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Abstract

A crucial issue in urban environments is the interaction between
urban trees and atmospheric pollution, particularly ozone (O,).
Ozone represents one of the most harmful pollutants in urban
and peri-urban environments, especially in warm climates.
Besides the large interestin reducing anthropogenicand biogenic
precursors of O, emissions, there is growing scientific activity
aimed at understanding O, removal by vegetation, particularly
trees. The intent of this paper is to provide the state of the art
and suggestions to improve future studies of O, fluxes and to
discuss implications of O, flux studies to maximize environmental
services through the planning and management of urban forests.
To evaluate and quantify the potential of O, removal in urban
and peri-urban forests, we describe experimental approaches
to measure O, fluxes, distinguishing laboratory experiments,
field measurements, and model estimates, including recent case
studies. We discuss the strengths and weaknesses of the different
approaches and conclude that the combination of the three levels
of investigation is essential for estimating O, removal by urban
trees. We also comment on the implications of these findings for
planning and management of urban forests, suggesting some
key issues that should be considered to maximize O, removal by
urban and peri-urban forests.

Core ldeas

+ Urban and peri-urban forests can contribute to O, removal in
cities.

- Combining different experimental approaches allows us to im-
prove estimates of O, fluxes.

+ Choice of the right species and its physiological status can max-
imize O, removal by vegetation.
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N THE LAST DECADES, tropospheric ozone (O,) has

become one of the most harmful air pollutants on Earth,

particularly in warm climates of the midlaticudes where
anthropogenic precursors and high solar radiation promote
formation of this pollutant (Chameides et al., 1994). However,
critical O, levels have also been reached at higher and tropical
latitudes due to global warming, increased UV levels, and stabi-
lized or even increased levels of precursor emissions due to indus-
trial development (IPCC, 2014).

Exposure to high levels of tropospheric O, is linked to numer-
ous diseases, including lung inflammatory reactions, respira-
tory symptoms, cardiovascular diseases, asthma, and premature
mortality (Bell et al., 2004; Levy et al., 2005; Zscheppang et al.,
2008). In plants, exposure to elevated O, concentrations might
produce damages such as a reduction of light-saturated photo-
synthesis, tree biomass, and gross primary production (Wittig et
al., 2007; Wittig et al., 2009; Fares et al., 2013b). It is evident that
O, is an issue both in rural and urban environments, affecting
ecosystems and human health (Bell et al., 2006).

In addition to the efforts to reduce various anthropogenic
and biogenic precursors emissions in cities (Calfapictra et al.,
2013), there is growing interest in understanding O, flux and
consequently the O, removal by vegetation, particularly trees
(Nowak et al., 2006; Paoletti, 2009; Manes et al., 2012). Ozone
can be removed from the air by chemical reactions with reactive
compounds emitted by vegetation: oxidation of biogenic volatile
organic compounds (BVOCs) by OH in the presence of nitric
oxide (NO) produces molecules of O, (Di Carlo et al., 2004).
Furthermore, O, can be removed primarily by leaves through sto-
matal and nonstomatal mechanisms (Fares et al., 2010a). Ozone
can penetrate stomata, and once inside the leaves it reacts with
several biogenic compounds (Calfapietra et al., 2009), whereas
a negligible role is played by anthropogenic compounds at the
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cellular level. Stomatal conductance is the main parameter regu-
lating O, removal within the leaves (Emberson et al., 2000) and
can be 1nﬂuenced by several environmental factors, including O,
concentration (Wittig et al., 2007). Nonstomatal flux is mamly
represented by deposition on plant surfaces. Whereas nonstoma-
tal flux is usually lower than stomatal flux and is often minimal,
especially in dry conditions (Cape et al., 2009), nonstomatal flux
can be quite important on wet canopies (Altimir et al., 2006).

When O, reaches the intercellular spaces in leaves, it may oxi-
dize cells and damage or injure plant tissues. When plants pro-
duce BVOC:s, they can reduce the intercellular O, concentration
before this pollutant oxidizes leaf tissues. Consequcntly, plants
maintain a high O, flux from the air into the leaves (Loreto and
Fares, 2007). Ev1dcnce that oxidized BVOCs are emitted by
leaves as reaction products between BVOCs and reactive oxygen
species supports this thesis (Jardine et al., 2012).

The idea that O, removal maintains a gradient into a leaf is in
line with the idea of O, accumulation in the mesophyll (Moldau
and Bichele, 2002) but is against the hypothesis that all O3 reacts
after entering stomata, bringing its concentration close to zero
(Laisk et al., 1989).

Recently, much effort has been put into estimating O3 pen-
etration inside leaves with the intent to assess O, risks for plants.
There is a general consensus that a metric based on a dose—
response relationship is a better predictor of risk than a metric
solely based on accumulated concentrations because the latter
does not take into account the effective amount of phytotoxic
O, entering stomata (Matyssek et al., 2007). A number of models
have been developed for this purpose that have been tested for
mainly rural tree species (Biiker et al., 2012).

More recently, the focus has been expanded to estimating the
mitigation potential of plants, with a particular interest in urban
trees (Nowak et al., 2006; Escobedo et al., 2011). Different
experimental approaches have been performed to estimate the O,
removal by urban plants and trees. At the leaf, branch, or small
plant level, mainly cuvettes of different sizes have been used,
either in the laboratory or in the field, and coupled with a gas
exchange measuring system to parameterize O, removal under
controlled microclimatic and environmental condmons (Fares et
al., 2010a,b). At the ecosystem level, the eddy covariance (EC)

technique, which was originally established to estimate CO, and
H,O fluxes, has been extended to O3 fluxes (Fares et al., 2013b).

Different models have been developed to estimate the O,
fluxes by urban forests with the purpose to evaluate ecosystem
services provided by urban vegetation, such as the i-Tree (for-
merly UFORE) model developed in the United States (Nowak
et al.,, 2014), or with the purpose of O3 risk assessment based
on the penetration of phytotoxic O, within stomata (DOSE)
(Emberson et al., 2000).

This paper reviews the main techniques used to estimate O,
removal by urban woody vegetation, discusses their wcaknesses
and strengths, and presents case study examples. The main goals
of this paper are to provide insights and suggestions to improve
the experimental layout of future studies of O, fluxes and to dis-
cuss implications of O, flux studies on the planning and manage-
ment of urban forests to maximize environmental services.

Measuring and Modeling 0, Removal by
Urban Trees
Laboratory Experiments

Experimental designs to measure O, removal in a labora-
tory require that O, fumigation is conducted in a closed and
controlled system to 1solate specific plant elements and to con-
trol environmental parameters that influence the physiologi-
cal behavior of the plants. In controlled experiments, different
plants can be fumigated with different O, concentrations, used
as target values to evidence the effect of O concentration in the
leaf O, flux (Fig. 1; Supplemental Appendlx S1). Ozone fluxes in
cuvettes are generally measured using open dynamic systems in
which gas exchange is measured by calculating the difference in
O, concentration at the inlet and at the outlet of the enclosure.
Ozone is a reactive molecule; therefore, closed dynamic systems
are less appropriate because the long retention time of O, in the
cuvette may lead to consistent and unrealistic reaction of O, with
plant and cuvette surfaces. To minimize O3 reactivity, O3 gen-
erated with a UV light source must be diverted to the cuvette
using tubes and connectors made of inert material like polytet-
rafluoroethylene (Teflon), which minimizes the reaction of O,
with the surfaces. To avoid O dcplcnon inside the cuvettes, the
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Fig. 1. Ozone uptake measured on common tree species used in Rome, Italy, performed in large cuvette experiments fumigated with 100, 200, and

300 ppb of O,.
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cuvettes have a thin internal Teflon coating ('Tholl et al., 2006).
Every device inside the cuvette, in particular fans, might react
with O3 and thus decrease its concentration. Therefore, different
approaches have been implemented to minimize this issue, such
as extremely small plastic fans (Morani, 2013), Teflon fans (Fares
et al., 2008), and rigid diffusion tubes in the Teflon (Fares et al.,
2010c). There are cuvettes of different sizes with distinct pros
and cons: the use of small cuvettes (Loreto and Velikova, 2001)
allows overcoming problems with water condensation due to
plant transpiration, but the use of larger branch cuvettes (Fares
et al., 2006; Fares et al., 2010a; Morani, 2013) reduces the signal
to noise ratio, which is particularly useful when the O3 signal
is low, such as when it is measured simultancously with other
reactive trace gases. Finally, stirred tank reactors (Neubert et al.,
1993), made with cither glass or Teflon, can accommodate dif-
ferent plants and can be located in phytotrons for the adjustment
of some environmental conditions (e.g., temperature and light),
although the limitations of large cuvettes are mainly due to water
condensation due to plant transpiration and slow air turnover.

High relative humidity can alter the O, concentration and
can affect the detector’s reliability. A list of strengths and weak-
nesses in the use of cuvettes coupled with gas exchange systems is
presented in Table 1.

Laboratory experiments of O, fumigation have improved
our knowledge about the interaction of O, with BVOCs (Fares
et al., 2006; Fares et al., 2010a; Loreto and Velikova, 2001;
Loreto and Fares, 2007). Having standard conditions during
experiments makes this approach ideal for comparative studies
among different species and environmental conditions (Fig. 1
and 2; Supplemental Appendixes S1 and S2). This standardized
approach could be very useful in selecting the best species for
urban environments to remove 03, accounting also for long-term

adaptation of the plants, as suggested by Calfapictractal. (2015).

Eddy Covariance Technique

Ozone fluxes at the ecosystem level are typically measured
by the EC method, a micro-meteorological technique that mea-
sures the fluxes above the surface layers (Aubinet et al., 2012). It
is based on the turbulent upward and downward movements of
the air (eddies) that transport mass and energy (Baldocchi et al.,
1988).

Since the early 1990s, EC has been used by the ecological com-
munity to measure atmosphere—biosphere trace gas exchanges
without altering the surrounding environment (Baldocchi et al.,
1988; Foken et al., 2012). More recently, 03 fluxes have been
investigated with the implementation of fast-response O, sensors
based on coumarin-induced chemiluminescence (Bauer et al.,
2000; Fares et al., 2014; Hogg et al., 2007). These sensors allow
the use of EC for directly measuring O, fluxes at the ecosystem
level in a multitude of crop and forest ecosystems, including peri-
urban forests (Bauer et al., 2000; Hogg et al., 2007; Fares et al.,
2010a; 2014).

In the absence of advection, the fluxes are calculated from Eq.

(1]:

F.=w'C’ (1]

where F_is the O, flux, w is the vertical wind speed, and Cis
the O, concentration. The prime indicates the instantaneous
deviation from the mean, and the overbar indicates the time
average. Basically, EC needs sonic anemometers to measure
the vertical wind speed variations, sonic thermometry for
temperature variations, and a sensor for scalar density varia-
tions (O, in our case). All the variables need to be measured
above plant canopies in a well-mixed surface layer (Munger
et al.,, 2012) at high frequencies (>10 Hz) to ensure accurate
measurement of the smaller and faster eddies (Foken et al.,
2012). Moreover, the height of the measurement, together
with the surface roughness and thermal stability, determines
the area or “footprint” that contributes to the flux (Burba and
Anderson, 2010).

For in situ measurement of O3 concentrations, there are
several types of analyzers: electro- chemical, spectroscopic, and
chemiluminescence (Zahn et al., 2012). The chemilumines-
cence technique detects the chemiluminescence produced by
an organic dye in the presence of O3 (Gosten and Heinrich,
1996). It has a fast response time that is suitable to the EC
set up (Rummel et al., 2007); however, it requires frequent
calibration with a slow device. Therefore, experimental field
sites equipped for O3 flux measurements often require a slow
O3 analyzer (the same used in laboratory experiments) sam-
pling from the same height to produce correction factors to

Table 1. Advantages and disadvantages of the different techniques presented to study the O, uptake in an urban environment.

Methodology Advantages

Disadvantages

Gas exchange

cuvette experiments factors and of plant species

possibility to measure the potential O, absorption of urban

plants

possibility to manipulate environmental conditions

Eddy covariance long time series of O, uptake measurements

possibility to disentangle the effects of single environmental

unnatural conditions imposed on the sample
limited size of samples and a large signal-to-noise ratio

the whole gas exchange system made up of inert materials
many requirements: homogeneous and flat terrain,

technique atmospheric turbulence, and fast sensors
reports O, removal at ecosystem level frequent calibration of the chemiluminescence O, analyzer
no alteration of the surrounding environment Complex databases to be analyzed
provides information about the interactions between
anthropogenic and biogenic compounds
Modeling integrate O, flux estimates across space and time need to be parameterized by laboratory and/or eddy
approaches covariance measurements
provide information how the different factors and scenarios Inverse relationship between the spatial scale applicability
(vegetation type, O, level, etc.) can affect O, uptake and the accuracy
scarce attention to plant’s physiological status
226 Journal of Environmental Quality
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(normalized to maximum rates) in laboratory
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transform high-frequency voltage outputs to ppbv (Muller et
al., 2010). This technique has recently been applied to urban
and peri-urban forests (Fig. 3; Supplemental Appendix S3)
(Fares et al., 2010a, 2014).

As shown in Fig. 3, seasonal changes in air temperature
regulate the response of O, concentration and O, removal in
the Mediterranean peri-urban forest used here as a case study
(Supplemental Appendix S3).
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Fig. 3. Air temperature, O, concentration, and O, fluxes measured from January 2013 to October 2014 with eddy covariance in a Mediterranean
peri-urban Quercus ilex forest located inside the Presidential Estate of Castelporziano, 25 km southwest from the center of Rome.
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Modeling Approaches

The O, exchange between the vegetation and the atmosphere
is controlled by complex biophysical interactions (Griinhage et
al., 1997). This complexity requires a modeling approach to inte-
grate O, flux estimates across space and time. This flux includes
O, formation and transformations due to atmospheric chemistry
and O, deposition to earth surfaces. There are various models
that estimate all O3 processes at the regional level (e.g., CMAQ
[Appel et al, 2007], ECMWF [Vautard et al., 2001], and
CHIMERE [Alonso et al., 2011]), but the focus of this paper is
on O, deposition processes. The goal of modeling O, deposition
is to identify and integrate the major sinks in the soil-plant—
atmosphere continuum. Several models have been developed
to estimate O3 deposition, with most models focusing on area-
based estimates using a big-leaf or multilayer modeling approach
(Baldocchi et al., 1987; Baldocchi, 1988; Griinhage et al., 1997;
Vitale et al., 2005; Nowak et al., 2006; Manes et al., 2012). Some
models have been applied at a larger spatial scale and are specifi-
cally parameterized to predict the contribution of stomata to O,
sequestration using semiempirical algorithms to model stomatal
conductance based on the ecophysiological responses of plants
to environmental conditions (Emberson et al., 2000; Nowak et
al., 2014). The general concept of these models is that the down-
ward pollutant flux (F, in pg m ~*s™') is calculated as the prod-
uct of the deposition velocity (Vd, in m s™") and the pollutant
concentration (C, in pg m~>) (F = Vd C). Deposition velocity
is often calculated as the inverse of the sum of the acrodynamic,
quasilaminar boundary layer and canopy resistances. The canopy
resistance values for O, are often calculated based on a big-leaf or
multilayer canopy deposition models.

Results from modeling numerous US cities and US

Discussion
Enclosures versus Eddy Covariance Measurements

Understanding  which approach provides more precise
values of O, removal in urban and peri-urban forests is chal-
lenging. Measurements over ecosystems with EC are prefer-
able if the intent is to quantify the actual absorption of O, over
time (Bauer et al,, 2000; Fowler et al., 2001; Low et al., 2006;
Fares et al., 2010a; 2012) and/or to correlate the environmental
changes with the macroscopic effects related to absorption of O,
(Goldstein et al., 2004; Altimir et al., 2006). The EC method
is widely considered as the best micrometeorological technique
to measure ecosystem-level fluxes. However, several conditions
need to be met to properly apply this technique in urban areas.
Although the variable footprints of EC often include different
land covers and thus can provide important information about
the urban forest effect on air quality and on the interactions
between anthropogenic and biogenic compounds, it is not easy
to disentangle the effect of the single factors because several fac-
tors (e.g., patchy vegetation, roads, building, and anthropogenic
sinks and sources) occur at the same time at the ecosystem level
(Wang et al., 1995; Tuovinen et al., 2004; Morani et al., 2014).
It is also not possible to provide tree-specific information in a
mixed forest ecosystem. The EC method easily applies to flat and
homogencous terrains and applies under turbulent conditions.
Patchy vegetated areas, typical of urban forests, are a challenge
for the application of the EC technique.

Therefore, coupling leaf cuvettes and the gas exchange tech-
nique (Wang et al., 1995; Field et al., 2000) to measure the O3
removal at the leaf level is the best tool to develop environmental

10
national assessments using i-Tree reveal that the average

O, flux in the United States is 5.5 g m™* of tree cover
yr ! (Nowak et al., 2014) but can vary in cities from
2.1to7.6 gm™? of tree cover yr ' (Nowak et al., 2006).
Individual city annual flux rates to trees (per m* of
tree cover) vary across the world (Fig. 4; Supplemental
Appendix S4) based on differences in pollution con-
centrations and plant features such as leaf area indices,
stomatal conductance, and assimilation rates. These
variations are strictly dependent on weather conditions

ozone uptake (g*m'zy'1)

(e.g., temperature, humidity, wind speed, solar radia-
tion, and precipitation) and length of growing season
(Nowak et al., 2006). Total removal rates within a city
also vary based on the amount of tree cover. Average

leaf-on daytime dry deposition velocities for O, varied

among the US cities from 0.40 t0 0.71 cm's ! and varied
throughout the day, similar to transpiration patterns
(Nowak et al., 2006). Such modeling efforts ultimately
allow us to consider O, removal as an ecosystem service
provided to the citizens to ameliorate quality of life.
This important ecosystem service, togcthcr with a range
of other services (e.g., carbon sequestration, recreation,
and amelioration of urban microclimate), contributes
to an overall benefit provided by green infrastructures,
which challenges the scientific community to evaluate
the best method to quantify the financial value and a
potential market.

Fig. 4. Ozone uptake estimated using the i-Tree model in different case studies.
Data for Barcelona are from Chaparro and Terradas (2009); for Fuenlabrada from
USDA Forest Service (unpublished data); for Rome and Perugia from Morani (2013)
and Sgrigna (2011); for Berlin from Aevermann et al. (unpublished data, 2015);

for Toronto from Nowak et al. (2013); for New York, San Diego, San Francisco, and
Miami from Nowak et al. (2006); for Santiago del Chile from Escobedo and Nowak
(2009); for Rio de Janeiro from USDA Forest Service (unpublished data, 2015);

for Beijing from Yang et al. (2005). Removal rate is standardized to grams of O,

removed per square meter of tree cover per year.
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response functions and to parameterize O, removal (Fares et
al., 2010a). This approach can disentangle the effects of single
factors, such as humidity levels, temperature, and the bound-

ary layer, which can influence O, removal (Loreto and Velikova,
2001; Loreto and Fares, 2007). However, the use of enclosures has
some limitations, including the unnatural conditions imposed
on the leaf within the cuvette and the limited sample size that
can be measured. These limitations can be minimized by the use
of small chambers with an efficient control of the environmental
parameters (generally CO,, temperature, light, and vapor pres-
sure deficit) developed since the beginning of the 1990s (Collatz
etal., 1991) and larger cuvettes or reactors (Neubert et al., 1993;
Fares et al., 2008). Despite the disadvantages, the application of
this technique could be particularly useful in the urban environ-
ment. A qualitative study, aimed at comparing a number of tree
species under the same environmental conditions to quantify dif-

ferences in O, removal, will be important to determine which
of numerous urban tree species would be the best for enhanc-
ing O, removal in cities. In addition, cuvette and gas exchange
techniques might be used in situ (Grulke et al., 2002) to measure
the O, removal of large trees under the natural urban environ-
mental conditions also for comparison with the seedlings often
used in the laboratory experiments (Nunn et al., 2005). Finally,
gas exchange techniques might have a key role for proper param-
etrization of process-based models due to the measurements of
physiological status and biochemical parameters estimation (e.g.,
Velocity of Carboxilation by Rubisco enzyme), especially in dif-
ferent biodiverse vegetation types such as those found in the vari-
ous cities of the world.

Species-Specific and Environmental Factors
Influencing 0, Removal

In canopies, structural characteristics affect O, deposition:
plant density and the overall amount of biomass and leaf arca
are directly linked to O, removal. Among the environmental fac-
tors influencing O, removal, a key role is played by tropospheric
O, concentration, temperature, and air humidity. Although
the effect of air humidity on O, removal has not been studied
adequately, laboratory tests indicate that an increase in moisture
can destroy O, (Cox and Penkett, 1972; McClurkin etal., 2013).
Moreover, Chen et al. (2011) observed that O, reacts with water
to form hydroxyl radicals, which might have an effect on O, con-
centration and phytotoxicity. In any case, specific and environ-
mental factors are strictly connected to O, removal: temperature,
light, and water availability in the soil-plant system may change
the absorption of O, by trees and ecosystems by influencing
stomatal opening (Fredericksen et al., 1996; Bauer et al., 2000;
Léw et al., 2006). Paoletti and Grulke (2010) observed that a
prolonged exposure to O, induces a stomatal sluggishness, which
makes stomata less responsive to rapid changes of light, thus
directly affecting the stomatal removal of O,

Measuring total O, flux offers the ablhty to develop atmo-
spheric models that partition fluxes between stomatal and non-
stomatal sinks. Some studies covering a wide range of ecosystems
(Gerosa et al., 2005; Hogg ct al., 2007; Fares ct al., 2012, 2014)
have partitioned total O, fluxes between various sinks and have
estimated that between 30 and 70% of fluxes can be attributed to
stomata, illustrating the importance of this sink. Species-specific

differences are largely responsible for a broad range of varia-
tion of stomatal contribution to total O, sink. Broadleaves
with high rates of stomatal conductance WIH have stomata as
the main sinks, as in the case of poplar plantations (Zona et al.,
2014). As highlighted in Fig. 2, different species tested in labo-
ratory cuvette experiments showed considerably different O,
fluxes (normalized for the maximum flux) not explained by leaf
conductance (sum of stomatal, cuticular, and mesophyll con-
ductance). However, such controlled conditions produced con-
siderable differences in O, removal among various species even
after normalizing for stomatal conductance (Fig. 2a). Moreover,
testing the transition between light and dark (Fig. 2b) also sup-
ports the hypothesis that other parameters besides stomatal
openings might affect O, removal.

Certain species emit reactive BVOCs, such as monoterpenes
and sesquiterpenes, which were found to react within a few
seconds with O, thereby removing the pollutants through gas-
phase reactions (Kurpms and Goldstein, 2003). This is the case
of pine forests, which are high emitters of reactive hydrocarbons
with low stomatal conductance in comparison with broadleaf
trees (Fares et al,, 2010a). More recently, evidence has shown that
BVOC:s can react with O, in the intercellular spaces as described
by Jardine et al. (2012), who showed direct emissions of oxidized
products of isoprene from leaves. Although a direct O,~BVOCs
reaction inside leaves has yet to be demonstrated, it is plausible
that reactive oxygen species formed in leaves by O, oxidation are
reacting with BVOCs. Ozone removal in leaves thus contributes
to maintaining a high gradient and thus a high flux between
the leaf and the air (Loreto and Fares, 2007; Fares et al., 2008).
Moreover, O, can stimulate or inhibit BVOC emission, and this
can mﬂuence interactions and feedback events that are difficult
to forecast and model (Calfapietra et al., 2009). Thus, BVOC-
emitting tree species can explain nonstomatal sinks in the canopy
(Goldstein et al., 2004; Kurpius and Goldstein, 2003; Fares et
al., 2010b) that atmospheric models based solely on atmospheric
resistance to O, removal cannot resolve. Urban environments are
also charactenzcd by a high presence of anthropogenic volatile
organic compounds, which, together with BVOCs, can con-
siderably influence the reactivity of O, at the biosphere—atmo-
sphere interface.

Cuticle deposition also represents an important O, sink.
However, the physicochemical processes driving O3 deposition
to plant surfaces are not fully understood. Despite the low water
solubility of 03, wet plant surfaces were found to represent an
active O3 sink (Altimir et al., 2006), perhaps due to the presence
of a thin layer of reactive BVOCs, which forms at the wet surface.
Soils are responsible for some O, deposition. Direct EC measure-
ments of O, fluxes at the soil levcl in a Holm Oak forest revealed
that up to 30% of O, is deposited to a forest soil (Fares et al.,
2014). However, the main sinks of O in soils remain unknown,
and differences between soils with dlﬁerent biological and struc-
tural composition may exist.

Opportunities and Challenges to Integrate Leaf and
Field Observations to Parameterize Models

Although EC field measurement campaigns are important
to provide empirical evidence of O, flux to urban trees and to
compare with model outputs, they are expensive and limited in
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their practical application to aid managers in developing specific
strategies to improve air quality. Modeling of O, fluxes allows for
the integration of complex processes that are not easily measured
and provides a means to assess the potential impact of complex
landscape designs on O, concentrations. Modeling also provides
a relatively low-cost and straightforward means to aid managers
in understanding the role of vegetation and other surfaces on
removing O, and in improving air quality management in cities
(Nowak et al., 2014). The online tool provided by UFORE is a
clear example. For example, the tree species selection tool (i-Tree,
2013) developed for US cities helps in identifying the best spe-
cies according a number of requested benefits, including O3
removal derived from experimental activities.

The various big-leaf/multilayer hybrid—based deposition
models (Baldocchi, 1988; Griinhage et al., 1997; Vitale et
al., 2005; Nowak et al., 2006; Manes et al., 2012) have several
advantages and disadvantages. The main advantage is that they
are available and that they can provide reasonable estimates for
gascous pollution removal at an hourly time frame based on
locally measured tree parameters, pollution data, and meteoro-
logical data. Another advantage is that the model can be used
globally if the input data are available. Some models have been
developed and applied to several urban contexts, demonstrat-
ing the key role played by the urban and peri-urban forest on O,
removal (Alonso etal.,, 2011; Baumgardner et al., 2012; Manes et
al., 2012; Kroeger et al., 2014; Morani et al., 2014). In addition
to the large spatial scale, an important goal of modeling is simu-
lating how different scenarios (e.g., vegetation type, O3 level, etc.)
affect urban air quality.

However, this modeling approach also has some limita-
tions, which are often related to the plant’s physiological status.
Although the soil water status and air quality have been recently
coupled in large spatial-scale models (Simpson et al., 2012; de
Andrés et al.,, 2012), the standard versions of the two models
(CHIMERE [Alonso et al., 2011] and i-Tree [Morani et al,
2014]) that are commonly used in the estimation of O, removal
in urban environment do not account for the drought effect and
the consequent reduced stomata opening. This omission of a

drought effect is a primary reason for overestimating O, removal
in Mediterranean environments when drought conditions are
limiting the O3 removal and sink capacity (Fig. 5; Supplemental
Appendixes S3 and S4). However, drought effects are often not
realized in urban environments due to supplemental water from
city residents or from the municipality. A first attempt to over-
come this drought omission was introduced in the update (Biiker
et al,, 2012) of the original model developed by Emberson et
al. (2000). This model estimates O, flux through stomata and
includes the effect of plant phenology and climatic conditions
on stomatal conductance, allowing a separation of stomatal
and nonstomatal O, fluxes. Process-based hydrological models
to predict water retention in soils coupled with O, deposition
models are highly desired, especially for drought-prone urban
forests.

Another limitation associated with the modeling approach is
the level of observation, which often has to do with the limita-
tions of the input data. Although high-resolution, spatially dis-
tributed tree parameters can be obtained from LiDAR-based
approaches (e.g., Koetz et al.,, 2007), high-resolution spatially
and temporally distributed weather and pollution data are often
limited. Thus, data from various pollution monitors or weather
stations are often used to represent the pollution and weather
conditions across an area or are produced from other model
estimates. Improvements in O3 concentration estimates can
be reached through a spherical cokriging interpolation model
(Isaaks and Srivastava, 1989). This methodology has been
applied successfully in urban areas as a base to model O, removal
at the ecosystem level (Manes et al., 2012).

Chemical transport models are often used to model the con-
centration of pollutants at a regional level (down to 1 km? of spa-
tial resolution) (e.g., the WRF-CHEM model [ Tie et al., 2009]).
There is a high potential for transport models to improve local
pollution removal estimates with more accurate and spatially
resolved estimates.

Another challenge is understanding the role of isoprenoids in
removing O, at different levels and their influence on O, removal.

3
This effect has been demonstrated in the laboratory (Loreto and
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Fig. 5. Daily course of O, uptake estimated by the i-Tree model and measured using eddy covariance techniques in a peri-urban forest near Rome,
Italy. (a) A typical summer day with high temperature and low soil water availability. (b) A typical late summer day after rain events characterized
by lower temperature and good soil water availability. For details see Supplemental Appendixes S3 and S4 and Morani et al. (2014).
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Fares, 2007) and in field studies (Goldstein et al., 2004;
Faresetal.,2010b) and is accounted for in some models,
although there are very few applications in the urban
environment (Simpson et al., 2012; Alonso etal., 2011;
Kim etal., 2014). Investigating this phenomenon along
a gradient of physiological conditions throughout dif-
ferent seasons and taking advantage of the environ-
mental gradient present along an urbanrural transect
is essential (Calfapietra et al., 2015). Moreover, a mul-
tilayer model may reconcile observations collected at
the single-leaf and at the ecosystem level because dif-
ferent retention times and reactivity rates with O, in
various experiments produced large divergences in the
magnitude of chemical O3 removal. Thus, the integra-
tion of different levels of investigation appears crucial
to increase our understanding of O, removal in urban
ecosystems and to provide guidelines for urban plan-
ners and managers, as shown in Fig. 6.

Conclusions

Reconciling leaf-level and ecosystem-level measure-
ments is important given the limitations and opportunities. It is
evident that synergy among leaf cuvette, eddy covariance, and
modeling techniques is needed to better evaluate the capacity of
O, removal by vegetation in the urban environment. Models can
help us move from the EC footprint to a larger spatial level (city
level), which is essential to developing plans to improve air qual-
ity and to developing urban forest management plans. The use
of leaf cuvettes can help to parameterize process-based models.
This parameterization could provide more realistic simulation
of stomatal conductance, help integrate the contribution from
different layers to ecosystem fluxes, and help parameterize mul-
tilayer models (Sprintsin et al., 2012). Moreover, field observa-
tions with EC may be used to parameterize deposition models,
as in the case of the Castelporziano Estate (Morani et al., 2014).

Providing scientific evidence on how to maximize the O,
removal in an urban environment is of paramount interest to
urban forest planners and managers. Model application may be
used to predict the ideal vegetation for a given area and certain
meteorological conditions that could maintain appropriate,
healthy vegetation to considerably increase the O, sink capacity
in our cities. Such provision may provide socioeconomic
awareness to invest in proper urban tree structure.

We believe that future modeling efforts should address the
issue of single tree effects on pollution concentration (i.c., how
do tree configurations alter local pollutant concentrations?)
(Emberson et al., 2000; Nowak et al., 2006). Spatial variability of
urban forest and vegetation designs within the urban landscape
might also have a key role in air pollution removal, as shown by
Escobedo and Nowak (2009). Local pollution concentrations
can be increased or decreased depending on designs and source
of pollutant (Nowak et al., 2014). More research is needed that
accounts for vegetation configuration and source—sink relation-
ships to maximize beneficial tree effects on pollutant concentra-
tions and to minimize human exposure to air pollution.

We conclude that pollution removal by trees is not the only
way that trees affect local O, concentrations. Trees reduce air
temperatures, which can lead to reduced emissions from vari-
ous anthropogenic sources (Cardelino and Chameides, 1990).

Cuvettes
0, fluxes

Eddy Covariance

0, fluxes
4 J

‘ Modeling O; fluxes ‘

Maximizing O3 uptake in Urban
Forest Planning and Management

{

- Priority for species with high O; uptake (and low BVOC emission)
- Maximize leaf biomass

- Maintain plants in good health

- Priority of planting in areas with high O, levels

Fig. 6. The importance of estimating O, fluxes for the planning and the
management of urban forests and best practices to maximize the O, uptake.

Trees around buildings alter building energy use (Heisler, 1986)
and consequent emissions from power plants. Trees reduce wind
speeds, lowering mixing heights, and can therefore increase O,
concentrations (Nowak et al.,, 2006). Trees also emit varying
levels of BVOC:s that are precursor chemicals to O, formation
(Chameides et al., 1988). Certain BVOC species, such as iso-
prenoids, have been described as high O,~forming hydrocarbons
in the presence of anthropogenic emissions of NOx (Gentner et
al., 2014). More research and modeling is needed on how these
factors combine to affect air pollution concentrations.
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