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Abstract: Climate sensitive urban planning involves the implementation of green infrastructure as
one measure to mitigate excessive heat in urban areas. Depending on thermal conditions, certain
trees tend to emit more biogenic volatile organic compounds, which act as precursors for ozone
formation, thus hampering air quality. Combining a theoretical approach from a box model analysis
and microscale modeling from the microclimate model ENVI-met, we analyze this relationship for
a selected region in Germany and provide the link to air quality prediction and climate sensitive
urban planning. A box model study was conducted, indicating higher ozone levels with higher
isoprene concentration, especially in NO-saturated atmospheres. ENVI-met sensitivity studies
showed that different urban layouts strongly determine local isoprene emissions of vegetation, with
leaf temperature, rather than photosynthetic active radiation, being the dominant factor. The impact
of isoprene emission on the ozone in complex urban environments was simulated for an urban area
for a hot summer day with and without isoprene. A large isoprene-induced relative ozone increase
was found over the whole model area. On selected hot spots we find a clear relationship between
urban layout, proximity to NOx emitters, tree-species-dependent isoprene emission capacity, and
increases in ozone concentration, rising up to 500% locally.

Keywords: ENVI-met; BVOC; box-model; isoprene; urban planning; air quality; NOx; green
infrastructure

1. Introduction

Vegetation plays a vital role in urban environments. Aside from the aesthetic benefits, trees
and other vegetation help mitigate the effects of an urban heat island (UHI) by increasing the latent
heat flux through evapotranspiration, preventing the near surface air from heating up during the
day and providing evaporative cooling during the night. Shadowing street canyons and buildings,
trees prevent them from accumulating more heat, thus reducing the total energy surplus of an urban
environment [1,2]. Vegetated roofs and facades can help to reduce the cooling demand in summer and
also contribute to insulation in winter, leading to less heat loss into the atmosphere and savings in
energy consumption for the immediate environment. A modulation of the temperature amplitude
can also increase the resistance of the building materials themselves. In an optimal setup, vegetation
additionally absorbs CO, through the processes of photosynthesis, releases O, into the air, and
consequently helps to mitigate urban air pollution [3-5]. On the contrary, however, studies like
Abhijith et al. (2017) [6] showed that tall vegetation may hamper the air exchange, and thus lead to
local increases in air pollution.
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As such, vegetation in all its different forms (parks, trees, fagade greening, etc.) is the most
advised strategy to mitigate the UHI effect and to help improve the urban microclimate [2,7-9]. In
order to gain the highest benefit of urban vegetation for the local microclimate, however, a number
of pre-conditions have to be met. Amongst others, important requirements need to involve the right
mix of sun and shade, adequate ventilation, humidity, air temperature, and appropriate soil and water
supply [10-12].

A large number of studies exist analyzing the effects of vegetation on microclimates [13-19]. Having
a known impact on urban air temperature, and as such urban heat island mitigation and climate adaption
potential, many authors advise increasing the amount of vegetation in urban environments [2,20,21] and
recommend trees to provide ecosystem services to urban areas [22]. Planting trees, therefore, should be
extended in general guidelines for sustainable urban planning [23].

In addition to thermal properties, the urban microclimate is also characterized by elevated levels of
air pollutants [24] and particularly during heat wave conditions, many cities record heightened levels
of tropospheric ozone due to a combination of higher insulation and release of nitrogen monoxide
and nitrogen dioxide through most combustion processes [25]. A multitude of studies have shown
that extensive exposure to tropospheric ozone can lead to eye and throat irritation, coughing, asthma
attacks, other respiratory symptoms, and even an increased mortality [26-30].

Contrary to nitrogen monoxide and nitrogen dioxide, ozone is a secondary pollutant which
is formed by photochemical reactions in the troposphere. About 50% of the tropospheric ozone
concentration is originated from the stratosphere and transported to lower layers by vertical and
horizontal mixing and advection. The second half, however, results from chemical reactions, mainly
from photolysis of nitrogen dioxide, which mainly has anthropogenic sources. In highly polluted
urban areas, the second pathway is supposed to be more relevant [31].

In the absence of free radicals (e.g., originated from volatile organic compounds (VOCs)), the
ozone concentration forms a photochemical equilibrium with the concentrations of nitrogen monoxide
and nitrogen dioxide, where the ozone concentration depends on the ratio of NO; and NO [32-36].
In the presence of VOCs, however, the oxidation of nitrogen monoxide is drastically increased, leading
to a surplus of NO,, which destroys the equilibrium, and via photolysis, leads to higher ozone
concentrations. This makes VOCs an important factor in the formation of tropospheric ozone. Among
the biogenic volatile organic compounds (BVOCs), isoprene and the isoprene-induced reactions play a
key role in the formation of tropospheric ozone [37-39].

Urban areas are facing elevated ambient temperatures, thus, encouraging an increased emission
of isoprene—positively correlated to leaf temperature [40—42]—into the atmosphere. Together with
increased nitrogen oxides levels emanating mainly from traffic exhaust, the formation of tropospheric
ozone can be drastically increased compared to rural sites. Additionally, the heterogeneous urban
layouts generate versatile microclimates, controlling not only the chemical reaction and transport
processes but also the emission of isoprene itself (e.g., with regard to shading, local heat stress, or
microscale flow).

The relation between BVOC emission and tropospheric ozone concentration has been discussed
in recent literature in a broad context, including modelling studies on a global [43] and large scale [44],
as well as on a more regional level for the metropolitan area of Beijing [45] or for the urban area of
Berlin [25,46]. Looking at observations, Fantozzi et al. (2015) [47] showed that surface levels of ozone
tend to increase below and in the near-field of certain tree species (e.g., Quercus) within the urban area
of Siena, Italy, whereas Wagner et al. (2014) [48] could detect elevated isoprene and ozone levels in
close proximity to a road tunnel.

Entangling complex interactions between the dominant precursors (NO, NO,, isoprene) and
tropospheric ozone, recent studies have used various tools from earth systems [43] to chemical
transport models [25,46,49], down to Computational Fluid Dynamic (CFD) systems treating idealized
urban canyons [50]. To understand fundamental relationships, box models are facilitated inheriting
similar code structures as in the models mentioned above [51,52].
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The main goal of this study, also setting out the novelty for this field of research, is to combine these
different approaches in the framework of both theoretical and applied urban planning perspectives.
Doing this, we specifically try to cover these interactions using a three-step methodology. In the first
step, the basic chemical interdependencies of the different reactants are examined in a box model to
gain theoretical understanding of the principle chemical reaction chains. This box model is based on
the Regional Atmospheric Chemistry Mechanism (RACM) and Regional Acid Deposition Module
Version 2 (RADM?2) [53], which are most commonly used in chemical transport models, such as
Weather Research and Forecasting Model-Chem (WRF-Chem) [25,46,49]. To account for the effects of
different microclimates on the raw isoprene emissions, a sensitivity study is conducted for characteristic
urban layouts using idealized configurations in the microclimate model ENVI-met [54,55]. The basic
equations of the box model are essentially solved on a 3-dimensional grid with underlying urban
morphology. In the last step, the findings of the box model and the parametric study are combined
in a realistic scenario using detailed configuration of ENVI-met, including actual traffic emissions
(NO and NO») and physical isoprene emitters within a large model domain that incorporates realistic
local microclimates. To quantify the contribution of urban trees to local ozone concentration a model
run, with and without isoprene, is conducted. Sensitivities are then assessed on the basis of the
absolute and relative differences in ozone concentration. This conceptual model approach enables us
to transfer theoretical understanding of the existing interactions between microclimates, BVOC, and
traffic emissions into planning processes. Findings from literature can be proven by the box model.
Idealized microclimate studies give advice for urban planners with regard to general urban setups, and
finally results from a dedicated case study can help local authorities in particular. To our knowledge,
this attempt has not been done in previous studies, either with regard to the methodology used or for
the specific urban area.

2. Data and Methods

Starting from the theoretical basis of isoprene/ozone interrelations using a box model, we continue
with a hypothetical microclimate study, applying the findings from the box model to theoretical urban
layouts. In the last step, ENVI-met is set up for a real urban environment, including realistic traffic and
BVOC emissions.

2.1. Box Model RACM

The RACM box model is configured for laboratory-like conditions comparable to the current
setup, and is used for the more complex approaches in Section 2.2. The basic chemical reactions
included in the box model are congruent with the chemical schemes in ENVI-met and are presented in
the following.

The most important aspect of the photochemical reaction in Equation (1) is the production of
single oxygen O (1D), since it has the potential to react with water vapor to form the highly reactive
hydroxyl radical OH (Equation (2)). This reaction happens very fast and OH itself triggers a large
number of chemical reactions [56].

Os +hv (A < 310 nm) — O, + O(1D) 1)

O(1D) + H,O — 20H @)

The formation and removal of ozone in the troposphere, however, mainly results from the
combination of atomic oxygen and molecular oxygen in the presence of a third energy absorbing agent
(M). Oxygen atoms are mainly provided through photo dissociation of NO, (3), whereas the threshold
wavelength for production of ground-state NO and O atoms is 397.8 nm [56]. Due to titration reactions
with the freshly emitted NO in the evening, ozone is depleted and transferred back to NO,, which
then closes the nitrogen cycle; the reaction is in a state of equilibrium. For the net production of ozone,
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the presence of nitrogen oxides alone is not enough and a reactive species is needed [57], which is
represented by isoprene (Cs5Hg) emitted from trees in our study.

NO, + hv (A <400 nm) — NO + O 3)
O0+0,+M—>03+M 4)
03 +NO — NO, + O, ©)

The slower photolysis reaction (Equation (3)) is the rate limiting factor for the nitrogen cycle
and the main reason why ozone is formed only during the day and concentrations are high in the
summer months with intense radiation. That is why we also focus on a clear summer day for the
follow up simulations with ENVI-met. Being dependent on the amount of free oxygen atoms, the
formation of ozone via Equation (4) is mostly driven by the intensity of solar radiation. At equilibrium
in ambient air and constant pollution concentrations, a NO, /NO ratio of 10:1 would be needed to
generate 0.01 ppm of ozone. However, in reality this ratio is 1:10, which leads to the assumption
that the nitrogen cycle itself cannot be responsible for the high ozone concentrations in urban areas
and their vicinity [31]. In order to accumulate according to the photo stationary state, an additional
agent has to be present to convert NO to NO, without the destruction of ozone. As mentioned above,
this additional pathway is provided by the photochemical oxidation of VOCs, such as aldehydes or
hydrocarbons, which can be of anthropogenic or biogenic origin (BVOC).

Most of the BVOCs emitted by plants belong to the chemical class of isoprenoids or terpenes. The
simplest and most volatile, but also the most common isoprenoid, is isoprene (2-methyl-1,3-butadiene
(CsHg)). Certain tree species tend to emit more isoprene than others, and therefore would have a
larger impact on air quality modifications in urban areas [39]. In addition to the reactions above, the
following (simplified) NO; forming, and therefore ozone-increasing, isoprene-related reactions by
Paulot et al. (2009) and Sander et al. (2011) [58,59] can be summarized as:

CsHg + OH — RO, + Oy (6)

RO, + NO — NO, + HO, + x (7)

According to Equations (6) and (7), isoprene reacts with free hydrogen radicals (generated, for
instance, by Equation (2)). The oxidation product RO, again recombines with NO to form NO; (see
Table 2). The latter is available to start Equation (3).

The box model that is used in this study relies on the “Regional Atmospheric Chemistry
Mechanism—RACM” [53], which is based upon the earlier “Regional Acid Deposition Module Version
2—RADM2” [60]. The latter is used for various chemical transport models (e.g. [46,49]) and in its
fundamentals (represented by Equations (1)—(7)) it is similar to the isoprene chemistry model in
ENVI-met presented further below. The RACM mechanism includes laboratory-proven rate constants
and product yields and has been tested against environmental chamber data [53]. We simulate diurnal
variation (24 h, time step 5 min) of ozone concentrations for various initial isoprene concentrations
and NO, /NO-ratios (see Table 1 and Table 5).

Table 1. Initial conditions for the box model simulations.

Parameter Value Parameter Value
Start time 5am Reference Latitude 48° N
Air temperature 27 °C Inclination 23° (summer time)
Pressure 1013.25 hPa NO,/NO 1/1,2/1,3/1,4/1,5/2

Relative humidity 50% Initial Isoprene [ppb] 02,2,4
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Isoprene concentrations are in the range of commonly observed values for urban areas in
Germany [48]. The values of NO, and NO, however, do not represent real observations but idealized
ratios. Initial CO and CHy are set to commonly found atmospheric background concentrations of
0.1 and 1.5 ppm, respectively. Initial Oz-concentrations are set to zero and VOCs other than isoprene
are not accounted for in order to allow a “clean” setup. According to Seinfeld et al. (2016) [31], these
conditions represent a VOC-limited regime, which is characteristic for urban atmospheres.

2.2. ENVI-Met

In order to analyze the effects of different microclimates on the emission of isoprene and the
formation of tropospheric ozone concentration, the microclimate model ENVI-met is used. First, the
sensitivity of isoprene emissions to microclimates, i.e., differences in local climate due to variations
in the urban layout, is assessed by simulating identical emitters in four idealized urban setups.
Subsequently, the effects of isoprene onto the formation of the tropospheric ozone is examined for a
realistic case in a larger model domain.

Isoprene Representation in ENVI-Met

In order to simulate the isoprene emission of plants and its effects on the formation of tropospheric
ozone, ENVI-met’s recently developed model to estimate the emissions of isoprene was used. The
isoprene emission model is based on the works of Guenther et al. (1993) [40] and the advancements in
Guenther et al. (1999) [42] and Guenther et al. (2006) [37]. Additionally, the dispersion of isoprene
into the atmosphere and its chemical reactions with other gases leading to tropospheric ozone are also
simulated in ENVI-met’s dispersion and chemistry model [55].

The diurnal isoprene emissions are, in accordance with other studies [37,40,42], calculated by:

E=evpyrrAYSMP (8)

with € as the ecosystem and plant-dependent mass-based emission capacity [ug C g~! h™!] at a
photosynthetically active photon flux density (PPFD) of 1000 umol m~2 s~! and at a leaf temperature of
303.15 K; vp, Y1, 74, and Y5y represent dimensionless adjustment factors accounting for the influence
of PPFD, leaf temperature, the leaf age, and situations of severe drought on the emission activity, while
p accounts for the amount of isoprene that is released into the above-canopy atmosphere [37,42].

Since the original isoprene emission model of Guenther et al. (1993) [40] is mainly used in
the field of remote sensing (see [37,61]), its input parameters incorporate parametrizations for the
dimensionless adjustment factors. However, as ENVI-met operates on the microscale level, some of
these parametrizations in the original model can instead be simulated directly.

This is especially the case for the calculation of dissipation of the incoming photosynthetic active
radiation (PAR). Contrary to geographic information system (GIS) and remote sensing approaches,
ENVI-met is able to model the radiation fluxes in the canopy, producing more sophisticated results
than the parametrizations of PPFD dissipation caused by shade casting (yp) (Equation (9)).

OCCLQ

VP = s
V14a2+Q?

with & and Cy as empirical coefficients, altered by the cumulative Leaf Area Index (LAI) above the
observed leaves and Q as the current photosynthetic photon flux density. Since the effects of shade
casting leaves, i.e., a reduction of the current photosynthetic photon flux density Q, are directly
simulated with ENVI-met’s radiation attenuation, the coefficients o« and C;, can be set constant to the
values suggested by Guenther et al., which are: « = 0.0027 and C;, = 1.066. The resulting effect of
different levels of PPFD onto the coefficient yp can be seen in Figure 1a.

)
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Figure 1. (a) Isoprene emission dependence on photosynthetic active radiation; x-Axis = photosynthetic
active radiation in pmol m~2 s, y-Axis = normalized isoprene emission for yp; and (b) isoprene
emission dependence on leaf temperature; x-Axis = leaf temperature in Kelvin, y-Axis = normalized
isoprene emission for .

The coefficients for leaf temperature, situations of severe drought, v, and 7ysys are implemented
in ENVI-met without adjustments. The dependence of leaf temperature onto the isoprene emission is
calculated by:

Cryexp(Crix) ) (10)

=E
T opt <CT2 — CT1(1 — exp(Csz))

1 1
x = —Z)R! 11
(7-7) an

with E,p¢ as the maximum normalized emission capacity and Ty as leaf temperature at which Eyp; is
reached. In the default setting, the effects of leaf temperatures of the past days and weeks are neglected
and are thus set to T,y = 312.5 K and E,pr = 1.9 [37,62]; Cr; = 95 and Crp = 230 are empirical
coefficients representing the energy of activation and deactivation, T as the actual leaf temperature,
and R as the universal gas constant (=0.00831 [k] mol 1 K~1) [42,55].

The resulting function of the leaf temperature dependent coefficient 7 resembles a bell curve
with steep inclinations right around the values of T,,; = 312.5 K (see Figure 1b).

The severe drought factor sy influences the isoprene emission depending on the available soil
water. Depending on the actual volumetric water content ®, an empirical derived constant A®; = 0.06,
and the wilting point ®,, three cases are distinguished in the model [55]:

e Incase® > 0O1: ysmy =1;

e Incase®, <O < 0O1: yspm = %"

o Incase® < Oy ysm =0;
e  While © is defined as: ®1 = Oy + AO;.

The effects of leaf age y4 and the release of isoprene into the atmosphere above the canopy p
do not need to be implemented in the microclimate adaptation of the isoprene model in ENVI-met.
Due to the comparatively short period of simulated time, the effects of changing leaf age can be set
constant for the model run. The release of isoprene into the atmosphere above the canopy can directly
be modeled by introducing isoprene into the dispersion and chemistry model.

Dispersion and Chemistry Model

Apart from the isoprene emission of plants, the dispersion of isoprene in the atmosphere and its
chemical reactions with other gases are also implemented in ENVI-met [55]. The dispersion of isoprene
is directly simulated by extending ENVI-met’s gas and particle dispersion and deposition model [63].
This makes the original factor p, accounting for the release of isoprene into the atmosphere above the
canopy, obsolete. The dispersion of isoprene is calculated using the advection-diffusion equation of
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the gas and particle model, including both changes in time f and location x, y, z with the respective
wind vector components u, v, w:

OX , ,OX L OX OX 9 (p OX\ 9 (p X\ O (p X
ar TUax toay T T o By ) oy \Kagy ) T e\ Kagy ) T Qalm w2+ Sily,z) (12)

with x as the local concentration of the compound in [ug x kg~! Air], K as the local exchange
coefficient, and Q, and Sy both in [ug Compound s~ 1] as source and sink terms leading to local
increases or decreases in concentration [55,63]. Q, then represents the release of isoprene of each
individual leaf cell of a tree into the atmosphere, while S, represents the decrease of the isoprene
concentration. This decrease includes both deposition on solid surfaces, plant leaves, and water bodies
due to aerodynamic resistance, molecular diffusivity and absorption, and chemical transformation,
which leads to a reduction of the concentration of the reactants and consequently an increase of the
resulting compounds (see Table 2) [55]. To simulate the influence of isoprene onto the formation of
tropospheric ozone, isoprene-related reactions based on the works of Paulot et al. (2009) [58] and
Sander et al. (2011) [59] are implemented using the rate equation scheme of the OSPM model [55,64],
which represents sedimentation or chemical conversion processes by locally increasing or decreasing
the gas or particle concentration.

Table 2. Dominant chemical reaction chain in the microclimate model ENVI-met.

O3 =~ NO,/NO CsHg + OH — RO, + Oy RO, + HOp — x
O3+ NO — NOy + Oy ROy + NO — NOy + HOp + x HO; + 03 — OH 420,
NO; +hv — NO+O HO; + NO — OH + NO, OH+ 03 — HOy + Oy
O+0,+M—0O3+M HO,; 4+ HOy; — HyOp 4 Oy OH + NO; — HNOs

2.2.1. Microclimate Study Setup

In order to analyze the effects of local microclimates onto the emission of isoprene, a small
hypothetical model area featuring different microclimates has been created (Figure 2a) in accordance
with a real morphological setting existing in the urban area of Mainz.
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Figure 2. (a) Model domain for the microclimatic scenarios: (1) Park, (2) Courtyard, (3) Urban Canyon,
and (4) Suburban; and (b) calculated sky view factor for different grid cells.

The dimensions of the model area are 56 x 58 x 30 grids in 2.5 m horizontal and 2 m
vertical resolution. All trees in the model area feature the same base isoprene emission capacity
of 10.5 pgisoprene g’lleaf h~! and a leaf weight of 100 gjeqt m 2. Their geometry is identical with a
height of 15 m and a crown width of 7 m. All buildings share the same height (20 m) and identical
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reflective properties with a predefined albedo of 0.5. Roads in north-south directions are 12.5 m wide
and roads oriented from West to East measure a width of 10 m. All trees share a Leaf Area Density
(Leaf Area Index divided by mean tree height) of 0.7 and natural surfaces are covered with 25-cm-high
grass. The remaining surface area is defined as concrete. Figure 2b shows typical sky view factors at
ground level.

The model run was started at July 6 at 12 am, which represents a typical mid-European summer
day (see Table 3). Based on the meteorological data from Energy Plus Weather Files (EPW-Files) from
Frankfurt, Germany, boundary conditions for 24 h were generated to run the ENVI-met 4 Expert
simulation. Since high photosynthetically active radiation (PAR) and leaf surface temperatures are
expected to have the biggest impact on plant isoprene emission, a warm summer period with low cloud
cover was chosen to evaluate the effects of isoprene on the formation of tropospheric ozone. Using
the EPW-Files, diurnal cycles of radiation, air temperature, and humidity were created as boundary
conditions for the model.

Table 3. Initial and boundary conditions for the ENVI-met model runs.

Parameter Value
Simulation start date 6th July
Simulation start time 0:00 (midnight)
Total simulation time 30h
Cloud cover 0/8
Wind speed in 10 m height 2ms~!
Wind direction 225°
Maximum air temperature in 2 m height 32°C
Minimum air temperature in 2 m height 17 °C
Specific humidity in 2 m height (Daily average) 8gkg !

Initial wind speed at a height of 10 m is set to 2 ms~! and wind direction is set constant to
225°, representing typical conditions during summer for this area. The diurnal cycle of temperature,
specific humidity, and longwave and shortwave radiation are simulated as specified in Figure 3. With
maximum temperature exceeding 30 °C, the simulated day can be described as a “hot day” according
to WMO. The specific humidity is almost constant at 8 g/kg, which accounts for a relative humidity
between 35% and 70%. The total radiation reaching the top of the urban canopy predominately consists
of direct shortwave radiation, with minor compounds being longwave and diffuse shortwave.

357 air temperature 1200 - — — direct radiation
specific humidity — — — diffuse radiation
—_ — — = lonawave radiation
g 30 7 -~
) 1000 - N
= = 4 \\
e g / \
= 800 7
2 = , !
8 20 1 s ) >
Q = J 1
2 5600 — ) 3
= g :
© 15 4 = 5 1
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e £ ' .
3 S 400 — ) S \
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(=% - ) J
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Figure 3. Diurnal profile of (a) air temperature, specific humidity, and (b) shortwave and
longwave radiation.



Atmosphere 2019, 10, 154 9 of 24

Four typical, idealized locations have been defined to analyze the relation between leaf area
temperature, photosynthetic active radiation, and isoprene emission capacity of a single tree, located
within this simplified urban configuration. The “Park (1)” scenario refers to the tree standing in the
middle of a mid-sized park (500 m?) in the north-eastern corner of the domain, its sky view factor
(SVF) is calculated at 0.1. The second scenario, the “Courtyard (2)” scenario, accounts for a 374 m?
area which is covered by 5 trees with equal distances to each other. For the scenario, a tree is selected,
which is facing a wall surface in northern direction and the internal courtyard to the South. The sky
view factor below the tree for this specific tree is calculated at 0.01. The “Urban Canyon (3)” scenario
describes a tree standing in line with other trees inside an urban canopy with a width of about 10 m.
It is surrounded by building walls in two cardinal directions (North, South), and therefore shares
a SVF of 0.2 (see Figure 2b). The fourth scenario classifies a suburban tree (classified as “Suburban
(4)” in the following), which is not directly facing a building but is in close proximity to two street
corners in the northern direction; as it is facing open space in three cardinal directions, a SVF of about
0.71 is assumed. In the following, these four scenarios are compared for their site-specific isoprene
emission capacity.

2.2.2. Case Study Mainz Setup

Relating to findings from both box model and idealized sensitivity studies, the microclimatic
model ENVI-met is configured for an urban area of interest and the impact of isoprene emission on
ambient ozone concentration is discussed for typical urban layouts featuring sources of NO and NO,
found within the model domain. To assess absolute and relative effects on near surface ozone levels,
two model simulations, with and without isoprene, are compared.

The study was performed in the city of Mainz in western Germany (50.0° N, 8.3° E, population
200,000). Mainz is located in a landscape of gently rolling hills on the western shore of the Rhine River.
The climate is temperate with an annual air temperature of 10.7 °C and precipitation of 550 mm. The
summers are warm, reaching 19.2 °C from June to August, with an average precipitation of 175 mm
(from 1981 to 2010, www.dwd.de). Due to its location in a valley where westerly wind flow (most
common) is limited, the core urban area counts as one of the driest urban areas in Germany.

The whole area of the inner city was digitized, with 267 x 160 x 30 grids in a horizontal resolution
of 7.5 m and a vertical resolution of 3 m, resulting in ENVI-met model area of 2000 m x 1200 m x 90 m.
The simulation took about 8 days on a i7-6700 CPU. The simulation uses the same meteorology as in
the sensitivity study above (see Figure 3 and Table 3). To simulate the chemical processes leading to
the formation and dissipation of tropospheric ozone, nitrogen monoxide and nitrogen dioxide sources
had to be defined. Since internal combustion engines are the main producers of these reactants, the
sources were placed onto the streets of the model area at a height of 0.3 m above the surface. All lanes
were digitized using line sources. Figure 5a displays the model area, including the line sources for
nitrogen monoxide and nitrogen dioxide.

In this quasi-realistic scenario, NO and NO, emissions are subject to diurnal variations, which
should represent typical commuting traffic profiles with two peaks at 7 am and 4 pm, respectively
(Figure 4b). The absolute numbers of vehicles driving on these roads, the daily traffic value (DTV), are
based on hypothetical amounts depending on the size and importance of the street. The ratio between
passenger cars, coaches, urban busses, motorcycles, heavy duty vehicles, and light duty vehicles have
been kept constant for all streets with initial values presented in Figure 4a. Following results from
a previous study [66], the ratio between NO and NO; emissions accounts for 10/90. The tree types
that have been used for the model simulations are presented in Table 4. Different species have been
classified into 6 classes according to their base isoprene emission capacity [Hgisoprene g’lleaf h=1].
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Figure 4. (a) Standard classification of vehicle types for a mid-sized European town used for the
simulations and (b) predefined diurnal profile of NO/NO, emissions used for the simulations [65].

Table 4. Tree types taken from a current tree inventory (2018) from the city of Mainz classified in
6 different classes according to their base isoprene emission capacity.

Base Isoprene Emission Capacity Species

0.05 Betula, Carpinus, Fraxinus, Ginkgo, Gleditisia, Pinus, Prunus, Sorbus,
’ Tilia, Ulmus

2.75 Acer

10.3 Robinia

28.5 Salix, Sophora
18 Aesculus, Ailanthus, Amelanchie, Celtis, Cercis, Cornus, Corylus,

Crataegus, Fagus, Liriodendron, Malus, Ostrya, Platanus, Pyrus

70 Populus, Quercus

The trees in the model area feature different base isoprene emission capacities depending on their
biological species. Thirty different isoprene emitters have been aggregated to 6 classes (see Table 4).
The height and width of the crowns range from 6 m to 32 m in height (indicated by the size of the
markers in Figure 5b) and from 3 m to 19 m in width. Overall, about 4000 trees are reported inside the
urban center pictured in Figure 5. To isolate the ozone-forming potential of isoprene, no additional
background concentrations of O3, NO, and NO, were used.

base isoprene emission capacity
G ous ¢ w3 8 ms
© u7s % 0 e @

DTV [Veh/(24h * Lane)]

1000 3750 = 10000 == 20000
2000 5000 — 15000 — 25000
3000 —— 7500 == 17500

(a) (b)

Figure 5. (a) Model domain 7.5 km with road traffic and (b) tree inventory where data was
available. Tree species classified in 6 categories according to their base isoprene emission capacity
[Hgisoprene gilleaf h~!] (Table 4).
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Figure 5a shows areas with different traffic intensity for the model domain with color-coding
indicating the number of vehicles per 24 h per lane. Different areas can be identified accordingly. We
basically find 4 main traffic lines in the urban area along the Rhine river in the eastern part of the
domain, indicated by dark red colors, on the opposite western side along the train line, and a further
two parallel through-roads can be found in the urban center. The white and unstructured shape in
the south-east of the domain represents the old town with almost no traffic and few trees (Figure 5b).
In the western part of the town enclosed by three main roads, well-structured urban morphology can
be found dating back to an urban planning phase during Wilhelminian times. In total, less than 15% of
the urban area can be classified as “green”. Allowing for an easier interpretation and discussion of the
results, the orientation within the model domain is simplified to top, bottom, left, and right, keeping in
mind that geographical North is directed to the left, tilted about 58° to the West.

3. Results and Discussion

In the following section, we present results for the different approaches in a similar order as in
Section 2. Starting with results of the theoretical isoprene/ozone interrelations using the box model,
we continue with the discussion of the effects of urban layout onto BVOC emission. In the last step,
the results of the real urban environment setup are presented and discussed.

3.1. Box Model

In general, Figure 6 indicates that more NO, leads to higher production rates of ozone. With the
ratio between NO, and NO getting larger, we find the impact of initial isoprene on ozone concentration
less pronounced. For high ratios of 1:1 or 2:1, we find ozone levels significantly depend on the level of
initial isoprene concentration, with higher CsHg leading to more ozone, particularly when increasing
the value from 2 to 4 ppb. With a ratio of 10:10, we can yield up to ~18 ppb O3 for the “high isoprene
scenario”, keeping in mind that initial ozone concentration is held at zero. With less BVOC (only CsHg
here) available for the conversion of NO; to Ozone, the O3 yield quickly goes down. Comparing la
with Figure 6b—f, we find a slower increase in ozone concentration in Figure 6a with sunrise, with
only 10 ppb NO, available for ozone production. Ambient NO can react with RO, to form additional
NO; (Equation (7)). With more isoprene, more NO; is being made available as a precursor for ozone
formation when NO; is split into NO and O, according to Equation (3). The free oxygen then quickly
combines with atmospheric O, to form ozone (Equation (4)). At sunset, ozone is depleted quickly for
the 2 and the 0.2 ppb scenarios, whereas it remains at about 12 ppb for 4 ppb initial isoprene. With
increasing NO, /NO ratio, meaning increasing NO,, the isoprene effect gets less pronounced and the
three curves converge from Figure 6b—f. NO, dominates the formation process. If the ratio increases
to (approximately) more than 5:1, the ozone production does not depend on the amount of isoprene
anymore, i.e., in a heavily NO, polluted atmosphere, the selection of tree species with a certain rate of
isoprene emission has a minor impact on ozone concentrations and potentially other factors have to
be discussed for mitigating potential O3 exceedances. With regard to Figure 6f, however, an increase
of NO level does not change the isoprene dependency, but results in a decrease of the overall ozone
concentration via Equation (5).

This aspect is also confirmed by mean ozone concentrations (Table 5) for different initial NO, /NO
ratios and isoprene concentrations. In order to show that ozone formation in the existing configuration
of the box model is only dependent on ambient NO and NO, concentration, the zero case is included
in Table 5. The highest gain in ozone can be expected at a ratio of 0/1, as all NO; is available for ozone
formation. Therefore, NO acts as limiting factor, as it can be seen by the ratio of 2/1 as well. For a more
“realistic” scenario with both NO and NO, existing in ambient air, the highest gain of mean daily O3 is
simulated for a ratio of 4:1. As already indicated by Figure 6, the impact of isoprene, however, is most
pronounced when both NO and NO, are available in equal concentrations (10 ppb). Increasing this
value to 20 ppb would not increase ozone concentrations any further due to NO limiting the reaction.
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For a 1:1 ratio, we find twice the ozone concentration when doubling isoprene from 2 to 4 (common
values according to observation studies [48]).
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Figure 6. Simulated ozone concentrations for three different initial isoprene concentrations and six
different NO, /NO-ratios (a—f).

Table 5. Mean daily ozone yield for different NO,/NO ratios and varying initial
isoprene concentrations.

NO,/NO
ISO
0/0 0/1 1/1 2/1 3/1 4/1 5/2 1/2
[ppbl]
0.2 0.0 45 3.0 5.2 7.1 8.7 8.5 2.3
2 0.0 12.0 5.1 6.7 8.3 9.7 9.1 3.4
4 0.0 24.2 11.6 10.8 10.9 11.6 10.1 5.6

Output from the box model shows that an increase of ozone happens under the condition of NOx
depletion, which is also directly linked to a loss of isoprene concentration (Figure 7a). At sunrise, NO,
quickly reacts to both NO and O3 until a saturation point is reached at about noon (Figure 7b). From
that point, NO, concentration recovers as it is formed with generated ozone and NO until sunset. In
the analogy, NO is reduced from 10 am onwards as it reacts with ozone to form NO,, as explained
above. Higher concentrations of isoprene lead to a faster depletion of Nitrate Oxide (Figure 7c). This
aspect is reversed for NO,, showing higher values with higher isoprene. As no NOy is recycled in the
course of the model period, we find a constant reduction from the pre-defined initial concentration
of 30 ppb. With regard to the high isoprene scenario (black curve), the initial value is reduced by
about 30% over 24 h, whereas this value in only 15% or 2 ppb and below 10% for the 0.2 ppb scenario.
Whereas the two low scenarios remain constant from about 5 pm, we find a significant drop at about
sunset in the high isoprene scenario. With the temperature set to a constant of 300 K, the photolysis rate
of NO;, itself does not change in the box model. The ozone production is, therefore, only dependent on
the NO, /NO ratio and the available amount of BVOC.
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Figure 7. The 24 h simulated concentration for (a) NOy, (b) NO,, and (c) NO for varying initial
isoprene concentrations.

The relation between isoprene and ozone concentration and the ozone production rate Ox are
presented in Figure 7. Figure 7a,b shows the box model results for a pre-defined isoprene concentration
of 4 ppb, with initial O3 being set to zero. At sunrise, ambient isoprene concentration is the precursor for
ozone production, as it acts as a “third body substance” for pushing the NOy-cycle out of equilibrium,
resulting in a net gain in O3. At about 3 pm, all isoprene is depleted and ozone concentration peaks at
about 16 ppb and decreases from there to reside at about 5 ppb in the end of the simulation. The initial
NO,/NO ratio is defined as 2:1 in Figure 7a. Figure 7b shows similar trends but with a ratio of 1:1; less
NO; is available for reaction ozone production, leading to a delayed increase in morning concentration.
Less NO, production leads to less free NO in the evening according to Equation (3), which would remove
ozone via Equation (5), as seen in Figure 7a. In summary, higher initial NO, concentration leads to higher
ozone production during sunrise, but also higher loss at sunset at a fixed isoprene level of 4 ppb.

Figure 8c presents ozone production rates for varying initial isoprene levels for a NO, /NO ratio
of 2:1. Ozone production rates are calculated from the sum of NO, and ozone. Ox represents the
total amount of photochemical oxidants, thus providing an indicator of the oxidizing capacity of the
atmosphere. The latter is more pronounced when higher amounts of isoprene are available. With
half of the isoprene available (2 ppb), the rate of ozone production remains almost constant at about
21 ppb, whereas we find a decreasing diurnal trend when initial isoprene has been set to 0.1 ppb. The
results from the box model simulations are consistent with observational studies found in the literature.
Bonn et al. (2017) [51] showed similar relative increases of ambient O3 concentrations due to changing
BVOC emissions for July, whereas high summer-time ozone concentrations are also reported for urban
environments in summer. Mavroidis and Ilia [33] prove the dependency of ozone level on NO, and
NO concentrations with observations and Kesselmeier et al. (1995) [67] highlights tree-type-dependent
emission of isoprene. Ozone production rates significantly increase with increased isoprene emissions,
which are modified mostly by photosynthetically active radiation and temperature [68]. Observations
from Starn et al. (1998) [69] show some evidence that elevated NOy concentration in the vicinity of
trees can accelerate isoprene oxidation and concomitant O3 production. The following Section transfers
these theoretical considerations into a simplified case study for hypothetical microclimates.

3.2. Microclimate Study

The emission of isoprene as calculated by ENVI-met is dependent on leaf temperature and
photosynthetic active radiation (PAR). The latter describes the spectral range of solar radiation from
400 to 700 nm, which is used by photosynthetic organisms in the process of photosynthesis. In a
theoretical microclimate, as presented in Section 3.1, we chose single trees with identical properties in
four specific locations which are characteristic for a typical morphological setup in a mid-size European
urban center. Figure 9a shows the mean leaf surface temperature, whereas Figure 9b considers the
average PAR [W/m?] for the entire tree. Compared to the other scenarios, the highest leaf surface
temperatures over 30 °C are calculated for an exposed suburban tree facing the southern direction,
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which also receives the highest amount of PAR compared to the other locations, as it is exposed to
direct insolation over the entire model period. Next to direct insolation, an additional percentage of
heat is also released from the impervious materials of the surrounded wall area at one side. After
slight temperature reduction in the early morning due to evaporative cooling before sunrise, a clear
diurnal cycle is to be observed with a maximum amplitude of about 15 °C (Figure 9a). For a park tree
in the north eastern part of the model domain, we find significantly lower leaf surface temperature
due to a general cooling of the ambient temperature resulting from mutual shadowing, evaporative
cooling, and natural ventilation. PAR is about 30% lower for the park tree compared to the exposed
street tree in the simulation, which again can be explained with mutual shading as well. Maximum leaf
temperature is decreased by 2.1 °C accordingly. Regarding trees located in a semi-enclosed east-west
oriented street canyon with roof heights well extending above tree heights, we find relatively high
leaf temperatures as well, which comes mostly from heat accumulation and weak mixing in the urban
canyon caused by the high percentage of low-reflecting surfaces. The shape of the PAR curve clearly
follows the diurnal path of the sun, obtaining fairly high amounts of radiation in the morning and
evening hours due to the east-west orientation of the canyon.

Isoprene and Ozone Isoprene and Ozone 0zone production rate for varying ISO
init NO [10 ppb] init NO2 [20 ppb] init 03 [0 ppb] Tconst [300 K] init NO [10 ppb] init NO2 [10 ppb] init O3 [0 ppb] Tconst [300 K] 20 init NO [10 ppb] init NO2 [20 ppb] init O3 [0 ppb] Tconst [300 K]

02 ppb
= 2ppb
28] &= 4pe0

N
3

03[ppb]

C5H8[ppb]
03(ppb]

C5H8[ppb]

% 16 1 20 2 0 2 4 6 8 10 12 14 16 18 20 22
Timestep [h]

o 2z 4 6 & 1l 122 14 16 18 2 22
eeeeeeeeeee

(a) (b) (©)

Figure 8. Diurnal variation of ozone (grey) and isoprene (black) for (a) NO,/NO ratio of 2:1 and
(b) ratio of 1:1, and (c) amount of photochemical oxidants Ox (O, + NO,).
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Figure 9. Diurnal simulated profile of (a) leaf surface temperature and (b) PAR for four scenarios.

During the day, we find maximum shading from the surrounding building structures and the PAR
is significantly reduced, resulting in a bimodal curve. Due to limited width of the street canyon (10 m)
and the constant building height (25 m) causing relevant shading effects, however, maximum morning
and evening PAR reach about 60% less solar energy than the exposed southward facing reference
street on the town border. The maximum leaf surface temperature is reduced by 1.5 °C compared to
the suburban tree. The photosynthetic active radiation reaching the courtyard tree shows the lowest
value compared to the other locations, as we find shading from all cardinal directions. We find a well
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pronounced diurnal cycle, however, absolute values are significantly reduced compared to the urban
canyon and park tree. The leaf temperature reduction is in the order of the park tree, at around 2 °C.

The parameters shown in Figure 9 have significant implications on the isoprene flux intensity for
the individual trees. With all trees being the same type, the difference in isoprene emission can be
purely related to the prevailing morphological setting. Figure 10 shows the diurnal profile of isoprene
flux accumulated over the entire tree [mg tree ! h~!] for the four scenarios presented in Section 3.3.
Both Figure 9a,b imply that it is the interplay between PAR and leaf temperature that controls isoprene
emission from the leaf surface, whereas the temperature plays a dominant role, especially in a range
of 25 to 35 °C. The isoprene flux for the exposed street reaches about double the amount of the other
scenario, whereas the urban canyon tree shows a less pronounced diurnal cycle. The latter can be
explained with reduced PAR during the daytime. The lowest isoprene emission is simulated for the
park tree, which is mostly attributed to the leaf surface temperature. Comparing temperature and
PAR for both courtyard and park tree, it becomes clear that leaf surface temperature is the dominating
factor for isoprene emission. The maximum averaged leaf temperature of a courtyard tree is only
about 0.5 °C higher than of a tree standing in a park. This small amount, however, seems to be enough,
overpowering the effects of PAR.
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Figure 10. Diurnal simulated profile of isoprene emission capacity for 4 scenarios.

From Figure 1a,b it can be inferred that we reach threshold values for both variables where their
increase no longer results in an increase of isoprene. Since actual isoprene emissions are directly
affected by the amount of received PAR and the leaf temperature, several distinct patterns should
emerge when examining the simulation results for local isoprene emissions inside the tree canopy. First
of all, as grid cells receive different amounts of PAR and are subject to different leaf temperatures, local
differences in actual isoprene emissions should be observable between these grid cells. Furthermore,
actual isoprene emissions should generally increase with increasing exposure to PAR due to the
monotonically increasing effect of photosynthetic active radiation on isoprene emission (Figure 1).
However, because of the bell-shaped relationship between leaf temperature and isoprene emission
depicted in Figure 1 and described above, expectations are different for the effect of leaf temperature.
Here, an increase of actual isoprene emissions is also expected but only until T opt = 312.5 K is reached;
for leaf temperatures above this optimum temperature, a decrease of actual isoprene emissions should
be visible in the simulation results. With regard to PAR, the threshold value is at about 380 W/ mZ2.

3.3. Case Study Mainz

The urban morphology, presence of NOy emitters, isoprene emission category, and local
meteorological conditions are important drivers for the formation and distribution of ozone inside
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the urban canopy and its city-wide transport. Figure 11 shows the relation between the Euclidean
distance to the next isoprene emitter and relative change in ozone concentration for every grid cell
between the two model runs over the whole model area in screening height (1.5 m) at 4 pm. The results
are generated based on an algorithm developed in the course of the study. It identifies the upwind
distance of every grid cell to the next emitter. After finding the closest emitter, the relative difference
between the model run, with and without isoprene, is stored. The relation between minimal upwind
distance and relative increase of ozone concentration shows a far-reaching effect, even at a distance
of 90 m to the isoprene emitter, and the ozone concentration is still increased by more than 200%.
Averaged over the model domain, the relative increase of ozone concentration accounts for about 250%
between the isoprene and non-isoprene scenario. A clear shortcoming of this approach is that it neither
accounts for different emitter classes nor for the real heterogeneity of the urban vegetation cover.
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Figure 11. Relation between distance to emitter and relative change in ozone concentration with respect
to the whole model domain at 4 pm.

A more detailed spatial analysis of the urban area is needed, accounting for the heterogeneous
structure of the urban layout. Three dedicated Special Areas of Interest (SAls) are selected accordingly
(Figure 12b) in order to compare different characteristic urban setups within the area of interest. Vertical
cross-sections are also generated for each SAI for two selected time steps (Figure 13).

i i t
1200.00 1500.00 1800.00

(a) (b)

Figure 12. Model domain of 7.5 km with (a) absolute and (b) relative difference in ozone concentration
at screen height. White boxes in (b) indicate three special areas of interest (SAI) and six example areas
(EAs). Red dotted lines indicate cross-sections to be analyzed.
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Figure 13. Cross-section, as indicated in Figure 12b, for relative change in ozone for (a) Box A, (b) Box B,
and (c) Box C for (left) 7 am and (right) 4 pm, with white areas representing buildings and a horizontal
distance of 1200 points and a vertical distance of 90 m.

In the following we present the absolute (Figure 12a) and relative (Figure 12b) effect of isoprene
emission on ozone concentration at screen height (1.5 m) for a snapshot at 4 pm for the whole model
domain. Wind and cardinal direction are added in the top right corner. As indicated above, bottom to
top refers to south-west to north-east. In both parts of Figure 12 we show the difference between a
model run with zero isoprene emissions and with the different emission classes, as shown in Table 4.
Bright (yellow to red) areas with high absolute effects of isoprene on ozone (Figure 12a) can be found
predominantly in the large through-road with a large number and high density of moderate emitters
and constant high traffic intensity. Weak winds blow along the main road direction, leading to effects
slightly propagating away from the source (e.g., Box B, Figure 12b). Although low in number, the
highest emitters, which are found in the lower left corner, have large absolute effects. Especially here,
two roads with high intensity traffic and high emitters converge with absolute differences reaching a
maximum. This area is characterized by narrow canyons and in addition to constant low wind speed
the natural ventilation is weak, meaning isoprene and ozone are trapped. With air and pollutants
being trapped and temperature being accumulated inside the canyon, PAR is increased and ozone
production is accelerated accordingly (compare Figure 9 and Equations (1) and (3)).

With respect to the relative differences (Figure 12b), a much more diverse result is obtained. New
hotspots emerge and the existing ones have been slightly shifted or amplified. The relative effect of
single strong emitters per grid cell is much more pronounced than for the absolute values (Figure 12a).
Dedicated areas display a relative increase of ozone concentration by 500% compared to a base scenario
with zero isoprene emissions (e.g., Box A). These high values are strongly correlated to the presence of
class 6 emitters (Table 4) with a maximum isoprene emission capacity above 70 pg g~ h~!. In this
area, we find relatively low traffic intensities and the area that encounters the highest relative increase
is defined as open green space, with about 5 trees in the highest emission class. With a constant weak
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wind of 2 m/s (225°) advecting into the bottom of Box A, emitters are equally distributed in the park,
turbulent mixing is low, and highest differences can be found in close proximity to the emitters. In
addition, the park is attached to roads with moderate traffic on two sides, leading to weak but constant
advection of NOx into the area of interest (about 0.5 m/s mean wind speed), further triggering ozone
formation (equations to be found Table 2).

The through-road in the center of Box B appears similar in both Figure 12a,b. Being the widest
road in the model domain (17.5 m) and oriented to the main wind direction and covered with a 5m
grass strip in the middle, it is well mixed, and therefore the large number of moderately emitting road
trees (class 3 according to Table 4) and constant traffic emission do not have a large impact on relative
O3 concentration difference. For both absolute and relative calculation, a hotspot is simulated leeward
of the building (height of 27 m) due to generated turbulent wakes and downward draft, mostly in the
morning when traffic intensity is high. The impact of the obstacle on turbulent flow can be seen in the
vertical structure of relative difference (Figure 13a), with effects propagating along the main direction
of the road in the order of double the height of the building. Mean wind speed is about 0.7 m/s, with
an almost constant direction. Finally, the green corridor, running through the entire length of the road
and separating the traffic lines from each other, provides an additional source of natural ventilation
and cooling.

In a third SAI (Box C), large differences between absolute and relative effects are visible. Although
characterized by a low density of trees attributed to a low category emitter and almost no direct
emissions of road traffic (advection from neighboring streets upwind of the area), the relative
increase of ozone concentration amounts to about 400% in this area. Absolute concentrations are
low in this area due to the above-mentioned facts. The characteristic morphological features of a
Mid-European medieval town with narrow and unstructured roads, however, causes even small
absolute concentration changes to trigger large relative effects due to particularly weak ventilation
inside the urban canopy. Mean wind speed here is simulated at about 0.25 m/s, with highly
varying direction.

To substantiate the goal of providing further advice to applied urban planning, we highlight the
interdependency between tree type, location, and traffic intensity, discussing six additional example
areas (EAs, Figure 12b), with two roads orientated in upwind and two in cross-wind directions, as
well as two parks with different tree types. Doing this, we have to follow a combined analysis of
Figure 5a,b.

In a mid-sized park area, with weak traffic intensity in upwind direction, category 4 emitters
(Platanus) do not have a large impact on relative ozone concentration (EA1). Only a small number of
category 6 emitters (Quercus/Populus Alba) lead to a significant relative increase (EA2), although the
general park geometry is similar and the traffic intensity is even less than in EA1. Road EA3 encounters
high traffic intensity, but a low number of isoprene emitters actually leads to a low relative increase.
The opposite is seen in EA4, where we find low category emitters and low traffic, leading to both low
ozone levels in general and low differences, respectively. Interestingly, the cross-wind-oriented road,
which orthogonally intersects the main traffic route from Box B, can be divided in two sub-sections
(EA5 and EA6) with similar traffic intensity (Figure 5a), however having different numbers of relative
ozone increase, with about 300% for EA5 and below 150% for EA6. The reason for this discrepancy
can easily be explained by Figure 5b, with a high number of Cat 4 emitters planted to the left and
only small Cat 2 emitters to the right, effecting ozone production (Table 4). The road on the bottom of
Box C shows that densely planted medium emitters (Figure 5b), combined with moderately polluted
environments (Figure 5a), can have long range effects on areas downwind, which themselves are
classified by a low number of trees and no significant traffic. Although absolute concentrations are low
(see Figure 12a), the relative ozone increases are caused by advection of the NOy and Cat 4 emitters
upwind. Due to the high building density, ventilation in this area is weak and ozone gets trapped in
the narrow street canyons.
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Vertical cross-sections for relative ozone increase are illustrated for the three selected SAIs, as
indicated in Figure 12b. This analysis contributes to a holistic understanding of the interrelation
between building geometry, air flow, and presence of anthropogenic and biogenic emitters. Accounting
for diurnal variation, snapshots of 7 am and 4 pm are presented. These times not only represent
the situations with highest emissions (Figure 4b) but also consider typical features of the morning
and afternoon circulation in the lower urban boundary layer. All cross-sections are drawn in the
direction of the mean wind (Figure 12b). Buildings are displayed in white and color-coding represents
an increase of relative ozone concentration between isoprene and non-isoprene case study. In the
vertical, cross-sections extend up to a height of 90 m. The horizontal distance varies between 518 m (A),
1275 m (B), and 586 m (C). As indicated above, mean wind speed accounts for 0.5, 0.7, and 0.25 m/s
for A, B, and C, respectively.

Cross-section A represents the lower left part of the domain, where we find the highest relative
increase of ozone concentration of almost 580%. The urban setup is characterized by a semi-enclosed
park connected to roads with moderate traffic. Although low in number, we find the highest isoprene
emitters in this area, which explains the overall high levels of ozone increase here. In the morning,
when mixing is weak, the highest concentrations accumulate in the lee side, close to the building
structure where the air is trapped in downwards directed air flow. Highest values are simulated in the
close vicinity to the emitters. In the course of the day (4 pm) the area with highest increase moves to
the north-west side of the park, where four category 6 emitters are located. Increased PAR, higher leaf
temperatures, and advected pollutants from neighboring roads lead to accelerated isoprene emission,
and thus ozone concentration, in this area. Due to weak turbulent convection over the vegetated park
area, the highest increases do not extend above building height.

Other than reported for transect A, transect B reveals a more intense vertical exchange of air
masses with impacts on relative ozone concentrations extending up to about double the building
height. Slight ventilation during the day shifts the high impact area from bottom to top, with absolute
values decreasing over the length of the simulation (from 7 am to 4 pm). Even with increased isoprene
and traffic-related emission during the day, natural ventilation, which is also enforced by the green
strip in the middle of the road, is able to mitigate the negative effects simulated in the morning hours.
It can further be observed that the impact is more or less limited by the presence of buildings on both
sides of the cross-section.

Other than transect A and B, Section C shows highest relative increase later in the day. The
morphological setup of the urban area differs from the other hotspots and only a small number of low
category emitters exist, and direct anthropogenic emission is minor due to limited traffic allowance in
the old town. Therefore, NOy and isoprene have to be advected in the course of the day before positive
impact on ozone concentration settle in. Dominated by its characteristic architectural design, only
one area is wide enough to allow accumulation of enough precursors to actually lead to high relative
increase of ozone there. Effects propagate well above the building height, tilted along the main wind
direction. We find the results from Section 3 to be consistent with recent air pollution modeling studies
in this context [25,46].

4. Conclusions

Rather than analyzing thermal effects of urban greening on the urban microclimate [70] or
the impact of anthropogenic emissions on urban air quality individually [71], this study presents a
combined investigation of both aspects together. Differing from previous mesoscale [25] and idealized
modeling studies [44], as well as stand-alone box models [51], we undertake a combined analysis of
different approaches. The originality of this work is reflected by linking theoretical understanding of
fundamental processes and practical application for real urban environments in one study.

Our study shows that certain tree types can indeed be harmful for local air quality during periods
of extensive heat and weak winds. Whenever there are enough pollutants available, emitted isoprene
can act as an agent for ozone production. This process is highly dependent on the location inside an
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urban area and that biological parameters, such as leaf temperature and received photosynthetically
active radiation, control isoprene emission capacity as well.

Combining the isoprene-ozone effects with urban heat island research regarding sustainability of
vegetation in urban environments (especially climate change) is an important task. On the applied
side. both Cat 6 emitters (Quercus and Populus Alba) are recommended for urban planning regarding
their drought resistance hardiness, but proved to be very similar to a very popular urban tree in central
and south European cities—Platanus x acerifolia, a main contributor to tropospheric ozone [72].

We do need heat resilient trees (such as Platanus), however, it does not help if these species (like
Platanus) feature a relatively high isoprene emission capacity. We are looking for low isoprene emitters
that still have a low isoprene capacity—especially close to the NOx sources. According to our tree
inventory and from looking at the literature (CiTree Database [73]), Tilia and Robinus, for instance,
seem to be much more viable options in the urban context when considering not only heat and soil
water resistances but also isoprene emissions.

Potential shortcomings are the use of standardized meteorological conditions and constant wind
speed and direction, however, we do not aim for detailed evaluation of our model setup against
observations, but want to show the general dependencies and interactions that exist in a real urban
environment on a typical summer day. Findings of Simon et al. (2018) [74] indeed indicate that
ENVI-met in this configuration is capable of simulating transpiration rates and leaf temperatures of
trees in complex urban environments when compared to local measurements.

Finally, we conclude that urban planning needs to consider an appropriate selection of tree types
in order to prevent negative effects that might arise during hot summer days. It is important to account
for the isoprene emission potential of the specific tree alone, but one also needs to include the general
urban setup that a tree is embedded in. As this study shows, this has to include building geometry,
architectural design, traffic profiles, and microclimatic conditions.

We point out that urban greening should remain one of the core strategies to mitigate heat stress
in urban areas, but tree types and location should be planned carefully to have the most sustainable
effect on air quality as well. Most importantly, sustainable urban planning needs to coincide with
emission regulations, which also need to involve intelligent public transport solutions in order to
guarantee the well-being of urban dwellers in a changing climate.

Future modelling systems should serve several tasks. On the one hand, they should account for
detailed representation of fundamental processes and the manifold heterogeneity of urban areas. On
the other hand, one should aim to keep the system simple enough to be applied by local stakeholders.
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