2).
The NFT-simulated K above the canopy is up to 3 m? s~! lower compared to the REF
simulation during mid-day, and in closer agreement with observation-inferred Ky val-
ues. Inside the canopy, the NFT-simulated K is also substantially lower compared to
the REF Ky, and in closer agreement with observation-inferred values. However, NFT
does also not reproduce the observed low afternoon Ky values indicative of stably strat-
ified conditions inside the canopy. In the next section, we will evaluate the effects of these
different representations of vertical diffusivity on the simulated ozone and NO, profiles.

3.2 Effects of turbulent mixing on canopy ozone uptake

We analyze the effect of vertical mixing on ozone deposition via the simulated de-
position velocity. In MLC-CHEM, vertical mixing affects the canopy-atmosphere trans-
port of ozone and thus the ozone flux. V;O3 is diagnostically calculated from the ozone
flux at the canopy-atmosphere interface and canopy-top ozone mixing ratios simulated
by MLC-CHEM. Figure 5 displays the campaign-median ozone dry deposition velocity
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Figure 4. Time series (panels a,c) and campaign-average diurnal cycle (panels b,d) of ver-
tical diffusivity at the canopy-surface layer interface (panels a,b) and 13 m, halfway the canopy
(panels c,d), as derived from observations (black dots), and as calculated from three MLC-CHEM
simulations (solid lines, see Section 2.3) Black lines and shaded areas indicate the inter-quartile

range.

(V4(Os3)) diurnal cycle from observations and three MLC-CHEM simulations with dif-
ferent representations of vertical exchange. Observed V;(Os) is characterized by night-
time values of 0.0-0.2 cm s~1, followed by a sudden increase in the morning (+8 h LT)

to its peak value, and a subsequent decrease throughout the day. Notably, the REF and
NFT simulations strongly overestimate V;(O3) at 5-8 h LT, while a simulation with the
observation-derived representation of vertical exchange (INF) agrees better with obser-
vations during this time period. This coincides with overestimated Ky values in REF
and NFT, particularly at mid-canopy, during the early morning (Fig. 4d). Neither sim-
ulation reproduces the daytime peak value occurring at 8 h LT, which reflects a sudden
change from stable to unstable stratification in the upper canopy. The spread in observed
V4(O3) at this time is high, indicating that the timing of the change to unstable condi-
tions varies from day to day, or a possible role of intermittent exchange. The REF and
NFT simulations overestimate daytime V3(Os) (9-16 h LT) by 19% and 10%, respectively.
INF reproduces daytime V;(O3) within 5% of the observations due to accounting for a
(partial) decoupling between the canopy and the surface layer.

Despite distinct differences in the simulated diurnal cycle, effects of vertical exchange
on MLC-CHEM’s performance (shown in Table 2) are small. The similar model perfor-
mance metrics reflect the compensating effects of model overestimations and underes-
timations during different stages in the diurnal cycle, as discussed above. The effect of
constraining the simulations with observation-derived vertical exchange most strongly
reduces overestimations in the simulated ozone flux, as INF reduces the model overes-
timations from 13-16% to 8% (Table 2). When analyzing skill scores for 9-15 h LT, when
unstable conditions inside and above the canopy are more prevalent, the MBE is markedly
lower in the INF simulation (0.7 nmol m~2 s~!) compared to the REF and NFT sim-
ulations (4.3 and 3.2 nmol m~2 s~1, respectively). Hence, vertical exchange only min-
imally affects canopy ozone uptake averaged over the entire day, but the effects are sub-
stantial during time periods characterized by (partial) decoupling between canopy and
the overlying atmospheric layers.
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Figure 5. Campaign-median diurnal cycle of the ozone dry deposition velocity derived from
observations (black points and whiskers), and simulated by MLC-CHEM with three different

Ky derivations: MLC-CHEM’s reference vertical diffusivity description (REF), near-field the-
ory (NFT) and observation-inferred Kg (INF). The observation-inferred deposition velocity
(Va(03) = ][POO;]) at the canopy-atmosphere interface (26 m) is derived by linear interpolation
between observations at 24m and 32m.

Table 2. Model performance statistics of the simulated ozone flux in three MLC-CHEM sim-
ulations with different representations of vertical exchange. The table includes several common
statistical model performance indicators (MBE, RMSE, r?, slope and intercept of the linear
regression fit through simulations and observations (s,i), as well as the index of agreement d
(Willmott, 1982) and the fraction of simulated data points overestimated and underestimated
by a factor larger than 2 (f>2x and f<2x), respectively). The unit is nmol m™2 s™', unless

indicated otherwise.

MBE RMSE 1?[] sl i Al f>2x [] f<2x []
REF 1.61 5.5 0.45 0.69,3.73 0.80 0.16 0.16
NFT 0.75 5.1 047 0.70,2.86 0.82 0.13 0.22
INF 018 4.9 045 0.60,2.63 0.81 0.08 0.23
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3.3 Effects of soil NO, exchange on the canopy NO, budget

Biosphere-atmosphere exchange of NO, can be bi-directional (i.e. emission or de-
position), depending on the difference between above- and below-canopy NO, mixing
ratios. Generally, the canopy-atmosphere NO,, flux is downward in (forested) regions with
high background NO, mixing ratios, regardless of the soil NO source strength (Ganzeveld,
Lelieveld, Dentener, Krol, Bouwman, & Roelofs, 2002). Elevated NO, mixing ratios ob-
served at Bosco Fontana (up to 16 ppb in the morning and 4 ppb in the afternoon) there-
fore suggest that NO,, deposition to the forest canopy is expected to prevail at this site.
The observed exchange of NO,, at the soil interface is bi-directional (NO emissions, NOgy
deposition), resulting in a substantial net upward NO, flux (Finco et al., 2018, see also
Sect. 2.4). We infer the contribution of soil NO,, exchange to in-canopy NO, mixing ra-
tios by comparing an MLC-CHEM simulation with observation-inferred vertical exchange
(INF) to an experiment with deactivated soil NO, exchange (experiments 4 and 7 in Ta-
ble 1). Figure 6 displays observed and MLC-CHEM-simulated upper- and lower-canopy
NO, mixing ratios. As expected, the effect of soil NO, exchange is largest in the under-
story, with simulated enhancements in NO, mixing ratios of 0.6 ppb during daytime to
7.5 ppb at night due to soil NO, exchange (Fig. 6b). Additionally, the simulation with-
out soil NO, exchange does not lead to nighttime NO, accumulation in the canopy, and
an underestimation of [NO,] by >5 ppb during nighttime. Our sensitivity simulation sug-
gests that the soil contributes on average 45% to observed mixing ratios in the under-
story. The net upward soil NO, flux additionally affects the simulated diurnal course
of lower-canopy NO, mixing ratios, as the observed evening increase rate in NO, mix-
ing ratios is absent in the simulation without soil NO, exchange.

Soil NO, has a smaller effect on NO, mixing ratios in the upper canopy layer com-
pared to the understory. NO, mixing ratios are lower by 0.1 ppb (daytime) up to 3.2
ppb (nighttime) in the simulation without soil NO, exchange (Fig. 6a), and we infer that
the soil contributes on average 21% to NO, mixing ratios in this layer. The soil contri-
bution is lowest during mid-day, when vertical exchange between the upper canopy and
the overlying air layer is intense while mixing between the two canopy layers is suppressed
(Fig. 4b,d). Note here that the NO, concentrations in MLC-CHEM’s surface layer are
nudged to observations at 32 m. The similarity in the shape of the simulated diurnal cy-
cles suggests that diurnal variation in upper-canopy NO, mixing ratios is largely driven
by the canopy-top NO, flux. The two simulations diverge after 16 h LT, when the up-
per canopy becomes stably stratified, which indicates a substantial contribution of the
soil to upper-canopy NO, levels even at this site with a large NO, source from advec-
tion.

Canopy-atmosphere NO, exchange is strongly affected by soil NO, exchange. Fig-
ure 7 displays campaign-median diurnal cycles of simulated canopy-top NO, fluxes with
and without considering the contribution by soil NO emissions. The simulated daytime
upward canopy-top NO flux is higher by up to 3 ng N m~2 s~! due to soil NO, exchange
(Fig. 7a). In both simulations, the canopy remains a net sink of NOy due to the high
background levels observed at this site. However, canopy uptake of NO; is reduced due
to the effect of soil NO, emissions (Fig. 7b), and even changes in sign at night, as mix-
ing of soil-emitted NO, into the canopy layers reduces the gradient between canopy and
the overlying air layer. As a result of the changing vertical gradient in NO, mixing ra-
tios between the canopy layers and the surface layer, considering soil NO, exchange in
MLC-CHEM reduces the canopy-top NO, fluxes by on average 4.5 ng N m~2 s=1 (-79.8%).
This analysis highlights the importance of accounting for soil NO,, exchange for accu-
rately simulating NO, deposition in larger-scale models for relatively polluted regions.
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Figure 6. Campaign-median diurnal cycle of NO, mixing ratios the reference heights of the
two canopy layers, as simulated by MLC-CHEM (with observation-inferred vertical mixing) with
(SNOg, blue line) and without (no-SNO;, red line) soil NO, exchange. Observations at 19.5m are
derived by vertical interpolation of measurements at 8 and 24m, while observations at 5m are di-
rectly compared to model output at 6.5m. Points and solid lines display the mean, and whiskers

and shaded area display the inter-quartile range.

NO NO, NO,=NO+NO,
20 T T I I I T T T T T T T T T T
(a): — SNO, (b): . . . (c):
15—““1 """ 77| == no-SNO, [] o S c S I T

x

Frno. [Ng Nm2 s?]

0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h LT] Time [h LT] Time [h LT]

Figure 7. Canopy-top (26 m) fluxes of NO, NO2 and NO, simulated by MLC-CHEM with
(SNO,) and without (no-SNO,) soil NO, exchange, and using the observation-derived vertical
diffusivity in both simulations (experiments 4 and 7 in Table 1). The black dashed lines indicate

the soil fluxes for the SNO, simulation.
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3.4 Canopy reduction of NO,

The simulated canopy-top NO flux is generally smaller than the soil NO flux at Bosco
Fontana (Fig. 7), which reflects in-canopy NO,, loss. Many large-scale models do not ex-
plicitly represent canopy processes, and account for this decrease in the effective contri-
bution by soil NO emissions to atmospheric NO, mixing ratios by applying a canopy re-
duction factor (CRF) to account for in-canopy removal of the emitted NO, by NOs de-
position (Yienger & Levy, 1995). When above-canopy NO, mixing ratios are smaller com-
pared to the in-canopy NO, mixing ratio, this CRF has a value between 0-1 (Yienger
& Levy, 1995), e.g. +0.75 for midlatitude deciduous forest (Vinken et al., 2014). How-
ever, for high-NO, regions such as northern Italy, an alternative definition of the CRF
is more appropriate.

This alternative CRF is derived as the ratio between above-canopy and above-soil
NO, fluxes (Ganzeveld, Lelieveld, Dentener, Krol, Bouwman, & Roelofs, 2002), and re-
flects the role of in-canopy NOg deposition, chemical cycling, and the bi-directionality
of canopy-atmosphere NO,, exchange. We derive a CRF of -0.24 (diurnal average), which
indicates that the soil NO, exchange flux is approximately 4 times higher than the sim-
ulated downward canopy-top NO, flux. This negative estimate reflects that Bosco Fontana
is a sink of NO,, although much closer to zero compared to the CRFs of -10 - -1 found
by Ganzeveld, Lelieveld, Dentener, Krol, Bouwman, and Roelofs (2002) over high-NO,,
regions in the northern midlatitudes. This relatively small CRF inferred from our canopy-
exchange simulations can largely be explained by the large soil NO emission flux at Bosco
Fontana: Ganzeveld, Lelieveld, Dentener, Krol, Bouwman, and Roelofs (2002) used emis-
sion factors from Yienger and Levy (1995), which strongly underestimate soil NO emis-
sions at Bosco Fontana (see Sect. 2.4). This study suggests caution for using large-scale
soil NO emission algorithms (including canopy reduction factors) for interpreting the soil
NO contribution to biosphere-atmosphere NO, exchange in polluted environments.

3.5 Combined impact of vertical mixing and soil NO, exchange on canopy
ozone uptake

Figure 8 displays the campaign-median diurnal cycle of the total ozone flux as sim-
ulated by MLC-CHEM, using the three different representations of vertical exchange,
with and without considering soil NO, exchange. There is a decrease in the diurnal av-
erage ozone flux of 5-10% associated with the role of soil NO, at this site, depending on
the representation of vertical exchange. During daytime (5-20 h LT), the soil NO,-induced
decrease in ozone fluxes is smaller (3-4%), while the relative effect is largest during the
night (>20%) due to low nighttime ozone fluxes. The in-canopy chemical ozone sink com-
petes with other canopy ozone sinks, including stomatal uptake. However, the daytime
stomatal ozone flux is reduced by only 1-3% due to the soil NO-ozone sink (not shown),
suggesting that the substantial source of soil NO, at Bosco Fontana is of minor impor-
tance for stomatal ozone uptake and flux-based metrics for ozone impacts on vegetation.

To further understand the weak sensitivity of the atmosphere-biosphere ozone flux
to soil NO, exchange, we analye differences in simulated ozone formation and removal
tendencies with and without soil NO,, exchange. The tendencies (unit: ppb h™!) are cal-
culated as the contribution of vertical exchange, deposition and chemical transformation
to changes in ozone mixing ratios at each time step, following Ganzeveld, Lelieveld, Den-
tener, Krol, and Roelofs (2002). Campaign-average diurnal cycles of these tendencies are
shown in Supplementary Figure S3. The net upward soil NO, exchange flux leads to changes
in the diurnal variability in ozone tendencies, particularly in the lower canopy, but their
diurnal variability remains similar. Therefore, we display diurnal averages of tendency
changes due to soil NO, exchange in Figure 9 for the three tested representations of ver-
tical exchange, to explain the weak sensitivity of canopy-top ozone fluxes to soil NO,
exchange. Note that sinks result in negative ozone tendencies. As a result, an increased
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Figure 8. Campaign-median diurnal cycle of the total canopy ozone flux as simulated by

MLC-CHEM using reference vertical exchange (REF), vertical exchange derived using near-field
theory (NFT) and observation-inferred vertical exchange (INF). Solid lines indicate simulations
with soil NO, exchange, and dashed lines show simulations with deactivated soil NO, exchange

(i.e. soil NO emissions and soil NO2 deposition).

sink leads to a negative tendency change, while a decreased sink leads to a positive ten-
dency change.

The chemical ozone sink is increased due to reaction with soil-emitted NO, reflected
by a negative tendency change for ozone in the lower canopy (Fig. 9). This introduces
two compensating effects that both result in positive tendency changes: reduced depo-
sition and increased vertical transport. Lower-canopy ozone deposition is reduced, be-
cause chemical removal and deposition are two competing sinks, acting on the ozone reser-
voir in the lower canopy. However, the reduced deposition sink does not fully compen-
sate for the enhanced chemical ozone destruction. An additional compensating effect re-
sults from the dependence of vertical transport on the ozone gradient between the up-
per and lower canopy. The soil NO,-induced chemical sink results in a larger vertical
ozone gradient between the upper and lower canopy, and this increases vertical ozone
transport into the lower canopy. These results do not strongly depend on the represen-
tation of vertical exchange (Figure 9). According to our analysis, reduced dry deposi-
tion and increased vertical transport together offset the enhanced lower-canopy ozone
sink by reaction with soil NO.

4 Discussion

Our results show how vertical mixing conditions inside a forest differ from those
in the atmospheric surface layer as a result of the presence of thermal inversions within
the canopy. Accounting for these stability effects in the multi-layer canopy exchange model
MLC-CHEM, by inferring the vertical diffusivity from observations (INF), leads to morn-
ing ozone deposition velocity decreases by up to 0.2-0.4 cm s~! compared to two tested
vertical exchange parameterizations in MLC-CHEM (REF and NFT), and in closer agree-
ment with observations. In the afternoon, REF and NFT overestimate ozone deposition
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Figure 9. Change in lower-canopy ozone mean diurnal process tendencies as a result of soil
NO, exchange for three MLC-CHEM simulation pairs using REF-; NFT-, and INF-based vertical
exchange (panels a,b,c, respectively). Displayed tendency differences (tendency with soil NO,
exchange minus tendency without soil NO, exchange) are due to changes turbulent transport
(tt), dry deposition (dd) and chemistry (ch), as well as the resulting total tendency change (tot).
Error bars indicate the standard deviation of the mean diurnal process tendencies. Changes in
simulated process tendencies due to soil NO, exchange for the upper canopy are shown in Sup-

plementary Figure S4.

flux by on average 4.3 and 3.2 nmol m~2 s™!, respectively, while INF agrees better with
observations (MBE = 0.7 nmol m~2 s™1). Given the dependence of in-canopy turbulence
on stand density and vertical leaf area distribution (e.g., Russell et al., 2018; Banerjee

& Linn, 2018), this effect may be generalizable to closed forest canopies receiving high
solar radiation. For these conditions, 3D atmospheric chemistry models, with highly pa-
rameterized vertical mixing inside and above forest canopies, could potentially overes-
timate atmosphere-biosphere exchange of ozone and other trace gases.

In our observation-based characterization of canopy-atmosphere exchange, we de-
rived the vertical diffusivity from 30-minute averages of temperature and the sensible heat
flux. This is a common method to infer canopy-atmosphere exchange from observations
(e.g., Brown et al., 2020) that incorporates effects of thermal stability on vertical exchange
inside the canopy and between the canopy and the surface layer. This is an advancement
compared to conventional methods to simulate in-canopy transport, used in deposition
parameterizations applied in large-scale chemistry-transport models (e.g., Van Pul & Ja-
cobs, 1994), which are based on above-canopy turbulence intensity (via the friction ve-
locity) and canopy density (via LAI). However, the K-theory approach based on aver-
age fluxes and gradients does not account for non-local, intermittent sources of turbu-
lence (Raupach, 1989; Finnigan, 2000). Previous work found variable effects of coher-
ent structures to observed canopy-top fluxes: Thomas and Foken (2007) found a result-
ing 4% error in eddy-covariance fluxes, while Steiner et al. (2011) reported a 44-65% con-
tribution by coherent structures to the observed sensible heat flux.

The availability of ozone flux and mixing ratio observations along a vertical pro-
file enables us to explore the similarity between Ky and a vertical diffusivity derived from
30-minute averages of ozone flux and mixing ratio observations (Ko, ), shown in Sup-
plementary Figure S4. In the morning, Ko, exceeds MLC-CHEM-simulated and observation-
inferred Ky in the upper canopy (Supplementary Fig. S4a). Finco et al. (2018) find an
enhanced ozone flux at the canopy-atmosphere interface, possibly resulting from a lo-
cal enhancement in NO mixing ratios at the canopy-top transported to this height from
the soil and the surface layer. During the morning, with a relatively large vertical trans-
port timescale (7 = 10 h, Fig. 10) compared to the smaller timescale of chemical ozone
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loss by reaction with NO (7. & 1 h, Fig. 10), we suspect that this enhanced flux will
not change the ozone gradient between the canopy and the atmosphere, leading to an
elevated Ko, compared to K. During the afternoon, observation-derived values of Ky
and Ko, agree well, suggesting that chemical alteration of the ozone flux in the upper
canopy dominantly occurs in the morning. Lower-canopy Ko, exceeds Ky throughout
the day (Supplementary Fig. S4b), reflecting enhanced ozone removal due to the reac-
tion between soil-emitted NO and ozone.

Our results highlight that canopy exchange of NO, is driven by the vertical gra-
dient in NO, mixing ratios between the canopy and the surface layer. Soil NO emissions
are high at our North-Ttalian study site, possibly due to high nitrogen deposition (de Vries
et al., 2021) leading to nitrogen accumulation in the soil. We estimate that these soil emis-
sions offset the total NO, deposition by 80%, and that soil-emitted NO is largely removed
inside the forest. We conclude that information on canopy sources and sinks of NO,, in-
cluding soil NO emissions, is essential to understand the NO, budget of forests, partic-
ularly in regions with high background levels of air pollution.

The campaign observations applied in this study indicate the presence of strong
vertical gradients in NO, and ozone mixing ratios in the lower canopy. Daytime NO,
mixing ratios measured directly above the soil are higher by up to 7 ppb compared to
measurements at 5 m, while ozone mixing ratios above the soil (0.15 m) are +20-55 ppb
lower (Finco et al., 2018). These differences are caused by soil exchange processes (emis-
sions of NO, deposition of NOy and ozone) and chemical reactions, amplified by the very
stable stratification at this height. This near-surface effect is important for evaluating
the contribution of soil emissions to the canopy NO, exchange budget, as our results show
that the soil NO, flux inferred from above-soil enclosure chamber measurements can-
not be reconciled with the observed NO, mixing ratios at 6.5 m (Supplementary Fig.
S2), likely indicating NO, loss near the forest floor. Resolving these gradients requires
an increased vertical resolution in MLC-CHEM. Our choice for a model with two canopy

layers is justified by the applicability of this model version in regional/global models (Ganzeveld,

Lelieveld, Dentener, Krol, & Roelofs, 2002; Ganzeveld et al., 2010), and the availabil-
ity of observational constraints at two heights in the canopy.

To further investigate potential sub-grid vertical gradients, we derive mid-canopy
lifetimes against vertical transport, chemical loss and deposition (Figure 10). If the life-
time against vertical transport () is of a similar magnitude as the lifetime of other pro-
cesses, replenishment is not sufficiently fast to counter chemical loss or deposition, lead-
ing to sharp vertical ozone gradients that are challenging to resolve in multi-layer canopy
models. During the early morning and evening, 7; is indeed of a similar or higher mag-
nitude compared to 7. and 74. During daytime, however, vertical ozone transport is much
faster than chemical loss and deposition, indicating that the mid-canopy is well-mixed.
However, sharp ozone and NO,, gradients occur directly above the soil (Finco et al., 2018),
which occurs at the subgrid-scale in MLC-CHEM.

The aforementioned shortcomings could be addressed by application of a Large-
Eddy Simulation (LES) model coupled to a multi-layer canopy model to study ozone de-
position (hereafter LES-MLC). Recently, LES simulations of canopy turbulence have been
performed under varying atmospheric stability (e.g., Patton et al., 2016), and Clifton and
Patton (2021) have extended this approach with ozone uptake. These models advanta-
geously resolve turbulent motions at a larger range of length scales, and have an in-canopy
vertical resolution on the order of several meters. Therefore, LES models are an appro-
priate tool to investigate vertical gradients in turbulent exchange inside and directly above
forest canopies, and how this affects canopy-atmosphere exchange of NO, and ozone. As
a future line of research, we propose to apply coupled LES-MLC models to improve mech-
anistic understanding of the interaction between in-canopy turbulent mixing gradients
and ozone removal processes. For example, LES-MLC models can be applied to inves-
tigate how vegetated canopies affect chemical ozone flux divergence (Vila-Guerau De Arel-
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Figure 10. Campaign-averaged diurnal cycles of lifetimes against vertical transport (7¢),
chemical ozone loss by reaction with NO (7.) and deposition (74) calculated from observations

2
approximately at mid-canopy. Lifetimes are derived as follows: = = % (Gerken et al.,
2017, with z=13m), 7e = gy (With k= 1.9 x 10" 57! and [NO] at 8 m), and 74 = (55 (with
z=16m). Note that early-morning 74 values are omitted as they display erratic behavior due to

near-zero ozone flux observations.

lano et al., 1993), and to test how this affects the (dis)similarity between vertical diffu-
sivities for sensible heat and trace gases (Fig. S4). This would require performing LES-
MLC simulations that closely mimic site conditions at selected observational sites with
detailed observations of in-canopy turbulence and trace gas exchange fluxes, which is an
area of ongoing research (Bannister et al., 2022). The proposed developments have large
potential to improve the representation of turbulent exchange in multi-layer canopy ex-
change models (e.g. MLC-CHEM) that can be applied in coupled 3D atmospheric chem-
istry model experiments used for air quality assessments and chemistry-climate studies.

5 Conclusions

We quantified the impact of forest-atmosphere turbulent exchange and soil NO,
exchange on ozone deposition in a polluted Italian forest. To this end, we applied a multi-
layer canopy exchange model (MLC-CHEM) to interpret campaign observations of NO,
and ozone mixing ratios, temperature, and fluxes of sensible heat and ozone. Vertical
mixing conditions in the dense Bosco Fontana forest canopy are fully or partially decou-
pled from the overlying air layers during large parts of the campaign, which poses chal-
lenges for simulating ozone uptake in multi-layer models of canopy-atmosphere exchange
using traditional vertical exchange parameterizations based on K-theory.

We show how turbulent transport can be a limiting factor for ozone deposition to
forest canopies. In land surface parameterizations applied in large-scale atmospheric chem-
istry and transport models, turbulent transport generally does not limit land surface ozone
uptake. However, two parameterizations of canopy-atmosphere exchange cannot repro-
duce the vertical diffusivity derived from observed vertical temperature and sensible heat
flux gradients, since they parameterize in-canopy vertical mixing based on above-canopy
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wind speed or friction velocity. Accounting for observed vertical exchange in our sim-
ulations decreases the simulated deposition velocity by 0.2-0.4 cm s™* (>100%) in the
morning when canopy-atmosphere exchange is weak, and a better agreement with ob-
servations (-5%) compared to the two tested parameterizations (+10-19%).

The soil contribution to observed in-canopy NO, mixing ratios is substantial, par-
ticularly in the lower canopy layer (45% on average). This is remarkable, given the high
background NO, mixing ratios observed above the canopy (around 4 ppb during day-
time). The canopy-atmosphere exchange flux of NO,, at this site, which is dominated
by NO, deposition, is decreased by up to 80% as a result of a significant soil NO,, emis-
sion source. However, a sensitivity study showed that the simulated canopy ozone de-
position flux is hardly affected by the reaction between ozone and soil-emitted NO. This
is partly because the increasing ozone sink posed by the soil NO-ozone reaction leads re-
duced dry deposition to the soil and understory vegetation, and partly due to enhanced
downward ozone transport as the lower canopy becomes a stronger sink.

Our results highlight how the complex nature of vertical mixing in forests affects
canopy-atmosphere exchange of reactive trace gases. Including a more physically accu-
rate representation of canopy-atmosphere exchange in atmospheric chemistry modelling
on larger spatial scales will help to better quantify the land surface ozone sink, as well
as its impacts on surface ozone mixing ratios and ecosystem carbon uptake. In this con-
text, we suggest to apply turbulence-resolving model experiments coupled to multi-layer
canopy models of trace gas exchange to support analysis of field observations. This ap-
proach has potential to increase our understanding of the interaction between in-canopy
turbulence and ozone sinks, and to improve the representation thereof in land surface
parameterizations in larger-scale chemistry transport models.

6 Software and data availability

Observations during the intensive ECLAIRE field campaign at Bosco Fontana can
be obtained from the following in-text reference: (Owen, 2012). Data used in the cre-
ation of Figure 1 can be obtained from the following in-text references: (Begueria, 2017;
Holmes & Ducker, 2018). The MLC-CHEM model version and model output used in this
study are stored at the 4TU.ResearchData repository (private link: https://figshare
.com/s/79ac1383e54079145¢c£8, a DOI has been reserved and will be shared upon pub-
lication).
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