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THÈSE DE DOCTORAT
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Docteur de l’École nationale des ponts et chaussées
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disponibilité. Merci à toutes les deux de m’avoir transmis votre passion pour la recherche.

Je remercie aussi Cédric Flageul qui a co-encadré le début de mes travaux de thèse et m’a aidé dans
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Résumé

Les arbres apportent de nombreux services écosystémiques en ville, ils permettent de diminuer

certaines conséquences de l’urbanisation comme l’̂ılot de chaleur urbain et le ruissellement de l’eau.

Leur effet thermo-radiatif améliore le confort thermique.

Les arbres peuvent également impacter la qualité de l’air en ville via différents processus. Le dépôt

de polluants gazeux et particulaires sur les feuilles des arbres peut contribuer à la diminution des

concentrations. Cependant, l’effet aérodynamique des arbres modifie l’écoulement dans les rues

canyons et limite la dispersion des polluants émis dans la rue. Par ailleurs, les arbres émettent

des composés organiques volatils biogéniques (COVb) qui peuvent participer à la formation d’O3

et d’aérosols organiques secondaires. Les émissions de COVb varient selon l’espèce d’arbre, et sont

influencées par des facteurs climatiques (température, rayonnement) mais aussi par le statut hy-

drique des arbres.

Cette thèse a pour objectif de quantifier les impacts de ces différents processus sur la qualité de

l’air en ville. Des simulations numériques sont réalisées sur la ville de Paris pendant l’été 2022 avec

la châıne de modèles CHIMERE/MUNICH afin de quantifier l’impact des arbres sur les concentra-

tions atmosphériques de polluants à l’échelle locale et régionale. Les concentrations simulées sont

comparées à des mesures.

Les arbres urbains ne sont généralement pas pris en compte dans les modèles de qualité l’air, aussi

bien à l’échelle régionale qu’à l’échelle de la rue. Pour intégrer les émissions de COVb dans le

modèle régional CHIMERE, un inventaire est réalisé à partir de la base de données des arbres de

la ville de Paris. Une méthode est développée afin d’estimer les caractéristiques des arbres qui sont

utilisées en données d’entrée des différents modèles (surface de feuille, biomasse sèche, taille de la

couronne, etc.). En moyenne sur les mois de juin et juillet 2022 à Paris, les émissions biogéniques

locales des arbres induisent une augmentation de 1,0% d’O3, 4,6% de PM1 organiques et 0,6% de

PM2.5. Les émissions biogéniques des arbres urbains augmentent très fortement les concentrations

d’isoprène et de monoterpènes. Par comparaison aux mesures, les concentrations de terpènes ont

tendance à être sous-estimées, compte tenu des incertitudes liées aux facteurs d’émissions et à la

part de végétation manquante dans l’inventaire. Les émissions de terpène de la végétation urbaine

et suburbaine influencent fortement la formation de particules organiques, il est donc important de

bien les caractériser dans les modèles de qualité de l’air.

Les différents effets des arbres urbains sur la qualité de l’air à l’échelle de la rue sont ensuite ajoutés

dans le modèle de réseau de rue MUNICH. L’effet aérodynamique des arbres dans les rues est

paramétré à partir de simulations de mécanique des fluides. Il induit une augmentation des con-

centrations des composés émis dans la rue. Cette augmentation peut atteindre +37% pour le NO2

dans les rues avec une surface de feuilles importante et un trafic élevé. Le dépôt sur les feuilles des

arbres est calculé à partir d’une approche résistive adaptée à l’échelle de l’arbre urbain dans la rue.

Cependant, son impact sur les concentrations reste limité sur les gaz et particules étudiés (< −3%).

Pour mieux représenter les impacts des hétérogénéités du microclimat urbain et de l’effet thermo-

radiatif des arbres sur les concentrations de gaz et de particules, un couplage entre les modèles de

surface urbaine (TEB), de continuum sol-plante-atmosphère (SPAC) et de qualité de l’air à l’échelle

des rues (MUNICH) a été mis en place. Les résultats montrent qu’à l’été 2022 les arbres plantés

dans des fosses avec un volume de sol restreint souffrent rapidement de stress hydrique (vers le 15
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juin). Quand les arbres sont bien alimentés en eau, ils induisent une diminution de la température

moyenne de l’air dans la rue de −0, 12°C et qui peut attendre −0, 8°C localement dans certaines

rues. Après le 15 juin, les arbres limitent fortement leurs transpirations ce qui réduit aussi leur effet

rafraichissant dans les rues avec une diminution de la température moyenne de l’air dans la rue de

−0, 02°C et qui atteint −0, 5°C localement.

Le couplage entre les modèles MUNICH, TEB et SPAC permet également de calculer plus précisément

les émissions de COVb, en les faisant varier avec la température de surface des feuilles et le rayon-

nement solaire reçu par les feuilles dans la rue (prenant en compte les réflexions entre les différentes

surfaces de la rue et les effets d’ombrages). Les émissions ainsi calculées sont plus élevées, entre

+23 et +48% selon l’espèce de COVb. Le contenu en eau du sol simulé par TEB-SPAC est aussi

utilisé pour estimer l’impact direct du stress hydrique sur les émissions d’isoprène en comparant trois

paramétrisations de la littérature. Les trois paramétrisations montrent une diminution des émissions

d’isoprène à partir du 15 juin, mais qui est d’intensité variable (entre −28 et −58% de diminution

moyenne des émissions d’isoprène sur les deux mois). Ces variations soulignent l’importance de la

météorologie locale sur les émissions de COVb.
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Abstract

Trees provide numerous ecosystem services in cities, helping to reduce some of the consequences

of urbanization, such as the urban heat island and water run-off. Their thermo-radiative effect

improves thermal comfort.

Trees can also have an impact on urban air quality through various processes. The deposition

of gaseous and particulate pollutants on tree leaves can help to reduce concentrations. However,

the aerodynamic effect of trees modifies the airflow in street canyons and limits the dispersion of

pollutants emitted in the street. Trees also emit biogenic volatile organic compounds (BVOCs),

which can contribute to the formation of O3 and secondary organic aerosols. BVOC emissions vary

depending on the tree species, and are influenced by climatic factors (temperature, radiation) and

by the tree water status.

The objective of this thesis is to quantify the impacts of these different processes on urban air

quality. Numerical simulations are performed over the city of Paris during summer 2022 using the

CHIMERE/MUNICH model chain in order to quantify the impact of trees on atmospheric concen-

trations of pollutants at the local and regional scales. The simulated concentrations are compared

to measurements.

Urban trees are not generally taken into account in air quality models, either at regional or street

level. In order to integrate BVOC emissions into the CHIMERE regional model, an inventory is

developed using the tree database of the city of Paris. A method is set up to estimate the character-

istics of the trees, which are used as input data for the various models (leaf area, dry biomass, crown

size, etc.). On average over the months of June and July 2022 in Paris, local biogenic emissions from

trees lead to an increase of 1.0% in O3, 4.6% in organic PM1 and 0.6% in PM2.5. Biogenic emissions

from urban trees strongly increase concentrations of isoprene and monoterpenes. Compared with

measurements, terpene concentrations tend to be underestimated, given the uncertainties associated

with emission factors and the missing part of the vegetation in the inventory. Terpene emissions

from urban and suburban vegetation greatly influence the formation of organic particles, it is there-

fore important to characterize them properly in air quality models.

The various effects of urban trees on air quality at street level are then added into the MUNICH

street network model. The aerodynamic effect of street trees is parameterized using computational

fluid dynamics simulations. It leads to an increase in the concentrations of compounds emitted

into the street. This increase can reach +37% for NO2 in streets with a large leaf surface and high

traffic. Deposition on tree leaves is computed using a resistive approach adapted to the scale of the

tree in the street. However, its impact on concentrations remains limited for the gases and particles

studied (< −3%).

To better represent the impacts of urban micro-climate heterogeneities and the thermo-radiative

effect of trees on gas and particle concentrations, a coupling between the models of urban surface

(TEB), soil-plant-atmosphere continuum (SPAC) and street-scale air quality (MUNICH) was imple-

mented. The results show that during 2022 summer, trees planted in pits with limited soil volume

suffer from water stress (around June 15). When trees have a good water supply, they induce a de-

crease in average street air temperature of −0.12°C, which can reach −0.8°C locally in some streets.
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After June 15, trees significantly reduce their transpiration, which also reduces their cooling effect,

with a decrease in average street air temperature of −0.02°C, reaching −0.5°C locally.

The computation of the BVOC emissions are also refined by using the variables simulated by TEB-

SPAC. BVOC emissions are calculated using the surface temperature of the leaves and the solar

radiation received by the leaves in the street (taking into account reflections between different street

surfaces and shading effects). These emissions are higher, between +23 and +48% depending on

the species of BVOC. The soil water content simulated by TEB-SPAC is also used to estimate the

direct impact of water stress on isoprene emissions, by comparing three parameterizations from the

literature. The three parameterizations show a decrease in isoprene emissions from June 15, but

of variable intensity (between −28 and −58% average decrease in isoprene emissions over the two

months). These variations underline the importance of local meteorology on BVOC emissions.
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1.1 Urban air quality and climate

1.1.1 Air pollution, issues and processes

The World Health Organization (WHO) estimates that air pollution is responsible for 6 to 7 million

of premature deaths annually. It is the fourth biggest global health risk factor mainly, because of

its contribution to ischemic heart disease and stroke, two leading causes of death worldwide. Air

pollution is defined as the contamination of the outdoor and indoor air by chemical, physical or

biological substances that modify the composition of the atmosphere. Air quality (AQ) is related

to concentration level of pollutants in the air. Air pollution is a problematic that affects the entire

population, and is border-less. WHO estimates that 99% of the global population breathe air that

exceeds WHO guideline limits. The effects on health are multiple and depend on the nature of

pollutants, on the size for particles and the duration of exposure (Bernstein et al., 2004; Pénard-

Morand and Annesi-Maesano, 2004; Kampa and Castanas, 2008). Air pollution is also complex

because a large variety of pollutant types, sources and a large range of scales coexist (Pénard-

Morand and Annesi-Maesano, 2004; Sportisse, 2009; Vallero, 2014). Pollutants are present in two

forms in the atmosphere: gas (nitrogen oxides (NOx, where NOx = NO2 + NO), ozone (O3),

carbon monoxide (CO), sulfur oxides (SO2, SO3), volatile organic compounds (VOCs) etc.) and

liquid/solid particles called aerosols or particulate matter (PM) (dust, sea salt, black carbon etc.)

with size ranging from 1 nm to 10 µm.
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The pollutant concentrations in the air are governed by complex physico-chemical processes, as

shown in Fig. 1.1.

Figure 1.1: Processes affecting air quality and atmospheric chemistry (EPA).

First, they are emitted by anthropic activities (industry, transport, heating, agriculture etc.) or

naturally (wind erosion, sea spray, volcanic eruption etc.). Then, depending on their lifetime in the

atmosphere, they are transported and dispersed by the wind and turbulence and they can undergo

physical and chemical transformations. Pollutants directly emitted are called primary pollutants,

and those which are produced in the atmosphere by these reactions are called secondary pollutants.

Multiple transformations exist, depending on their properties, gas may be oxidized, photolysed,

nucleate, condense or evaporate from aerosols. Aerosols may also coagulate, undergo particle-phase

reactions and activation into cloud droplets (Fig. 1.2). Besides, pollutants can be deposited on

surfaces by dry or wet deposition (leaching). If they are not re-suspended (Martuzevicius et al.,

2011; Askariyeh et al., 2020), they are removed from the atmosphere but can still have negative

impacts, such as acid rain (Irwin and Williams, 1988), water contamination (Arimoto, 1989; Huston

et al., 2009; Pandey et al., 2009) and vegetation oxidation (Katz and Shore, 1955; Smith, 2012).

Finally, air pollution interacts with meteorology (ie. cloud formation), climate (i.e. radiative effect

of aerosols) and the biochemical cycle (Ramanathan et al., 2001; Akimoto, 2003; Stier et al., 2007;

Li et al., 2011; Vallero, 2014; Fiore et al., 2015; Fuzzi et al., 2015; Feng et al., 2019).

Although air quality is improving in Europe and France for many pollutants, a large part of the

population, especially in urban areas, are exposed to concentrations above the health-based guide-

line level set by the WHO (European Environment Agency, 2023; Elichegaray et al., 2010). Several

pollutants are known to have negative effects on human health based on toxicological studies and

their concentrations in the ambient air are regulated in Europe by the Ambient Air Quality Directive

2008/50/EC. They include: nitrogen dioxide (NO2), O3, SO2, CO, lead (Pb), benzene (C6H6) and

particulate matter with a diameter of less than 2.5 µm (PM2.5) and than 10 µm (PM10). The air
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Figure 1.2: Major micro-physical and chemical processes that influence the size distribution and
chemical composition of atmospheric aerosols (Brasseur and Jacob, 2017).

quality standards for urban areas under the EU Air Quality Directive, and WHO air quality guide-

lines are summarized here: https://www.eea.europa.eu/airs/2016/environment-and-health/

outdoor-air-quality-urban-areas. For particles, threshold values are specified for two size

ranges, but the effect on health may also vary according to the chemical composition of the par-

ticles (Rohr and Wyzga, 2012; Atkinson et al., 2015). The diversity of pollutant types, sources,

processes and consequences makes air pollution still a key topic for scientific research.

1.1.2 Urbanization and air quality

Today, 55% of the world’s population lives in cities, and this should reach 68% by 2050 (Angel

et al., 2011; Department of Economics and Social Affairs, 2018). The gathering of populations in

urban areas leads to the high density of infrastructures and activities (e.g. building and transport),

inducing issues. First, air flows are modified due to the presence of high buildings and heterogeneities

inducing the reduction of the dispersion of pollutants emitted in the streets (Arnfield, 2003; Li et al.,

2019). Combined with high local anthropic emissions (due to traffic, residential heating or cooling,

industries etc.), the air quality is deteriorated in urban areas and much higher concentrations are

observed in the streets than above it (background) (Lyons et al., 1990; Fenger, 1999; Thunis, 2018;

Yang et al., 2020b). One solution to improve urban air quality is to attempt to decrease emissions

at the street level by implementing low-emission zones (Ku Donggyun et al., 2020) or at the regional

level by banning chimney fires for example. The other is to improve urban planning (Borrego et al.,

2006; Huang et al., 2021; Piracha and Chaudhary, 2022). Therefore, to understand the key processes

and to guide planning policies in improving air quality, a growing number of studies are focusing

on wind speed, turbulence and pollutant dispersion in streets (Chan et al., 2003; Voordeckers et al.,

2021). As shown in Fig. 1.3, at the city level, an increase of the boundary layer above the urban

area compared to the country side is observed during day, and at night, the boundary layer does not

return to stable conditions (Uno et al., 1988; Rotach, 1995; Lemonsu and Masson, 2002). However,

at the urban canopy layer (UCL) scale, the wind speed is reduced and the turbulence intensity is

increased (Auer, 1981; Collier, 2006; Chan et al., 2013).
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Figure 1.3: Schematic diagram showing flow and scale lengths within an urban boundary layer
(UBL) (PBL: Planetary boundary layer) (Fisher et al., 2006).

In the 70s, the concept of street canyon, a road and its two flanking buildings, was used to study the

main characteristics of pollutant dispersion within urban streets (Johnson et al., 1973; Nicholson,

1975; Dabberdt et al., 1973; Hotchkiss and Harlow, 1973). The street canyon is a basic geometry unit

that can be used to build larger urban structures, and is since used in numerous studies on air flow,

air quality and surface energy balance at the street level (Vardoulakis et al., 2003-01; Yazid et al.,

2014; Zhang et al., 2020; Zhao et al., 2020; Wankhade et al., 2023). Based on this simplified street

geometry, Oke (1998) proposed to classify flow patterns depending on the street aspect ratio (ratio

of building height to street width). The street can be divided into two regions: a recirculation zone,

and if the street is sufficiently wide a ventilated zone (Harman et al., 2004a). One or more vortex

can be formed in the street depending on its aspect ratio and the wind direction (Hunter et al., 1992;

Sini et al., 1996; Salizzoni et al., 2009) but also on stability and atmospheric conditions (Nakamura

and Oke, 1988). When the wind direction is close to perpendicular to the street, this particular

recirculation induces an accumulation of the pollutants emitted in the street at the bottom leeward

side of the street (Fig. 1.4) and exposes people in this zone to higher concentrations of pollutants

(Ahmad et al., 2005; Salim et al., 2011). Even if flows in heterogeneous street canyons are more

complex (Kastner-Klein et al., 2004; Karra et al., 2017), this concept of canyon is very useful to

study the general processes affecting the flow and air quality.
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Figure 1.4: Schematic diagram of air flow and pollutant dispersion within an street canyon (Silver
et al., 2013).

To better understand these processes, wind speed and turbulence measurements were performed in

streets (Eliasson et al., 2006; Zajic et al., 2011). However, this type of experimental studies are

limited because conclusion cannot always be generalized to other sites due to local heterogeneities

and installation constraints are high in urban areas (people and sensor safety). Wind tunnel ex-

periments in controlled and repeated conditions are also used to study air flows but still required

suitable infrastructures (Ahmad et al., 2005). A growing number of studies rely on modeling tools

(Vardoulakis et al., 2003-01; El-Harbawi, 2013; Oliveri Conti et al., 2017; Rybarczyk and Zalakevi-

ciute, 2018). Indeed, numerical models are very useful because simulations can be easily repeated

and parameter configurations modified. Models are often validated on outdoor or wind tunnel exper-

iments, showing that methods are interdependent and complementary. Several types of numerical

models are presented in Section 1.3.

1.1.3 Urban climate

Air flow and air quality in the UCL are also closely dependent on meteorological processes, that

are themselves modified by the urban environment. In fact, the energy and water budgets in cities

are strongly modified because of many processes summarized in Fig. 1.5 (Nunez and Oke, 1977;

Taha, 1997; Kuttler, 2008b; Oke et al., 2017; Masson et al., 2020). First, the artificialization of

surfaces with darker materials of lower albedo (fraction of solar radiation reflected by a surface),

such as asphalt or tile, causes a larger absorption of solar radiation which can be stored and released

as sensible heat inducing an increase in surface temperatures (Taha et al., 1988). The release of

anthropogenic heat by heating and cooling systems and by traffic also participates to the temper-

ature increase (Pigeon et al., 2007). Multiple reflections of short wave radiation occur between the

street surfaces and cause a radiative trapping in the street (Harman et al., 2004b). In addition,

vegetation, which has a positive effect on human thermal comfort through evapotranspiration and

shading, is often lacking in cities (Oke, 1982; Hass et al., 2016; Walle et al., 2022). Then, water

infiltration into the soil is limited by the dominance of impervious surfaces, and heavy runoff can

cause flooding (Leopold, 1968; Wissmar et al., 2004; Walsh et al., 2012). At the city scale, an

increase of temperature is observed compared to the countryside (Fig. 1.6), this local difference of

temperature is called the Urban Heat Island effect (UHI) (Kim, 1992). This effect is particularly

visible during the summer nights when the radiative energy is stored during the day and released

during the night. Besides, human thermal comfort is also affected by pedestrian level wind turbu-
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Figure 1.5: Urban structure, cover, fabric and metabolism contribute to the UHI effect in highly
developed areas (Soltani and Sharifi, 2017).

lence (Zou et al., 2021). The UHI impacts the turbulent fluxes, and therefore the concentrations of

primary and secondary pollutants in urban areas (Sarrat et al., 2006).

Figure 1.6: UHI diagram - spatial variations of day and nighttime temperatures over a city (US EPA,
2014).

These local climate modifications have a negative impact on human health especially during extreme

events (pollution peaks, heatwave, heavy rains) (Robine et al., 2007; Le Tertre et al., 2006; Baccini

et al., 2008; Basu, 2009; D’Ippoliti et al., 2010; Laaidi et al., 2012; Mitchell et al., 2016; Heaviside

et al., 2017), that, for some of them, may happen more often in the future due to climate change

(Patz et al., 2005; Huang et al., 2011; Vardoulakis et al., 2014; Hajat et al., 2014; Lemonsu et al.,

2015; IPCC, 2021).
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1.2 Greening the city

1.2.1 Ecosystem services provided by the urban vegetation

To mitigate the negative effects of urbanization, nature-based solution are often promoted (Fig. 1.7)

(Livesley et al., 2016; Chang et al., 2017; Roeland et al., 2019). The best-known ecosystem service

of vegetation is the improvement of the human thermal comfort. Recent review studies (Jamei

et al., 2016; Taleghani, 2018; Lai et al., 2019; Hami et al., 2019; Nasrollahi et al., 2020) have shown

that that urban greening is an efficient solution to decrease temperatures in urban outdoor spaces.

The efficiency of the cooling depends in particular on the type and configuration of vegetation, the

street aspect ratio and orientation, and the climate of the city.

In terms of mechanisms involved, high vegetation (trees) intercepts, reflects and absorbs solar ra-

diation preventing it from reaching other surfaces. This creates shade and decrease indirectly tem-

peratures under the trees (Armson et al., 2013a; Konarska et al., 2014; Upreti et al., 2017). Then,

the transpiration of water by the vegetation, which is an endothermic reaction, induces a decrease

in the surrounding air temperature (Konarska et al., 2016; Gao et al., 2020). Transpiration is the

loss of water by evaporation and diffusion, which occurs mainly at leaf level through small pores

called stomata. The tension (negative pressure) created by transpiration on sap is transmitted by

the cohesion of water molecules from leaves to root apex, where roots absorbs water and minerals

from the soil. Transpiration is a passive mechanism but is tightly controlled by the opening and

closing of stomata which responds to environmental and meteorological conditions such as light,

leaf water status, and carbon dioxide concentration.

Urban vegetation also brings additional ecosystem services such as the intercepting of water by

leaves that can limit water runoff and the conservation of zones of permeable soil in which water

can infiltrate (Armson et al., 2013b; Livesley et al., 2016; Berland, 2017). Photosynthesis removes

carbon dioxide, a greenhouse gas, from the atmosphere, store carbon in the plant tissues, and pro-

duces oxygen. The carbon sequestration intensity depends on the area and time of year (Nowak

and Crane, 2002; Svirejeva-Hopkins et al., 2004; Velasco et al., 2016; Fares et al., 2017; Kinnunen

et al., 2022). Vegetation also enhances biodiversity in cities and improves human well being and

quality of life (Shackell et al., 2012; Bertram and Rehdanz, 2015; Sulaiman, 2016).

Figure 1.7: Ecosystem services provided by trees in cities (Livesley et al., 2016).
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Because of all the ecosystem services vegetation and especially trees can provide in cities, the number

of research studies and publications on urban vegetation have been increasing exponentially in recent

years (Fig. 1.8).

Figure 1.8: Number of publications containing terms related to vegetation in cities in title or abstract
(Dimensions, 1980-2022).

1.2.2 Effects of vegetation on air quality

The effects of vegetation on air quality is contrasted (Leung et al., 2011; Janhäll, 2015; Badach

et al., 2020; Diener and Mudu, 2021). The dry deposition of gaseous and particulate pollutants on

plant surfaces helps to remove pollutants from the atmosphere and reduce concentrations. However,

there is a great variability and uncertainties in the magnitude of this process (Nowak et al., 2006;

Escobedo and Nowak, 2009; Setälä et al., 2013; Selmi et al., 2016; Xing and Brimblecombe, 2019;

Nemitz et al., 2020; Lindén et al., 2023). Certain tree species emit pollen that can trigger allergies

(Charalampopoulos et al., 2018; Kasprzyk et al., 2019). The rows of trees planted in streets slow

down the air flow, thus limiting the dispersion of pollutants emitted by traffic and increasing con-

centrations as shown in Fig. 1.9 (Gromke and Ruck, 2007; Vos et al., 2013; Jeanjean et al., 2016).

Then, vegetation naturally emits a large range of Biogenic Volatile Organic Compounds (BVOCs),

that modulate plant protection to heat, pollutants and water stress. VOCs also operate as messen-

gers in plant-plant and plant-insect interactions. BVOC emissions are strongly dependent on the

vegetation type and on environmental conditions (temperature, radiation, soil humidity) (Niinemets

et al., 2004). They play an important role in atmospheric chemistry, especially in the formation

of ozone and secondary organic aerosols (SOAs). Unlike specific Anthropogenic Volatile Organic

Compounds (AVOCs), BVOCs do not pose a direct risk to human health. However, they react with

other compounds to form harmful pollutants for health, such as O3 and SOAs (Owen et al., 2003;

Calfapietra et al., 2013; Ren et al., 2017).

The variation of temperature, humidity and solar radiation due to urban micro-climate and the

presence of vegetation can also affect air quality through the change of chemical reaction kinetic

and photolysis rates (Walcek and Yuan, 1995).
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Figure 1.9: Impact of rows of trees and hedges on wind speed and dispersion of pollutants emitted
by traffic in a street canyon modeled by Vos et al. (2013).

1.2.3 Urban-related stress

Urban environments are stressful for plants and can cause plant mortality (Lüttge and Buckeridge,

2023; Czaja et al., 2020). These stress of various types are represented in Fig. 1.10.

Figure 1.10: Impact of urban environment on tree development compared to forest (www.eskp.de).

First, the plants’ growth is contained as they are planted in a limited soil volume and crowns are

pruned. Roadside trees also have a very uncertain access to water and often suffer from water stress.

Lining pits with low-permeability materials limits the surface of water infiltration. There is also a

great uncertainty in the capability of trees to find water deep underground (the soil can be supplied

with water by leaks, roots penetrating pipes etc.).
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Furthermore, the urban environment induces higher temperatures than rural areas. This means

that the vegetation is more likely to suffer from heat stress. Air quality also has an impact on

vegetation, which can suffer from pollutant stress. Indeed, air pollutants can oxidize leaves and the

water can be contaminated by heavy metals for example. Finally, the urban environment and the

associated constraints also impact BVOC emissions which are sensitive to water, heat and ozone

stress (Niinemets, 2010).

1.3 Modeling urban vegetation and their effects on air quality and

climate

Models are powerful tools to understand processes, interpret observations and make short- and

long-term forecasts. Particularly in the field of urban management and planning, where the city

heterogeneity limits the representativity of experimental measurements. Numerical simulations have

the advantage of being repeatable and parameters can be easily modified. Numerous scenarios can

be therefore simulated and compared. With the increase in computing resources, a growing number

of studies are based on modeling tools. To ensure the accuracy of the results, simulations need to

be evaluated and compared to experimental measurements.

This section presents different types of models designed to simulate air quality and urban climate

with or without consideration of urban trees.

1.3.1 Modeling urban vegetation and their effect on air quality

Chemistry-Transport Models (CTMs) (CHIMERE (Menut et al., 2021), Polair3D (Boutahar et al.,

2004) , WRF-Chem (NOAA/ESRL, 2023), CMAQ (Byun and Schere, 2006; Appel et al., 2021),

MOCAGE (Peuch et al., 1999) etc.) can be used to compute air pollutant concentrations on eule-

rian cell grids over urban areas. However, concentrations are averaged over meshes with horizontal

resolutions typically larger than one kilometer, and they can not represent the heterogeneities of

pollutant concentrations within a grid, such as the high concentrations found at the street level

(Lugon et al., 2020, 2021a). In addition, the land-use at the city scale is of urban type and no vege-

tation effect is usually modeled. CTMs can be used to provide background concentrations for local

models (Fig. 1.4). They can also be coupled to street models to account for more local processes

(Lugon et al., 2020).

At the local scale (street and neighborhood), Computational Fluid Dynamics (CFD) codes such as

Fluent (https://www.ansys.com/en-gb/products/fluids/ansys-fluent), OpenFOAM (https:

//www.openfoam.com/) and code saturne (https://www.code-saturne.org/cms/web/; Archam-

beau et al. (2004)), are used to simulate pollutant dispersion and air quality with a fine resolution

in the meter range (Blocken et al., 2013; Tominaga and Stathopoulos, 2013; Pantusheva et al.,

2022). Some are coupled with chemistry and aerosol dynamics models to represent the formation

of secondary pollutants and aerosols (Zhong et al., 2016; Lin et al., 2023b). Many models contain

a representation of the vegetation effects and most of the studies focus on the aerodynamic effect

of trees in a street canyon (Buccolieri et al., 2009; Huang et al., 2019; Yang et al., 2020a; Lin et al.,

2023a) or in a existing neighborhood (Buccolieri et al., 2011; Amorim et al., 2013). Some studies

also take into account the dry deposition on vegetated surfaces (Vos et al., 2013; Jeanjean et al.,

2016; Santiago et al., 2017b; Xue and Li, 2017), the thermal effects (Buccolieri et al., 2018; San Jose

and Perez-Camanyo, 2022) and the BVOC emissions (Moradpour and Hosseini, 2020; Wang et al.,
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2023). Studies on the impact of vegetation are carried out in the two main types of CFD model:

Reynolds-Averaged Navier–Stokes (RANS) models (Gromke and Blocken, 2015; Santiago et al.,

2017a) and Large-Eddy Simulation (LES) (Salim et al., 2011; Moonen et al., 2013). CFD models

can simulate local variations in wind speed, turbulence and pollutant concentrations. However,

due to their accuracy, they require a detailed representation of the urban geometry, and computer

resources that are too extensive to simulate an entire city.

To simulate air quality at the street level but covering large areas such as neighborhoods or cities,

parameterized models are developed. They assume a simplified street geometry and processes such

as transport and pollutant deposition which are parameterized. There are different types of models:

street canyon models (SIRANE (Soulhac et al., 2011, 2012, 2017), MUNICH (Kim et al., 2018,

2022)), gaussian (ADMS-Urban (McHugh et al., 1997; Carruthers et al., 2000; Stocker et al., 2012))

or mixed (street canyon with gaussian emissions) (OSPM (Berkowicz, 2000)). Trees are not included

in parameterized models because first, they need parameterizations of the different tree effects at

the street scale and then, precise information on trees (location, size etc.) is needed at the city

scale.

Finally, another method to simulate city-scale pollution is to use a catalog of pre-computed sim-

ulations (Berchet et al., 2017). Hourly concentration maps are produced by selecting the hourly

situation from the pre-calculated catalog that best matches the meteorological variables.

1.3.2 Modeling urban vegetation and their effect on climate

As for air-quality models, climatic models are of various resolutions and types. As presented by

Yang et al. (2019), models used to simulate the effect of vegetation on the micro-climate can be

divided into two categories: Energy Balance Models (EBMs) and Computational Fluid Dynamics

(CFD) models. EBMs (e.g. RayMan (Matzarakis et al., 2007, 2010), SOLWEIG (Lindberg et al.,

2008; Lindberg and Grimmond, 2011), green-CTTC (Shashua-Bar and Hoffman, 2002), TEB-Veg

(Lemonsu et al., 2012; Redon et al., 2017, 2020)) are based on the law of conservation of energy for

a control volume, and make it possible to study many factors of the thermal environment. CFD

models (Fluent, OpenFOAM, ENVI-met (https://www.envi-met.com/; Bruse and Fleer (1998)),

PALM-4U (https://palm.muk.uni-hannover.de/trac/wiki/palm4u) etc.) couples explicitly the

velocity, temperature, humidity and pollution fields, and resolves the flow field and the energy budget

at finer scales compared to EBMs. However, computational cost is much higher and they need a

detailed representation of urban geometry. Within the two types of models, the plant description

can be more or less complex (Yang et al., 2019).
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1.4 Objectives of the PhD thesis and problematic

Among the types of urban vegetation highlighted in nature-based solutions, roadside trees are of

major interest for several reasons. They are a tall vegetation type with large leaf surface which

effectively improves thermal comfort through both evapotranspiration and shading. However, due

to these same characteristics, they can limit air flows and dispersion of pollutants emitted in streets.

Secondly, unlike green walls and roofs, urban trees are already widely planted in cities. This study

therefore focuses on urban trees, and more specifically on roadside trees. The objective is to set up

a modeling chain to simulate the various effects of trees on meteorology and air quality at the street

and city scale, and understand the links between them. The urban micro-meteorology may not only

affect the formation of secondary pollutants, it may also influence the tree biogenic emissions of

volatile organic compounds. Those may also be very much impacted by water stress. To this end,

multi-scale and several types of models are coupled (Fig. 1.11) and applied over the city of Paris.

Chapter 2 is dedicated to the parametrizations of air flows in street canyons with and without trees.

The parameterizations are developed for a large range of street and tree characteristics and depend

on the meteorology above the street. Then, the Chapter 3 presents the development of a bottom-up

inventory of biogenic emissions from urban tree trees (dash-dotted arrows in Fig. 1.11) and the

impact on regional air quality. Biogenic emissions are computed by combining different databases

and modeling tools, and are then integrated in the mesoscale air-quality model (CHIMERE) to

quantify their impact on air quality over the Paris region and during June and July 2022.

In Chapter 4, the impact of trees on local and regional air quality is estimated without taking into

account the potential modification of micro-meteorology. To do so, biogenic emissions of road side

trees are integrated at the street level in the Paris street network in MUNICH (dashed arrows in

Fig. 1.11). The aerodynamical effect of tree parameterized in Chapter 2 is considered as well as the

dry deposition of gas and particles on tree leaves. The three effects of trees on air quality at the

street level (BVOC emissions, aerodynamic effect and dry deposition on leaves) are quantified by

CHIMERE/MUNICH simulations performed on the same 2-month period and over the Paris street

network.

Finally, the Chapter 5 evaluates the impact of the street micro-meteorology both with and without

trees on street pollutant concentrations. The calculation of biogenic emissions, which is closely

dependent on micro-meteorology, tree hydraulic functioning and water stress, is also refined (dotted

arrows in Fig. 1.11). This is done by coupling the air-quality model (MUNICH) to the Town Energy

Balance model, that computes the energy budget in the street including vegetation-related processes

(TEB-Veg), and the soil-plant-atmosphere continuum model (SPAC) to refine the representation of

the water transfers within trees.
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Figure 1.11: Modeling chain developed to simulate the effects of trees on climate and air quality at
the street and city scale. Variables are in normal font and models and database in bold.
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2.1 Introduction

The aim of this chapter is to parameterize the first effect of trees on air quality in MUNICH. First,

a new parameterization of air flow in street canyons without tree is developed in MUNICH. This

parameterization is based on analytical wind and transfer coefficient vertical profiles designed for

sparse canopies, and is adapted to the case of the street canyon based on CFD simulations. The de-

velopment of this parametrization and a comparison with the existing parametrizations in MUNICH

was published in Atmosphere (freely available at https://doi.org/10.3390/atmos13040527) and

the article is presented in the section 2.2. This parametrization allows us to represent vertical pro-

files of horizontal wind and vertical exchange coefficient, while being mathematically simple enough

to add the effect of trees. The tree aerodynamical effect, i.e. the modification of wind speed and

vertical transfer coefficient due to tree leaves in the street, is then parameterized also based on

CFD simulations. This work was published in Atmospheric Chemistry and Physics (freely available

at https://doi.org/10.5194/acp-22-9369-2022) and the article is presented in the section 2.3.

The parameterizations use general street and tree characteristics (building height, street width, Leaf

Area Index, tree crown height and radius etc.), so they can be applied to any street at any time.
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Abstract: Cities are heterogeneous environments, and pollutant concentrations are often higher in
streets compared with in the upper roughness sublayer (urban background) and cannot be repre-
sented using chemical-transport models that have a spatial resolution on the order of kilometers.
Computational Fluid Dynamics (CFD) models coupled to chemistry/aerosol models may be used
to compute the pollutant concentrations at high resolution over limited areas of cities; however,
they are too expensive to use over a whole city. Hence, simplified street-network models, such as
the Model of Urban Network of Intersecting Canyons and Highways (MUNICH), have been devel-
oped. These include the main physico-chemical processes that influence pollutant concentrations:
emissions, transport, deposition, chemistry and aerosol dynamics. However, the streets are not
discretized precisely, and concentrations are assumed to be homogeneous in each street segment. The
complex street micro-meteorology is simplified by considering only the vertical transfer between
the street and the upper roughness sublayer as well as the horizontal transfer between the streets.
This study presents a new parametrization of a horizontal wind profile and vertical/horizontal
transfer coefficients. This was developed based on a flow parametrization in a sparse vegetated
canopy and adapted to street canyons using local-scale simulations performed with the CFD model
Code_Saturne. CFD simulations were performed in a 2D infinite street canyon, and three streets of
various aspect ratios ranging from 0.3 to 1.0 were studied with different incoming wind directions.
The quantities of interest (wind speed in the street direction and passive tracer concentration) were
spatially averaged in the street to compare with MUNICH. The developed parametrization depends
on the street characteristics and wind direction. This effectively represents the average wind profile
in a street canyon and the vertical transfer between the street and the urban roughness sublayer for a
wide range of street aspect ratios while maintaining a simple formulation.

Keywords: meteorological modeling; street-network; urban areas

1. Introduction

Cities are areas of highly concentrated human activities that induce large amounts
of air pollutants emitted by anthropic activities, such as traffic, industry and residential
activities. Cities are also heterogeneous environments, and the presence of high buildings
represents obstacles that reduce air flow inside streets and limit the dispersion of pollutants
emitted within [1–4]. These two processes lead to poor air quality, thus, imposing a risk
for human health. In addition, the growing number of people living in cities increases the
vulnerability, and massive urbanization has negative consequences on the environment
and human health especially during pollution peaks [5–9]. In the case of a street canyon, air
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recirculates inside the canyon, as shown by Harman et al. [10] for the wind perpendicular
to the street.

Pollutants emitted in the street—by traffic for example—tend to accumulate on the
leeward side of the street, and the concentrations at this location may be much higher
than the background concentrations [11–13]. Knowing that people spend most of their
time indoors, the vertical distribution of pollutant concentrations is also a key research
topic. People are not only exposed to air pollution at street pedestrian level but also to air
pollution inside buildings, which may be influenced by outdoor pollution and the height
levels of the building [14–16].

Models are powerful tools to study air flow and pollutant concentration because the
conditions can be fixed and the simulations are easily replicable, thus, allowing the analysis
of different processes influencing the concentrations. Currently, chemistry-transport models
(CTMs) are widely used at the meso-scale to understand processes, interpret observations
and forecast the evolution of pollutant concentrations [17–20]. Informed by emissions
inventories, meteorological, initial and boundary conditions, these models use numerical
techniques to simulate pollutant transport, chemical transformation in the atmosphere and
compute air concentrations and deposition fluxes.

In CTMs, concentrations are averaged over mesh cells with a horizontal resolution
ranging from kilometers to hundreds of kilometers. Due to their coarse spatial resolution,
CTMs are not able to capture the high pollutant concentrations observed in streets, and
thus city-scale models, such as simplified street-network or street-in-grid models are used
to represent the street level concentrations [21–26].

Street models use parametrizations to represent the dispersion of pollutants at the
street level over a neighborhood or a city. The streets are not discretized finely; how-
ever, concentrations are assumed to be homogeneous in each street segment, as in the
Model of Urban Network of Intersecting Canyons and Highways (MUNICH) [24,25], or in
part of the street (lee side versus wind side, for example, as in the OSPM (Operational
Street Pollution Model) [21].

To study wind fields and pollutant dispersion at a local scale (100 m to 1 km), Com-
putational Fluid Dynamics (CFD) are commonly used [27–29]. The simulation domain
is composed of grid cells with a resolution ranging from centimeters to meters. To solve
air flow in two or three dimensions, several turbulence schemes are used, such as k− ε
and Large Eddy Simulation (LES). This type of model allows capturing the complex street
micro-meteorology; however, the computational cost is high to study pollutant dispersion
at city scale as this requires billions of grids.

As concentrations are assumed to be homogeneous in each street segment, the compu-
tational cost associated with MUNICH is low compared to CFD, allowing simulations over
a whole city [25]. To model the dispersion of pollutants, the street-network model MUNICH
separates air flow into two components related to transfer velocities. First, the horizontal
wind speed is assumed to follow the street direction and to be homogeneous across the
street. Second, the vertical transfer velocity between the street and the background domain
is calculated at the roof level.

These horizontal and vertical air flows depend on the canyon geometry, wind angle,
above-street flow and atmospheric stability [30]. Background concentrations above the
roughness sublayer can be provided by 3D CTMs, such as Polair3D from the Polyphemus
air-quality modeling platform [25,26,31].

The objective of this study is to evaluate the parametrizations that are currently
used in MUNICH for the horizontal and vertical transfers as well as to develop a new
parametrization as accurate as the existing ones but with a simpler formulation. It is
an adaptation of a parametrization originally designed to model flows in sparse and
dense vegetated canopies, depending on the leaf area or spacing between trees. The
parametrizations are evaluated by comparisons to Computational Fluid Dynamics (CFD)
simulations in street canyons.
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They are performed with Code_Saturne [32], an open-source code that can represent
air and pollutant flows in a street canyon [33]. “It solves the Navier–Stokes equations for 2D,
2D-axisymmetric and 3D flows, steady or unsteady, laminar or turbulent, incompressible
or weakly compressible, isothermal or not, with scalars transport” if required (https:
//www.code-saturne.org/, accessed on 17 December 2021).

This code has been adapted to atmospheric flows and can simulate the humid atmo-
sphere with radiative heat transfer (not used here). Code_Saturne has been evaluated with
the results of the Mock Urban Setting Test (MUST). This is a near full-scale experiment con-
ducted in Utah’s West Desert area based on the release of a neutral gas in a field of regularly
spaced shipping containers [33,34]. In addition, Code_Saturne was used to simulate ther-
mal effect and pollutant dispersion in a real urban neighborhood of Toulouse, France [35]
and micro-scale heterogeneities of turbulent variables for different wind directions over a
complex semi-urban area located near Paris [36].

In these different studies, the simulated air flow agreed well with the measurements,
demonstrating that Code_Saturne was able to accurately simulate airflow and pollutant
dispersion over complex urban sites, as well as 2D simplified street canyons. In the
present study, Code_Saturne version 6.0 is used. To compare the parametrizations, several
simulations are performed with Code_Saturne to consider different street sizes and wind
directions. Therefore, the set-up of the model is simplified, and 2D streets are considered to
be consistent with the street-network-model approach.

The structure of the paper is as follows. The models MUNICH and Code_Saturne are
detailed in Section 2. Then, a new parametrization for horizontal and vertical transfers
based on Code_Saturne simulations and Wang [37,38] is proposed for MUNICH and is
compared with existing MUNICH parametrizations in Section 3. Our conclusions are
provided in Section 4.

2. Materials and Methods

This section first describes the street-network model MUNICH and then the CFD
simulations performed with Code_Saturne.

2.1. Description of MUNICH
2.1.1. Street Geometry and Main Hypothesis

As detailed in Kim et al. [24] and Lugon et al. [25], the streets correspond to the volume
of the urban canopy, and each street segment is defined by a length L, uniform street width
W and height of the buildings H. Each segment is characterized by its aspect ratio calculated
as ar = H

W . Air pollutant concentrations are assumed to be homogeneous within each street
segment. The wind in the street follows the street direction and determines the advective
air flow, which transports pollutants horizontally. They are also transported in and out
of the street network by vertical transfer at the top (roof level) of each street segment.
The streets are linked to the background concentrations above roof level by a vertical
transfer coefficient. Note that the horizontal wind speed and direction may differ from one
street segment to another.

2.1.2. MUNICH Existing Parametrizations for Vertical Transfers

The vertical mass vertical flux of pollutants at the roof level is calculated based on a
turbulent transfer coefficient [24,39]:

Qvert = qvert WL

(
Cstreet − Cbg

)

H
with qvert = σW lm (1)

where Qvert is the vertical flux of pollutants at the roof level for the whole street (µg·s−1),
qvert is the vertical transfer coefficient (m2·s−1) and WL is the exchange surface (m2). Cstreet
and Cbg are, respectively, the average street and background air pollutant concentrations
(µg·m−3). lm is the mixing length within the street (m), and σW is a velocity scale corre-
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sponding to the standard deviation of the vertical wind velocity at roof level (m·s−1). σW is
function of the atmosphere stability and the friction velocity above the street u∗ (m·s−1),
and is calculated for a neutral atmosphere as [22,40]:

σW = 1.3 u∗ ×
(

1− 0.8
H

PBLH

)
(2)

u∗ is not computed by MUNICH but is taken as an input data and is equal to the
Code_Saturne friction velocity in the present study (Equation (16)). PBLH, also an in-
put, is the planetary boundary layer height (m), which is set to 1000 m in the present
simulations [41,42]. The σW parametrizations for stable and unstable atmospheric con-
ditions can be found in Soulhac et al. [22]. The mixing length is assumed to be constant
in the street and can be computed in MUNICH either from the Schulte et al. [39] or
Soulhac et al. [22] parametrizations:

lm =
DH

1 + ar
(3)

for Schulte et al. [39]

lm =
H√
2π

(4)

for Soulhac et al. [22]
D is a constant equal to 2√

2π
fixed by assuming that the estimation of lm from the

formulations Schulte et al. [39] and Soulhac et al. [22] are equal for ar = 1 [24]. Hereafter,
to be able to compare these mixing length parametrizations, they are noted L_sch for
Schulte et al. [39] and L_sir for Soulhac et al. [22].

2.1.3. MUNICH Existing Parametrizations for Horizontal Transfers

The horizontal flux of pollutants between the streets, Qin/out f low (µg·s−1), is computed
in MUNICH as the product of the average wind speed in the street direction Ustreet (m·s−1),
which can be interpreted as a horizontal transfer velocity, the exchange section HW (m2)
and the average pollutant concentration in the street Cstreet (µg·m−3). Depending on the
wind angle ϕ (angle between the wind direction and the street orientation), this flux can be
an incoming or outgoing flux:

Qin/out f low = Ustreet HW Cstreet (5)

Two different Ustreet parametrizations already exist in MUNICH.

- Exponential attenuation profile (noted U_exp)

This profile is an empirical parametrization computed from an exponential attenuation
of the wind speed at the roof level and is inspired by wind profiles in vegetated canopies.
The wind profile is fully dependent on an attenuation coefficient. The higher the atten-
uation coefficient, the higher the decrease of the wind speed with altitude. Masson [43],
Lemonsu et al. [44] and Cherin et al. [45] proposed an attenuation coefficient of A × ar,
where A is a dimensionless constant equal to 0.5 for wind within street canyons. The value
of this attenuation coefficient is tested in Section 3.3.2.

Only advection along the street (i.e., the horizontal component of the wind speed in
the street direction) is considered in MUNICH (noted UY). Therefore, the wind profile is
multiplied by |cos (ϕ)| to select only this component. The exponential profile is computed
as (modified from Kim et al. [24]):

UY(z) = UH,ϕ exp
[

A ar

( z
H
− 1
)]

∀ ar with UH,ϕ = UH |cos (ϕ)|, (6)
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where UH is the norm of the horizontal wind speed at the building height H (m·s−1),
which can be calculated either from Macdonald et al. [46] and Grimmond and Oke [47]
or Soulhac et al. [22], z is the vertical elevation (m) (upward orientation and z = 0 at the
ground level), A ar corresponds to the dimensionless attenuation coefficient.

In MUNICH, the average wind velocity in the street (Ustreet) is obtained by analytically
integrating the wind profile between the soil roughness z0s (m) and the building height H
(m) as:

Ustreet =
∫ H

z0s

UY(z) dz = UH,ϕ ×
1

A ar

(
1− exp

[
A ar

( z0s

H
− 1
)])

(7)

- SIRANE profile (noted U_sir)

Soulhac et al. [22,48] developed an analytical solution of the momentum equation in a
street canyon by dividing the canyon into two parts: the region influenced by the walls
and the region influenced by the ground. In the region influenced by the walls (in the
upper part of the canyon), the horizontal and vertical variations of U are separated and,
respectively, represented by the functions f and h. h is a function of z and f is function of
x, the horizontal distance with a rightward orientation and x = 0 at the left wall level of
the street (a different reference is used in Code_Saturne because the wind profile is also
defined above the buildings, see Section 2.2.1). In the region influenced by the ground,
the walls have no influence on the wind profile; however, the wind speed at z = δ and at
all x is taken to ensure the match between the profiles of the two regions.

In the region influenced by the walls (δ ≤ z ≤ H and z0s ≤ x ≤W − z0s ):

U(x, z) = Um f (x/δ) h(z/δ) (8)

f (x/δ) =
J1(C)Y0(C x/δ)− J0(C x/δ)Y1(C)

J1(C)Y0(C)− J0(C)Y1(C)
(9)

h(z/δ) = exp
[

C√
2

(
z− H

δ

)]
(10)

In the region influenced by the ground (z0s ≤ z < δ and z0s ≤ x ≤W − z0s ):

U(x, z) = U(x, δ)×
ln
(

z
z0s

)

ln
(

δ
z0s

) (11)

with U(x, δ) = Um f (x/δ) exp
[

C√
2

(
δ− H

δ

)]
(12)

where J0, J1, Y0 and Y1 are the first and second kind Bessel functions of order 0 and 1.
Unlike U_exp, the SIRANE profile is not calculated from the average wind speed at z = H,
UH and, instead, from the wind speed at the top of the street in the middle, Um (at z = H
and x = W/2). Um is determined from the shear stress and friction velocity values at
z = H. Knowing the wall roughness z0s , C has to be determined by an iterative method
(see Equation (14) with γ as the Euler constant equal to 0.577).

The wind profile is then integrated in each region of the canyon to compute the average
horizontal wind speed in the street [22,24,48]:

Ustreet = Um |cos (ϕ)| δ2

HW

[
2
√

2
C

(1− B2)

(
1− C2

3
+

C4

45

)
+ B2

2B1 − 3
B1

+

(
W
δ
− 2
)

B1 − 1
B1

]
(13)
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with





B1 = ln
(

δ
z0s

)

B2 = exp
[

C√
2

(
1− H

δ

)]

Um = u∗

√
π√

2κ2C

[
Y0(C)− J0(C) Y1(C)

J1(C)

]

C solution of δ
z0s

= 2
C exp

[
π
2

Y1(C)
J1(C)

− γ
]

δ = min(H, W/2)

(14)

Note that the vertical wind profiles shown in Section 3.3.2 are determined by averaging
the two-dimensional profile U(x, y) through the street width (along the x axis) and by
multiplying it by |cos(ϕ)| to select only the component in the Y axis direction:

UY(z) = |cos(ϕ)|U(z) = |cos(ϕ)|
∫ x=W−z0s

x=z0s

U(x, z) dx (15)

where z0s (m) is the wall roughness length equal to the ground street roughness.
See Soulhac et al. [48] for the detailed computation of the wind profile. Note that the

SIRANE model is not used directly in this study; however, the SIRANE qvert and Ustreet
parametrizations are available in MUNICH from the formulations of Soulhac et al. [22].

U_exp computation is simple; however, Castro [49] shows that this parametrization
is not well adapted to reproduce spatially-averaged mean velocity profiles within the
urban canopy. Additionally, the no-slip condition at the ground is not satisfying and
leads to an overestimation of the wind speed compared to Code_Saturne simulations (see
Section 3). U_sir gives more realistic wind profiles, but the computation is complex due to
the iterative method necessary to compute the variable C. A new parametrization is added
in MUNICH to compute the wind and vertical transfer coefficient profiles: the Wang [37,38]
parametrization for the sparse vegetated canopy is adapted to the urban canopy based on
Code_Saturne simulations. The advantages of using this parametrization are presented in
Section 3.

2.2. Description of the CFD Simulations
2.2.1. Street Canyon Geometry

In the CFD code Code_Saturne, the computational domain is represented by a geom-
etry and a mesh. In the present study, three street canyons are considered: a wide street
canyon (WC) with the same characteristics as the one used in the study of Kim et al. [24],
an intermediate canyon (IC) and a narrow canyon (NC). Their main characteristics are
presented in Table 1 and Figure 1:

Table 1. Characteristics of the three canyons studied.

Canyon Building Height
H (m)

Street Width W
(m)

Street Aspect Ra-
tio ar (-)

Reference Height
zre f = H + 17 (m)

Maximum Height
of the Domain (m)

WC 8.5 27.5 0.3 25.5 25.5
IC 14.0 27.5 0.5 31.0 42.0
NC 27.5 27.5 1.0 44.5 82.5
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Figure 1. 2D scheme of the canyon geometry with the street and background domain borders, and the
boundary conditions.

Code_Saturne simulations are performed in a periodic 2D-canyon of length L = 1 m.
This configuration is equivalent to an infinite street. The periodicity in the Y direction
enables simulations with a wind that is not perpendicular with respect to the canyon axis.
The flow and the wind speed vector are 3D. Note that the building height H varies, but
the street and building widths (W and B) are constant for the three canyons and equal to
27.5 m.

The mesh used is homogeneous (hexahedral elements) with only one cell for the
discretization in the Y direction. The size of each cell in the X and Z directions is 0.5× 0.5 m.
To compare to MUNICH, the values of the fields averaged over a given cell are located at
the center of the cell. The present configuration does not reproduce the complex 3D effects
(e.g., variations of width and height of buildings or obstacles in the canyon) encountered
in real applications. However, it is suited for comparison with the homogeneous street
hypothesis used in MUNICH.

To simplify the reading of the figures, a color code is introduced: red symbols for the
wide canyon (WC), purple ones for the intermediate canyon (IC) and blue ones for the
narrow canyon (NC). A list of the abbreviations, parameters and variables used can be
found in Appendix A.

2.2.2. Set-Up of the Simulations

- Turbulence closure and fluid properties

The k− ε linear production turbulence model is used in which the Reynolds-averaged
Navier–Stokes equations for momentum (U), turbulent kinetic energy (k) and the dissipa-
tion rate (ε) are solved. The equations used are presented in Zaïdi et al. [36], Katul et al. [50]
and Guimet and Laurence [51]. The atmosphere is assumed to be thermally neutral and
dry. The air temperature is set to 293.15 K, and there is no radiative heat transfer. The air
properties are summarized in Table 2:

Table 2. Air properties used in the Code_Saturne simulations.

Parameter Value Unit

Temperature 293.15 K
Pressure 101,325.0 Pa
Density 1.204 kg·m−3

Viscosity 1.83× 10−5 Pa·s
Specific heat 1017.24 J·kg−1·K−1

Thermal conductivity 0.02495 W·m−1·K−1
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- Initial and boundary conditions

At the inlet (see Figure 1), a logarithmic wind profile is assumed. The norm of

the horizontal wind speed (‖−→u ‖ =
√

U2
X + U2

Y = U) is equal to zero at the roof level
(U(H) = UH = 0) [52], and the friction velocity (u∗) is calculated as detailed below. This
friction velocity is used in both Code_Saturne and MUNICH:

U(z) =
u∗
κ
× ln

(
z− H + z0

z0

)
with z ≥ H and u∗ =

κ ×Ure f

ln
( zre f−H+z0

z0

) (16)

where κ is the Von Kármán constant (κ = 0.42) and zre f is the reference altitude equal to
zre f = H + 17 m (top of the WC domain). The roof roughness length, z0, does represent not
only the roughness length of the roof surface but also the roughness of the city, and therefore
it is taken equal to 1.0 m [53]. The local roughness length of the walls and road surfaces
within the canyon, considering typically urban features (balcony, windows, pavement. . . ),
is set to 0.10 m (Figure 1).

The wind velocity above the street at z = zre f , Ure f , is set to 5 m·s−1 and the friction
velocity u∗ is then equal to 0.73 m·s−1. The direction of the above-roof wind can be modified
by setting the angle between the wind direction and the street orientation (UX(z) =
sin(ϕ)U(z) and UY(z) = cos(ϕ)U(z)). Note that, as the canyon is symmetrical, simulations
are performed with ϕ ranging between 0 and 90◦, where 0◦ corresponds to a wind parallel
to the street and 90◦ is perpendicular.

The inlet boundary condition associated with the passive tracer is assumed to cor-
respond to a zero concentration (fresh air). Regarding the turbulent variables k and ε,
the logarithmic velocity profile is associated with a constant turbulent kinetic energy and a
variable dissipation rate as follows:

k =
u∗2
√

Cµ
and ε(z) =

u∗3

κ(z− H + z0)
(17)

with Cµ = 0.09 as a dimensionless constant of the k− ε model. The proposed configuration
with a fully developed inlet profile provides a simple workbench to study the transport
inside the street canyon, in line with our objective. This does not take into account possible
interactions between adjacent street canyons that one could investigate using an array of
canyons [54].

The simulations run until the flow reaches a stationary state. To reach a stationary
state faster, a variable time step in space and time is used with an initial time step of
0.5 s, a maximum Courant number of 1.5 and a maximum Fourier number of 10 (see
documentation at https://www.code-saturne.org/, accessed on 17 December 2021). This
results in larger time step when the velocity is lower and smaller time step when the
velocity is higher.

2.2.3. Calculation of Vertical and Horizontal Transfers in Code_Saturne for Comparison
to MUNICH

To estimate the vertical transfer between the street and the background domain,
a passive tracer is emitted in each cell of the street canyon (z ≤ H, see Figure 1) with a
stationary emission rate e = 1000 µg·s−1 for a street canyon with a unit length L. The wind
angle is assumed to be normal to the street orientation (ϕ = 90◦), and thus the horizontal
transfers are negligible. The initial street and background tracer concentration is zero.

At the end of the simulation, the tracer concentration is averaged in the street and
in the background zone (B ≤ x ≤ B + W and H ≤ z ≤ 2H, see Figure 1) to reproduce
the MUNICH homogeneous street assumption. Knowing Cstreet, Cbg and e, a transfer
coefficient can be calculated from these simulations that allows us to compare both models.
Chemistry and deposition on built surfaces are not considered, as the aim of the study is to
parametrized the air flow for dispersion modeling.
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To study horizontal transfers, the horizontal wind speed in the street direction (Y axis
in Code_Saturne simulations) is averaged across the street in the X-direction. The vertical
profile in every mesh cell on the X axis is calculated (once every 0.5 m). The 55 profiles
are then averaged over the street width to obtain the averaged vertical wind profile. The
averaged wind speed in the street Ustreet is calculated by averaging the Code_Saturne
wind speed over the street height and width (for each mesh between 0 ≤ z ≤ H and
B ≤ x ≤ B + W). As this work focuses on the wind attenuation inside the street canyon, all
the wind profiles and average wind speed are normalized by UH,ϕ.

3. Adaptation of a Flow Parametrization and Comparison with Existing
MUNICH Parametrizations

Wang [37,38] developed a formulation of the wind profile in sparse vegetated canopies.
This is presented in Section 3.1 and then adapted to urban street canyons based on Code_Saturne
simulations in Sections 3.2 and 3.3 for the vertical and horizontal transfers, respectively. In those
sections, the parametrization developed is also compared to MUNICH’s existing one and to
Code_Saturne simulations. To illustrate the effect of the parametrization on concentrations,
a comparison of Code_Saturne and the MUNICH simulated tracer concentrations is performed
in Appendix B.

3.1. Flow in Dense and Sparse Vegetated Canopies

Wang [37] developed an analytical resolution of the momentum equations assuming
a first-order closure for a homogeneous canopy under a thermally neutral atmospheric
boundary layer. This method is suitable to compute wind and transfer coefficient profiles
in dense as well as in sparse canopies, which is particularly convenient to simulate air
flows in sparse canopies, such as a street canyon with few trees. The profile is computed
from the boundary conditions U(z0s ) = 0 and U(H) = UH [37]. Parametrizations of the
characteristic length and wind attenuation coefficient presented above were derived from
Wang [37,38] and adapted to the street canyon based on CFD simulations.

The vertical profile is computed as an attenuation of the wind speed in the street
direction and at the roof level, UH,ϕ as:

UY(z) = UH,ϕ [C1 I0(g(z)) + C2 K0(g(z))] (18)

where C1 and C2 are integration coefficients, and I0 and K0 are the first and second type
modified Bessel functions of order 0. As with U_exp, the wind speed at the roof level UH
has to be multiplied by |cos(ϕ)| to select only the component of the wind speed in the street
direction. The function g is calculated as [37,38]:

g(z) = 2
√

α
z
H

(19)

and [37]:

C1 =
1

I0(g(H))− I0(g(z0s)) K0(g(H))/K0(g(z0s))
and C2 = −C1 I0(g(z0s))

K0(g(z0s))
(20)

α can be interpreted as a dimensionless attenuation coefficient independent of z and
as a function of the frontal area of canopy elements per ground area, also called the frontal
area index (FAI) [38]:

α =
CDCuFAI

κsH
(21)

CD is the canopy drag coefficient, and Cu is an empirical dimensionless parameter
independent of height but dependent on the canopy density. For vegetated canopies,
FAI is considered to be half of the Leaf Area Index (leaf surface per ground area). CD Cu
will be parametrized as a function of the building frontal area per ground area based on
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Code_Saturne simulations in Section 3.3.1. sH is a dimensionless factor representing the
effect of canopy elements on the mixing length [37,38] (see Equations (22) and (23)).

The mixing length is parametrized as [37]:

1
lm

=
1
κz

+
1
lc

=⇒ lm = κz
lc

lc + κz
= κz s(z) (22)

where κz is the mixing length over a rough bare soil without canopy and lc is the charac-
teristic length of the canopy elements, corresponding to the mixing length of the canopy
alone. To solve the system, the value s(z) is taken at z = H and assumed to be constant in
the street:

sH = s(H) =
lc

lc + κH
(23)

where lc is calculated based on Wang [38] considering that lc is inversely proportional to
CD λF/H:

lc ∝
H

CD λF
(24)

This characteristic length is modified in the next section to adapt the mixing length
profile to the transfer in a street canyon.

3.2. Vertical Transfers
3.2.1. Vertical Transfer Coefficient Parametrization

Street canyons could also be considered as sparse or dense canopies. As shown by
Oke [55], the flow regime in the street depends on the street aspect ratio. Thus, to adapt the
Wang [37,38] equations to street canyons, the density of the canyon is estimated with the
street aspect ratio ar, which could be viewed as the local frontal area density and which is
equal to the wall area of buildings (HL) divided by the street area (WL). This formulation
assumes that the flow reduction in the street is independent of the building width.

To calculate the vertical transfer coefficient adapted from Wang [37,38], the mixing
length is first computed at the roof level (z = H). Then, to account for atmospheric stability,
it is multiplied by σW , which includes the friction velocity and the stability function of
Soulhac et al. [22]. The vertical transfer coefficient at the roof level is, therefore, equal to:

qvert = σW lm = σW κH sH (25)

sH is calculated from Equation (23) and as the building drag coefficient CD is complex
to determine for street canyons, lc is computed with a proportionality constant E that
includes CD:

lc = E
H
ar

= E Wr (26)

Based on Code_Saturne simulations, the value E = 0.5 gives a better fit for qvert. The
buildng characteristic length is half the street width and is independent of H. However,
sH is a function of H through the κH term. This modified lm parametrization based on
Wang [37] and Code_Saturne simulations is called, hereafter, L_mw.

3.2.2. Comparison of MUNICH Vertical Transfer Coefficient Parametrizations with
Code_Saturne Simulations

Figure 2 shows a comparison of the normalized vertical transfer coefficient (qvert/(u∗ H))
calculated with MUNICH parametrizations (including the method developed based on
Wang [37,38]) and simulated with Code_Saturne. The relative deviations for each canyon
are presented in Table 3 (see Appendix C for the relative deviation calculation).



Atmosphere 2022, 13, 527 11 of 19

Figure 2. Comparison of the normalized vertical transfer coefficient (qvert/(u∗ H)) between
Code_Saturne (CS), Soulhac et al. [22] (L_sir), Schulte et al. [39] (L_sch) and modified Wang [37]
(L_mw) depending on ar.

Table 3. The qvert relative deviation (%) between Code_Saturne and MUNICH parametrizations for
the three canyon heights.

Canyon L_sir [22] L_sch [39] L_mw

WC −33.9 0.9 −2.1
IC −21.3 4.2 2.8
NC −5.4 −5.5 −4.1

L_sir considers a mixing length proportional to the street length (Equation (4)), and
thus the normalized qvert is almost constant with ar (the small variation is due to the term
H in σW) (Figure 2). L_sir gives a good estimation of qvert for NC but overestimates the
concentrations for WC and IC (Table 3). For L_sch and L_mw, the normalized qvert are
similar and are close to the Code_Saturne estimation for the three canyons (Figure 2 and
Table 3). This parametrized lm will be used in the next section to compute UY(z) and Ustreet.

3.3. Horizontal Transfers
3.3.1. Horizontal Wind Speed Parametrization

To find a relation between α and the street aspect ratio, simulations with varying
wind directions ϕ were performed in Code_Saturne for the three street canyons considered.
Figure 3a–c presents the vertical profiles of the wind in the street direction simulated in
Code_Saturne for the three canyons and for the varying wind angle ϕ. Figure 3d presents
the average wind speed Ustreet associated with those wind profiles.
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Figure 3. Comparison of the Code_Saturne vertical profile of wind speed in the street direction
(UY(z)) normalized by the wind speed at the roof level (UH,ϕ) for different wind angle (ϕ) and for
(a) WC, (b) IC and (c) NC. (d) Comparison of the Code_Saturne average wind speed in the street
(Ustreet) normalized by UH,ϕ depending on ϕ and for the three canyons.

Figure 3 shows that the dependence of the wind profiles to ϕ is limited for WC and
increases when the canyon aspect ratio increases. For IC and NC, the wind attenuation
in the street, calculated with the ratio Ustreet/UH,ϕ, decreases when the wind tends to be
parallel to the street. Based on these Code_Saturne simulations, the Wang [38] formulation
of the CD Cu term in Equation (21) is modified to parametrize the attenuation of the wind
speed in a street canyon. As for lc (Equation (26)), CD and Cu are gathered into a variable
called CB. Note that the sH coefficient parametrized based on vertical transfers was used in
α equation (Equation (21)). To consider the effects of the wind angle on wind attenuation in
the street, CB is a function of ϕ and ar deduced from Code_Saturne simulations:

α =
CB ar

κ sH
with CB = 0.31[1− exp (−1.6 ar)] fϕ (27)

and fϕ =

{ |cos(2ϕ)|3 if ϕ = 0◦ ± 45◦

0 if ϕ = 90◦ ± 45◦
(28)

fϕ is zero when the wind is perpendicular to the street plus or minus 45◦ (45 < ϕ <
135◦ or 225 < ϕ < 315◦) and varies with ϕ when the wind is parallel to the street plus
or minus 45◦ (0 ≤ ϕ ≤ 45◦ or 135 ≤ ϕ ≤ 225◦ or 315 ≤ ϕ ≤ 360◦). This modified Ustreet
parametrization based on Wang [37,38] and Code_Saturne simulations is called U_mw.

Figure 4 presents (a) the variation of α as a function of ϕ and for the three canyons
and (b) as a function of the street aspect ratio for the case ϕ = 0◦. It shows that the
parametrized α is slightly overestimated for WC compared to Code_Saturne. For IC
and NC, the parametrized α agrees well with Code_Saturne. Finally, the Wang profile
(Equation (18)) is integrated between z = z0s and z = H to calculate Ustreet.
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Figure 4. Comparison of the wind speed attenuation coefficient (α) between Code_Saturne and the
modified Wang [37,38] parametrization (U_mw) (a) depending on ϕ and (b) canyon aspect ratio (ar)
in the ϕ = 0◦ case for the three canyons.

3.3.2. Comparison of MUNICH Horizontal Wind Profiles to Code_Saturne Simulations

Figures 5 and 6 compare, respectively, the Ustreet and wind speed profiles between
Code_Saturne and MUNICH parametrizations. The Normalized Mean Absolute Error
(NMAE) and Bias (NMB) (Appendix C) are calculated for each canyon and for all angles ϕ
in Table 4 to compare MUNICH parametrized with Code_Saturne simulated Ustreet.

Figure 5. Comparison of Ustreet normalized by UH,ϕ between Code_Saturne and the different
MUNICH parametrizations for (a) WC, (b) IC and (c) NC and depending on ϕ.

Table 4. Normalized Mean Absolute Error (NMAE) and Bias (NMB) (%) between Code_Saturne and
MUNICH parametrized Ustreet for the three canyons studied and for all ϕ (n = 8).

Canyon
U_exp A = 0.5 U_exp A = 1 U_sir U_mw

NMAE NMB NMAE NMB NMAE NMB NMAE NMB

WC 16.9 16.9 8.6 8.6 2.1 2.1 1.0 −1.0
IC 10.8 10.8 5.1 −1.6 5.1 −2.3 1.9 −1.9
NC 11.1 5.2 15.5 −15.5 17.8 −17.8 1.2 −1.2

Figures 5 and 6 and Table 4 show that the U_exp profile with an attenuation coefficient of
ar/2 as suggested by Masson [43] and Cherin et al. [45] overestimates the wind speed in the
street for WC and IC. For NC, it gives a rather good estimation for ϕ ≈ 30◦ but overestimates
the wind attenuation in the street for smaller ϕ and underestimates it for larger ϕ. U_sir and
U_exp profiles with a coefficient attenuation equal to ar give better results for WC, IC and NC
for ϕ < 5◦. For U_exp profiles, the no-slip condition at the ground is not satisfied (UY(z0s ) 6= 0),
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and the wind speed near the ground is largely overestimated. The no-slip condition at the
ground is satisfied only with a high attenuation coefficient (above 15).

U_sir and U_mw parametrizations can be both interpreted as a mixed profile that tends
to a logarithmic profile when the street aspect ratio is close to zero and to an exponential
attenuation profile when the street aspect ratio increases. Unlike the U_exp profile, the no-
slip condition at the ground is always satisfied. As the U_mw profile has been modified to
account for the effect of the wind angle on the wind attenuation in the street, it gives values
that are close for the wind profiles and Ustreet compared to Code_Saturne for every ϕ.

Figure 6. Comparison of UY(z) normalized by UH,ϕ between Code_Saturne and the different MU-
NICH parametrizations for (a,d,g,j) WC, (b,e,h,k) IC, (c,f,i,l) NC and for (a–c) ϕ = 0◦, (d–f) ϕ = 20◦,
(g–i) ϕ = 45◦ and (j,k,l) ϕ = 70◦.



Atmosphere 2022, 13, 527 15 of 19

4. Conclusions

A parametrization that was originally developed for flow in sparse and dense vege-
tated canopies was adapted to represent the flow in street canyons in the Model of Urban
Network of Intersecting Canyons and Highways (MUNICH) based on CFD simulations
performed with the Code_Saturne code. The different MUNICH flow parametrizations
and Code_Saturne simulations were compared by spatially averaging the wind speed and
the passive tracer concentration in the street and the background domains.

The newly adapted parametrization is based on an analytical resolution of the mo-
mentum equation within sparse and dense vegetated canopies developed by Wang [37,38].
Assuming a homogeneous canopy, the vertical transfer coefficient profile is proportional to
the distance from the ground and depends on the canopy features (the height and frontal
area density). The vertical wind speed profile is also a function of the canopy features; this
converges to a logarithmic profile in the no-canopy scenario and tends to an exponential
profile when the frontal area density of obstacles increases.

The Wang [37,38] equations were adapted to street canyons by modifying the value of
two parameters, one involved in the characteristic length calculation and the other one in
the wind speed attenuation coefficient. The street canyon aspect ratio was multiplied by a
function of the wind angle to consider the variation of the wind speed in the street with this
wind angle (only for horizontal transfers). The modified parameters were determined to
maximize the agreement with Code_Saturne simulations: for the average wind speed in the
street, the normalized mean absolute error ranged from 1.0% to 1.9%, and the normalized
mean bias ranged from −1.0% to −1.9%. For the vertical transfer coefficient, the relative
deviation ranged from −4.1% to 2.8%.

Compared to other MUNICH parametrizations, this work added a dependence on the
wind angle for the horizontal wind speed in the street. The formulation of the wind speed
and vertical transfer coefficient is general and valid for a wide range of street–canyon and
wind characteristics. Furthermore, it is simple enough to be easily modified to take new
features into account. For example, in further work, the tree effect on air flow in street
canyons will be parametrized to consider both building and tree effects on the horizontal
wind speed and vertical transfer coefficient. In addition, this parametrization developed
for pollutant dispersion could also be used in urban climate models to compute heat and
water vapor transfers.
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Appendix A. Lists of Abbreviations, Variables and Parameters

Table A1. List of abbreviations.

Acronym Definition

WC Wide Canyon
IC Intermediate Canyon
NC Narrow Canyon
CTM Chemistry-Transport Model
CFD Computational Fluid Dynamics

Table A2. List of parameters.

Symbol Definition Value Unit

κ Von Kàrmàn constant 0.42 -
D Constant in the vertical transfer coefficient expression [24] 0.45 -

PBLH Boundary layer height 1000 m
z0 Code_Saturne city roughness length 1.0 m
z0s Code_Saturne inside street walls roughness length 0.10 m
u∗ Friction velocity 0.727 m·s−1

Ure f Wind speed at the reference height 5.0 m·s−1

e Passive tracer emission rate 1000 µg·s−1

E Parameter in modified Wang [38] parametrization 0.5 -

Table A3. List of variables.

Group of Variables Symbol Definition Unit

Street characteristics

H Building height m
W Street width m
B Building width m
L Street length m
V Street volume m3

ar Aspect ratio -
zre f Reference height m

Horizontal wind speed

Ustreet Average street horizontal wind speed m·s−1

U Norm of the horizontal wind speed m·s−1

UX Horizontal wind speed in the X direction m·s−1

UY Horizontal wind speed in the Y direction m·s−1

UH Average horizontal wind speed at the roof level m·s−1

ϕ Wind angle rad or ◦

A Constant in the exp. profile attenuation coefficient -

Vertical transfer

Qvert Vertical flux of pollutant µg·s−1

qvert Vertical transfer coefficient m2·s−1

σW Standard deviation of the vertical wind speed at z = H m·s−1

lm Mixing length in the street m
Cstreet Street concentration µg·m−3

Cbg Background concentration µg·m−3

Modified Wang [37] parametrization

α Wind attenuation coefficient -
lc Characteristic length in the street m
sH Characteristic length factor -
Cu Empiric coefficient in α equation -
CB Function of ar and ϕ -



Atmosphere 2022, 13, 527 17 of 19

Appendix B. Comparison of Street-Average Concentrations in Code_Saturne
and MUNICH

The average concentration Cstreet of a passive tracer in the street is compared between
Code_Saturne and MUNICH on Figure A1. The setup for these simulations is described in
the first paragraph of Section 2.2.3.

Figure A1. Comparison of average tracer concentration in the street (Cstreet) between Code_Saturne
(CS), Soulhac et al. [22] (C_sir), Schulte et al. [39] (C_sch) and modified Wang [37] (C_mw) depending
on ar and for ϕ = 90◦.

Figure A1 shows a good comparison of the concentrations simulated with the new
parametrization and Code_Saturne. Furthermore, Cstreet increases when the street canyon
gets deeper, except for the SIRANE parametrization. This increase of Cstreet can be explained
by the emission rate, which is the same in the three streets, and the vertical transfer
coefficient, which decreases when ar increases. Cstreet does not increase in SIRANE because
the vertical transfer coefficient is constant with ar (see Figure 2).

Appendix C. Definition of the Statistical Indicators

In this section, csi stands for the simulations of the reference model Code_Saturne, mi
stands for the MUNICH simulations and n is the total number of simulations.

• Normalized Mean Absolute Error (%):

NMAE = 100×

n
∑

i=1
|mi − csi|
∣∣∣∣

n
∑

i=1
csi

∣∣∣∣
(A1)

• Normalized Mean Bias (%):

NMB = 100×

n
∑

i=1
(mi − csi)

n
∑

i=1
csi

(A2)

• Relative Deviation (%):

RDi = 100× mi − csi
csi

(A3)
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Abstract. Trees provide many ecosystem services in cities such as urban heat island reduction, water runoff
limitation, and carbon storage. However, the presence of trees in street canyons reduces the wind velocity in
the street and limits pollutant dispersion. Thus, to obtain accurate simulations of pollutant concentrations, the
aerodynamic effect of trees should be taken into account in air quality models at the street level.

The Model of Urban Network of Intersecting Canyons and Highways (MUNICH) simulates the pollutant
concentrations in a street network, considering dispersion and physico-chemical processes. It can be coupled to
a regional-scale chemical transport model to simulate air quality over districts or cities. The aerodynamic effect
of the tree crown is parameterized here through its impact on the average wind velocity in the street direction
and the vertical transfer coefficient associated with the dispersion of a tracer. The parameterization is built using
local-scale simulations performed with the computational fluid dynamics (CFDs) code Code_Saturne. The two-
dimensional CFD simulations in an infinite street canyon are used to quantify the effect of trees, depending on
the tree characteristics (leaf area index, crown volume fraction, and tree height to street height ratio) using a drag
porosity approach. The tree crown slows down the flow and produces turbulent kinetic energy in the street, thus
impacting the tracer dispersion. This effect increases with the leaf area index and the crown volume fraction of
the trees, and the average horizontal velocity in the street is reduced by up to 68 %, while the vertical transfer
coefficient by up to 23 % in the simulations performed here.

A parameterization of these effects on horizontal and vertical transfers for the street model MUNICH is pro-
posed. Existing parameterizations in MUNICH are modified based on Code_Saturne simulations to account for
both building and tree effects on vertical and horizontal transfers. The parameterization is built to obtain similar
tree effects (quantified by a relative deviation between the cases without and with trees) between Code_Saturne
and MUNICH. The vertical wind profile and mixing length depend on leaf area index, crown radius, and tree
height to street height ratio. The interaction between the trees and the street aspect ratio is also considered.
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1 Introduction

Cities are, by definition, areas with high densities of people,
infrastructure, and activities, and this urbanization causes
many issues. First, air quality is poor because of the numer-
ous air pollutants emitted by anthropic activities such as traf-
fic, industries, or residential activities, and the reduction in
air flow by high buildings limits the dispersion of these pol-
lutants (Faiz, 1993; Akimoto, 2003; Yuan et al., 2014; Zhang
et al., 2020). In addition to air pollution issues, radiative and
water budgets are strongly modified in cities compared to the
countryside (Bozonnet et al., 2015). Temperatures are, on av-
erage, higher than in the countryside because of the urban
heat island created by additional anthropogenic energy re-
leased, storage of radiative energy in dark materials, radiation
multi-reflection, and lack of vegetation and associated evapo-
transpiration (Oke, 1982; Pigeon et al., 2007; Stewart, 2011;
Hebbert and Jankovic, 2013). Impervious soils also decrease
water infiltration and intensify runoff (Leopold, 1968). In ad-
dition, growing urbanization and increasing extreme events
(due to climate change) such as pollution peaks, heat waves,
and floods have negative consequences on the environment
and human health (Robine et al., 2007; Angel et al., 2011;
Pascal et al., 2013; West et al., 2016; IPCC, 2021).

One nature-based solution is to green the city by planting
vegetation as lawns, planting trees in streets or in parks, and
growing green walls and roofs (Livesley et al., 2016; Revelli
and Porporato, 2018). Vegetation and especially trees con-
tribute to improve human thermal comfort by creating a fa-
vorable micro-climate with lower air temperature (through
solar radiation interception and creation of shade) and higher
evaporation (through ground and vegetation evapotranspira-
tion; Taha et al., 1991; Bowler et al., 2010; Gillner et al.,
2015; Klemm et al., 2015; Lobaccaro and Acero, 2015; Gu-
nawardena et al., 2017). This positive effect of trees is sig-
nificant in particular during heat wave episodes, which will
be more frequent in the future due to climate change (IPCC,
2021). Trees and vegetated areas also favor infiltration in
soils that contributes to offset water runoff induced by soil
artificialization (Armson et al., 2013; Berland et al., 2017).
Besides, vegetation is known to store carbon (Nowak and
Crane, 2002; Svirejeva-Hopkins et al., 2004) and to enhance
human well-being (van Dillen et al., 2012; Bertram and Re-
hdanz, 2015; Krekel et al., 2015). For all these ecosystem ser-
vices in urban areas, city greening is often promoted and, for
example, the city of Paris has about 205 000 trees of which
52 % are roadside trees (Direction des Espaces Verts et de
l’Environnement – Mairie de Paris, 2021).

Many studies have tried to figure out the impact of trees
on air pollution in a street canyon, and they have shown
that trees are an important parameter to take into account
if we want to understand and accurately simulate the pollu-
tant concentrations in the streets (Beckett et al., 1998; Nowak
et al., 1998; Jayasooriya et al., 2017). Vegetation, and espe-
cially trees, represent surfaces available for pollutant dry de-

position and, hence, can contribute to reducing air pollutant
concentrations. However, pollutant removal and its impact
on air quality vary greatly, depending on tree characteristics,
tree species, and pollutant type (Nowak et al., 2006; Hwang
et al., 2011; Selmi et al., 2016; Xue and Li, 2017; Ozdemir,
2019). Trees may also affect atmospheric chemistry by emit-
ting biogenic volatile organic compounds (BVOCs), which
may lead to the formation of ozone and secondary organic
aerosols (Calfapietra et al., 2013; Préndez et al., 2019; Gu
et al., 2021). Furthermore, trees may alter air quality by in-
fluencing aerodynamic processes and limiting the pollutant
dispersion (Buccolieri et al., 2011; Wania et al., 2012; Vos
et al., 2013; Gromke and Ruck, 2007, 2009, 2012; Gromke
and Blocken, 2015). The aerodynamic effect of trees is de-
fined as the drag force resulting from the friction between
the air and the leaves. Since the tree crown can be seen as a
porous medium as air passes through it but is slowed down,
and the drag force increases with the leaf surface.

For wind perpendicular to a street, the air recirculates in-
side the street canyon (Harman et al., 2004). Pollutants emit-
ted at the bottom of the street (by traffic) accumulate on the
leeward side of the street, inducing higher local concentra-
tions (Vardoulakis et al., 2003; Cai et al., 2008; Huang et al.,
2019). Obstacles in the street, such as trees, can strongly
impact the air flow and intensify the pollutant accumula-
tion (Vos et al., 2013). This effect has been studied using
computational fluid dynamics (CFD) models where the aero-
dynamic influence of trees on the flow is represented by a
porosity model (Buccolieri et al., 2009; Zaïdi et al., 2013;
Wei et al., 2016; Jeanjean et al., 2017; Santiago et al., 2017).
Vos et al. (2013) showed that pollutant concentrations may
increase by 20 % in a street because of the presence of two
rows of trees in the street. The effects of vegetation depend
on the height, width, and density (leaf area index) of trees
(Vos et al., 2013; Janhäll, 2015), as well as the height to width
ratio of streets (Wania et al., 2012). Finally, it is necessary
to accurately assess the effect of trees on pollutant disper-
sion in order to find what configurations are more effective
in reducing air pollution in street canyon and to guide urban
development policy (Janhäll, 2015).

The effect of trees on aerodynamic processes should also
be considered at the street level in air quality models. As dis-
cussed previously, CFD models including trees are used to
study wind fields and pollutant transport in street canyons
(Li et al., 2006). However, as the street is discretized with a
fine mesh, the computational cost is high, and simulations at
the city scale are too expensive today. Fast-running codes,
such as simplified street network or street-in-grid models,
are developed to simulate street pollutant concentrations over
neighborhoods or cities, but they do not take into account the
effect of trees in the streets. The objective of this study is to
parameterize the effect of trees on air flow in the Model of
Urban Network of Intersecting Canyons and Highways (MU-
NICH; Kim et al., 2018; Lugon et al., 2020, http://cerea.enpc.
fr/munich/, last access: 17 December 2021). To build this pa-
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rameterization, simulations in street canyons are performed
with Code_Saturne (Archambeau et al., 2004, https://www.
code-saturne.org/, last access: 17 December 2021), a CFD
code, which can represent the tree aerodynamic effect with
a drag porosity approach (Katul et al., 2004) and has previ-
ously been compared with field measurements (Zaïdi et al.,
2013). MUNICH parameterizations have already been com-
pared with Code_Saturne results in a treeless canyon, and a
new parameterization for horizontal and vertical transfers has
been developed in MUNICH based on Wang (2012, 2014)
and Code_Saturne simulations (Maison et al., 2022). In the
present study, the tree aerodynamic effect is added to this
parameterization, and Code_Saturne (version 6.0) is used as
a reference to parameterize the aerodynamic effect of trees
in the street network model MUNICH. CFD simulations are
performed in three streets of aspect ratios varying from 0.3
to 1.0, and a large range of tree leaf area index, crown radius,
and heights is tested. The tree aerodynamic effect quantified
with Code_Saturne is analyzed depending on these street and
tree characteristics.

The approach to modeling the dispersion of pollutants in
MUNICH and Code_Saturne is fundamentally different due
to their physical modeling and discretization in space and
time. MUNICH is a street network model that simulates air
pollutant concentration in an urban canopy. Street dimen-
sions and pollutant concentrations are assumed to be homo-
geneous in each street segment. Air flow is divided into a
horizontal flux from one street to another and a vertical flux
between the street and the background (Maison et al., 2022).
Background concentrations above the street can be computed
by 3D chemistry transport models (CTMs), such as Polair3D
(Sartelet et al., 2018; Lugon et al., 2020, 2021). To build the
tree parameterization, the CFD simulation setup is adapted
for the comparison with MUNICH, and several simulations
are performed with Code_Saturne, considering a range of
street and tree characteristics.

The structure of the paper is as follows. The MUNICH and
Code_Saturne models are presented in Sect. 2. Then, the tree
effect on horizontal wind speed and vertical transfer coeffi-
cient is quantified with Code_Saturne simulations in Sect. 3
and parameterized in MUNICH in Sect. 4. Conclusions are
presented in Sect. 5.

2 Materials and methods

2.1 Description of MUNICH

In MUNICH, each street segment is assumed to be homoge-
neous, i.e., with uniform building height H and street width
W and of length L (m). The street is characterized by its
height-to-width ratio called the aspect ratio, ar =H/W (–).
Only the average pollutant concentrations over the street are
considered. Pollutants are transported by the horizontal wind
speed (advection) in the street network and by a vertical
transfer coefficient between the streets and the background.

Several parameterizations of the horizontal wind speed and
of the vertical transfer coefficient exist in MUNICH. The
ones recently developed in Maison et al. (2022) and based
on Code_Saturne simulations are used and detailed here. The
vertical profile of the wind speed in the street direction is cal-
culated as an attenuation of the wind speed in the street direc-
tion and at the roof level, UH,ϕ (ms−1), as follows (Maison
et al., 2022):

U (z)= UH,ϕ
[
C1 I0(g(z))+C2K0(g(z))

]
with UH,ϕ = UH |cos(ϕ) |, (1)

where C1 and C2 are integration coefficients, and I0 and K0
are the first and second type modified Bessel functions of
order 0. Besides, the wind speed at the roof level UH has to
be multiplied by |cos(ϕ)| to select the component of the wind
speed in the street direction, where ϕ is the angle between
the wind direction and the street orientation (◦). This vertical
wind profile is then integrated between the soil roughness z0s

(m) and H to compute the average horizontal wind speed in
the street direction. The function g is calculated as follows
(Wang, 2012, 2014):

g(z)= 2
√
α
z

H
, (2)

and

C1 =
1

I0(g(H ))− I0(g(z0s))K0(g(H ))/K0(g(z0s))

and C2 =−
C1 I0(g(z0s))
K0(g(z0s))

, (3)

where α is a dimensionless coefficient expressing the effects
of wind angle on wind attenuation in the street. It is computed
as follows:

α =
CB ar

κ sH
with CB = 0.31

[
1− exp(−1.6ar)

]
fϕ (4)

and fϕ =

{
|cos(2ϕ)|3 if ϕ ∈ [0,45◦] ∪ [135,225◦]

∪ [315,360◦]
0 if ϕ ∈ ]45,135◦[ ∪ ]225,315◦[,

(5)

where sH = s (z=H ) is a dimensionless factor describ-
ing the effect of canopy on the mixing length lm (Wang,
2012, 2014). The mixing length is calculated as follows:

1
lm
=

1
κz
+

1
lcb

⇒ lm = κz
lcb

lcb + κz
= κz s(z), (6)

where κz corresponds to the mixing length over a rough bare
soil (without canopy), and lcb is the characteristic length (m)
in the street canyon, corresponding to the mixing length of
the urban canopy alone (lcb = 0.5 W).

The vertical transfer coefficient that drives pollutant ex-
change between the street and the background zone is calcu-
lated at z=H as follows:

qvert = σW lm = σW κH sH , (7)
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where σW (in ms−1) is a velocity scale equal to the standard
deviation of the vertical wind speed. It depends on both the
friction velocity above the urban canopy, u∗, and on atmo-
spheric stability (Soulhac et al., 2011).

In Sect. 4, the tree effect is parameterized by taking into
account the characteristic length of the trees in the mixing
length lm (Eq. 19, which leads to modifications in the coeffi-
cient α Eq. 23).

2.2 Description of Code_Saturne

2.2.1 Street and tree modeling setup

In the present study, the tree effect is studied in three street
canyons of the following different street aspect ratios: a wide
street canyon (WC), an intermediate canyon (IC), and a nar-
row canyon (NC). Their characteristics are presented in Ta-
ble 1.

A color code is introduced to simplify the reading of the
figures, with red symbols for the wide canyon (WC), purple
ones for the intermediate canyon (IC), and blue ones for the
narrow canyon (NC). Abbreviations, parameters, and vari-
ables used are listed in Appendix A.

The k− ε linear production turbulence model is used in
Code_Saturne. Stationary simulations are performed with a
thermally neutral atmosphere. A 2D infinite street canyon is
modeled with periodic condition on the y axis, but the flow
and the wind speed vector are 3D. The mesh is composed of
hexahedral cells of 1 m in the y-axis direction and 0.5 m on
the x and z axes. The vertical profiles of U , k, and ε are
set in the inlet (top left border of the domain). The com-
plete description of Code_Saturne simulation setup in tree-
less canyons can be found in Maison et al. (2022).

The tree geometry and its representation in Code_Saturne
are shown in Fig. 1. Here, two rows of trees (n= 2) are con-
sidered, with one on each side of the street, and whose posi-
tions on the x axis are x = 34.5 m and x = 48.0 m (the wall
positions are x = 27.5 and x = 55.0 m). The tree crown cen-
ters are located in a position on the x axis so that the largest
crowns (CVF≈ 25 %) do not reach the street walls for the
three street canyons studied. r is the tree radius (m), h, hmin,
and hmax correspond, respectively, to the middle, minimum,
and maximum heights of the tree crown (m). Note that all the
simulations verify hmax ≤H , i.e., the top of the trees do not
exceed the top of the street.

In the cells containing the trees, an additional drag term is
added to the Navier–Stokes equations as follows (Katul et al.,
2004; Zaïdi et al., 2013):

Su,i =−ρ LADCDt |U |U i, (8)

where |U | is the modulus of U , U i is the velocity in
the i-direction, LAD is the leaf area density in square
meters of leaf surface per cubic meter of crown volume
(m2

leaves m−3
tree crown), ρ is the air density, and CDt is the tree

drag coefficient set to 0.2, which is a representative value for

trees (Katul and Albertson, 1998). The leaf area index (LAI)
is the one-sided green leaf area per unit ground surface area,
and the leaf area density (LAD) is the one-sided green leaf
area per unit volume. They are calculated as follows:

LAI=
surface of leaves

soil projected surface area

(
m2

leaf m−2
soil

)
and LAD=

surface of leaves
volume of tree crown

(
m2

leaf m−3
crown

)
. (9)

The source terms for trees are also implemented in the k− ε
equations as follows:

Sk = ρ LADCDt

(
βp|U |

3
−βd |U |k

)
(10)

Sε = ρ LADCDt

(
C4εβp|U |

3 ε

k
−C5εβd |U |ε

)
, (11)

where C4ε = C5ε = 0.9, βp = 1.0, and βd = 5.03 are con-
stants of the model (Zaïdi et al., 2013). Note that this type
of tree aerodynamic effect modeling is commonly used and
evaluated by comparison with experimental results (Buccol-
ieri et al., 2018).

Only the impact of the tree leaves is considered, and the
impact of the tree trunk and branches on the flow is not mod-
eled. As the streets are modeled in 2D and an infinite length
in the y direction is assumed (see Sect. 2), the LAI consid-
ered here is the equivalent cylindrical LAI2D. Usually, stud-
ies consider the tree LAI, which is well defined for a 3D tree.
The relation between the tree LAI3D and the equivalent cylin-
drical LAI2D is given in Appendix B. To check that this effect
of trees is well modeled using this simplified 2D setup, 3D
simulations were performed and compared to some of the 2D
simulations presented here, showing very good agreement
between the 2D and 3D simulations in terms of the influence
of the trees on the flow (Appendix B).

To gain a complete vision of the effect of trees, 45 sim-
ulations are performed per canyon, and the impact of three
independent tree parameters are studied, including the fol-
lowing:

– The 2D-equivalent LAI, i.e., LAI2D = 0.5, 1, 2, 3, and
4 (see Appendix B, for the conversion between LAI3D
and equivalent LAI2D).

– The crown volume fraction (CVF), calculated as the
tree (2D cylindrical) crown volume divided by the street
volume, i.e., CVF= nπr2

HW
. This ratio is already used in

studies quantifying the effect of trees on street pollution
such as Gromke and Blocken (2015). The relation be-
tween 2D and 3D CVF is shown in Appendix B. Note
that, apart from Appendix B, all CVF mentioned in the
figures and in the text refer to the 2D CVF. In total, the
following three CVF ranges are simulated: CVF≈ 5,
10, and 25 %.

– The tree-to-street height ratio calculated as the crown
middle height divided by the building height (h/H ).
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Table 1. Characteristics of the three canyons studied.

Canyon Building height Street width Street aspect ratio Maximum height of the
H (m) W (m) ar (–) domain (3H ) (m)

WC 8.5 27.5 0.3 25.5
IC 14.0 27.5 0.5 42.0
NC 27.5 27.5 1.0 82.5

Figure 1. The 3D scheme of the street canyon with cylindrical tree crown dimensions.

In total, the following three h/H ranges are simulated:
h/H ≈ 1/3, 1/2, and 2/3.

Note that these three tree characteristics are normalized by
street characteristics, and similar values are chosen in the
three canyons to be able to compare them and to quantify if
the street aspect ratio influences the tree effect (i.e., if there is
an interaction between tree and building effects). However,
the normalized tree characteristics are not exactly equal in
the three canyons due to the street sizes and the 0.5 m mesh
cells that limit the possible range of tree sizes. The detailed
list of the tree characteristics and the different values used for
the tree parameters are presented in Table A4.

2.2.2 Calculation of vertical and horizontal transfers in
Code_Saturne for comparison to MUNICH

To evaluate the vertical transfer between the street and the
background zone in Code_Saturne, a passive tracer is emit-
ted in each mesh cell of the street, with an arbitrary stationary
emission rate e = 1000 µg s−1 for a street canyon of length
L= 1 m. For the tracer to be dispersed only by vertical trans-
fers and not by horizontal winds within the street, simulations
are performed with the wind perpendicular to the street at
the inlet (ϕ = 90◦). The initial street and background tracer

concentrations are zero. At the end of the simulation (sta-
tionary state reached), the tracer concentration is averaged in
the street and in the background zone (denoted as Cstreet and
Cbg in µgm−3) to reproduce a MUNICH homogeneous street
assumption. The background zone corresponds to the area of
the same volume as the street but located just above the street
(see Maison et al., 2022, for more details). In the absence of
other processes (horizontal transport, deposition, and chemi-
cal reactions), the tracer mass balance in the street yields the
following:

Qvert = e (12)

⇒ qvert WL
Cstreet−Cbg

H
= e (13)

⇒ qvert =
eH

WL
(
Cstreet−Cbg

) , (14)

where Qvert is the vertical flux of pollutant at the roof level
for the whole street (µgs−1), qvert is the vertical transfer coef-
ficient (m2 s−1), and WL is the exchange surface (m2). Thus,
the vertical transfer coefficient can be compared between
both models. In Code_Saturne, qvert is calculated from the
emission rate e and the concentration gradient

(
Cstreet−Cbg

H

)
,
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following Eq. (14), and in MUNICH, it is calculated from
Eq. (7).

In MUNICH, the horizontal transfer velocity is equal to
the street average horizontal wind speed in the street direc-
tion Ustreet, which is calculated by integrating Eq. (1) be-
tween z= z0s and z=H . In Code_Saturne, Ustreet is esti-
mated from the wind speed in the y direction averaged over
the street mesh cells. In addition to Ustreet, the MUNICH ver-
tical profile of the wind speed (Eq. 1) can also be compared
to Code_Saturne by averaging the wind speed in the y direc-
tion over the street width (x axis).

As the objective of the study is to parameterize the aero-
dynamic effect of trees, the chemistry and deposition on built
and vegetated surfaces are not considered here. Further de-
tails on the simulation setup of MUNICH and Code_Saturne
and on the comparison of vertical and horizontal transfers in
a treeless canyon are presented in Maison et al. (2022).

3 Quantification of the tree crown effect on
horizontal and vertical transfers by Code_Saturne
simulations

To quantify tree effect on the horizontal wind speed along the
street and on the vertical transfer coefficient, Code_Saturne
simulations are performed for a large range of tree character-
istics (LAI2D, CVF, and height ratio h/H ), as summarized in
Table A4. The tree effect is expressed as a relative deviation
between the simulations without and with trees.

3.1 Tree effect on horizontal transfer

To quantify and compare the effect of tree crowns in
Code_Saturne and MUNICH, and thus to overcome eventual
differences between the two models observed in a treeless
canyon for the horizontal velocity Ustreet, a relative deviation
(RD) of Ustreet, between the simulations with and without
trees (%), is computed as follows:

RDUstreet = 100×
Ustreet−Ustreet0

Ustreet0
, (15)

where Ustreet0 stands for the average wind velocity in a tree-
less street, and Ustreet is the average wind velocity in a street
with trees, as computed with Code_Saturne. This RD be-
tween the Code_Saturne simulations with and without trees
is shown in Fig. 2a for WC, 2b for IC, and 2c for NC. It
shows that RDUstreet becomes increasingly negative, meaning
that Ustreet decreases as the LAI2D and the CVF increase. On
the opposite, the tree height has either no impact or a small
impact compared to LAI2D and CVF. When the effect of tree
height is noticeable, an increase in the tree height induces a
decrease in RD.

In the range of the tree characteristics studied, Ustreet is
attenuated from 7.3 % to 62.3 %. The tree effect on Ustreet
can be compared between the three canyons. The tree effect

on Ustreet increases as the canyon is deeper, highlighting the
complex interaction between the street dimensions and the
tree effect on the velocity. This observation is consistent with
the study of Wania et al. (2012).

3.2 Tree effect on vertical transfer

The relative deviation of the vertical transfer coefficient
(RDqvert ) between simulations with and without trees is intro-
duced to quantify the tree effect on the vertical transfer co-
efficient. Similar to the relative deviation of Ustreet (Eq. 15),
the relative deviation RDqvert (%) is expressed as follows:

RDqvert = 100×
qvert− qvert0

qvert0
, (16)

where qvert0 stands for the vertical transfer coefficient in a
treeless street, and qvert is the vertical transfer coefficient in a
street with trees. Code_Saturne RDqvert is plotted for different
tree parameters LAI2D, CVF, and height ratio h/H in Fig. 3a
for WC, 3b for IC, and 3c for NC.

For WC, RDqvert increases with tree LAI2D, CVF, and
height ratio (Fig. 3a). For IC, RDqvert also increases with
CVF and height ratio, but RDqvert tends to slightly decrease
as the LAI increase when the LAI is high and the ratio h/H
is small (differences between LAI= 3 and 4 for h/H = 0.36
and 0.50; Fig. 3b). For NC, a small increase in RDqvert with
LAI2D and CVF is observed for h/H = 0.65. However, for
the two other smaller height ratios, the tree effect is very low
(−1.1≤ RDqvert ≤ 0.5; Fig. 3c).

This reduction in the tree effect on qvert when LAI or CVF
increases for small h/H ratios in IC and NC can be explained
by micro-scale effects (modified air flow path and turbulent
viscosity) and is left out of the scope of the present study
due to the corresponding low amplitude. Besides, investiga-
tion of such micro-scale effects would probably require more
advanced turbulence models, for example, switching from
a first-order model, k− ε, to a second-order one (Rij-SSG;
Speziale et al., 1991) or a 3D large eddy simulation (LES).

Note that, unlike Ustreet (Sect. 3.1), the tree effect on
qvert decreases when the canyon becomes deeper. For exam-
ple, the tree effect, as quantified by RDqvert , ranges between
−1.0 % and −20.3 % for WC, −1.0 % and −18.7 % for IC,
and 0.5 % and−2.7 % for NC. The averaged tree effect is rel-
atively less strong when the canyon is deeper. In other words,
regarding vertical transfers, the street effect dominates over
the tree effect.

For vertical transfer, a wind perpendicular to the street
(ϕ = 90◦) is used to focus on the effects on vertical trans-
fers only. In this case of perpendicular wind, the air flow
occurring in street canyons is complex and leads to hetero-
geneous tracer concentration in the street. In general, for the
three canyons, the presence of the two tree crowns tends to
increase the tracer concentration on the leeward side of the
street and to decrease it on the windward side (Buccolieri
et al., 2009; Gromke and Ruck, 2012). Depending on the
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Figure 2. Relative deviation (RD) of Ustreet computed from Code_Saturne simulations for different tree LAI2D, CVF, and height ratio for
WC (a), IC (b), and NC (c). The graphic is divided into three columns corresponding to the three height ratios, and higher CVF correspond
to darker colors. |RDUstreet | values are specified with data labels.

street aspect ratio and, therefore, on the air flow regime (Oke,
1988; Harman et al., 2004) and on the tree characteristics, the
tree crown effect on local tracer concentration (leeward ver-
sus windward side) is more or less important. For example,
for NC, the flow regime is skimming, and on average, the
variation in Cstreet due to the presence of trees compensates
between the two sides of the street, explaining why RDqvert is
very low for NC.

This section demonstrated that the tree effect parameter-
izations should depend on tree characteristics and also on
building characteristics to account for the building–tree inter-
actions. The next section aims to parameterize in MUNICH
the tree effect on Ustreet and qvert observed in Code_Saturne
simulations.

4 Parameterization of the aerodynamic effect of tree
crowns in MUNICH

4.1 Model description

The MUNICH parameterizations of horizontal and vertical
transfers detailed in Maison et al. (2022) are modified to
take into account the tree effects. These parameterizations
are based on Wang (2012, 2014) equations, which were orig-
inally developed for homogeneous vegetated cover. To re-
main consistent with this hypothesis, the parameterization
will depend on the homogeneous leaf area index in the street,
denoted as LAIstreet. As for the conversion from LAI3D to
LAI2D, LAIstreet is estimated from LAI2D conserving the leaf
surface. LAIstreet is calculated by spreading the tree crown
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Figure 3. Relative deviation (RD) of qvert computed from Code_Saturne simulations for different tree LAI2D, CVF, and height ratio for
WC (a), IC (b), and NC (c). The graphic is divided into three columns corresponding to the three height ratios, and higher CVF correspond
to darker colors. |RDqvert | values are specified with data labels.

cylindrical LAI2D over the whole street width as follows:

LAIstreet× Sstreet = LAI2D× S2D (17)

⇒LAIstreet = LAI2D×
S2D

Sstreet
=

2rLnLAI2D

WL

=
2r nLAI2D

W
, (18)

where Sstreet is the soil-projected area of the street homo-
geneous tree crown, and S2D is the soil-projected area of
the Code_Saturne 2D cylindrical tree crown (in m2). Note
that, regardless of the tree crown geometry, LAIstreet is al-
ways equal to the street total leaf surface divided by the street
ground area (WL).

To account for the tree effect on the mixing length, the
characteristic length of the trees (lct in m) is added into the

equation describing the mixing length lm as follows:

1
lm
=

1
κH
+

1
lcb
+

1
lct fb×t

, (19)

with lct =
EtH

CDt
1
2 LAIstreet

, (20)

where 1
2 LAIstreet corresponds to the leaf frontal area den-

sity, assuming a random leaf orientation distribution, Et is a
proportionality constant taken equal to 0.054 for vegetated
cover, as suggested by Wang (2014), and fb×t is a func-
tion parameterized based on Code_Saturne simulations in
Sect. 4.2 and representing the interaction between buildings,
trees, and the tree crown height.

The dimensionless factor sH expressing the effects of the
tree canopy on the mixing length lm is calculated using its
definition in Eq. (6) and the expression of lm in Eq. (19) as

Atmos. Chem. Phys., 22, 9369–9388, 2022 https://doi.org/10.5194/acp-22-9369-2022



A. Maison et al.: Parameterizing the tree aerodynamic effect in streets of MUNICH using CFD 9377

follows:

lm = κHsH at roof level (21)

with sH =


lcb

lcb+κH
without tree

lcb lctfb×t

κ H
(
lcb+lctfb×t

)
+lcb lctfb×t

with trees.
(22)

The simulations with and without trees have to be distin-
guished to avoid any convergence issue since lct tends to+∞
when LAIstreet tends to 0. This sH factor now includes rough
soil, buildings, and tree effects on the mixing length and is
then used in the calculation of the attenuation coefficient α
(Eq. 4). In the numerator, the expressions for buildings and
trees are added as follows:

α =
CB ar+CDt Cu

1
2 LAIstreet

κ sH
, (23)

where CDt is the tree drag coefficient (dimensionless) taken
equal to the one, as used in Code_Saturne (CDt = 0.2). Wang
(2014) presents Cu as a dimensionless coefficient homoge-
neous on the vertical axis, but that can depend on canopy
features. This coefficient has to be determined based on ex-
perimental or simulated observation data and will be param-
eterized in Sect. 4.2 with CFD simulations.

4.2 Parameter determination based on Code_Saturne
simulations

There are two parameters introduced in lm and α equations,
i.e., fb×t and Cu (Eqs. 19 and 23), that have to be determined
based on Code_Saturne RDqvert and RDUstreet . The function
fb×t depends on ar to account for the interaction between
trees and buildings observed in Fig. 3 and also on hmax to
account for the effect of the tree height. Note that, since tree
crowns are assumed to be homogeneous within the canopy in
the original Wang formulation, the tree crown height hmax is
not taken into account (see Eq. 20), and therefore, it needs
to be included in the function fb×t . The fb×t expression
is determined by maximizing the fit between Code_Saturne
RDqvert and MUNICH RDqvert as follows:

fb×t =
a0+ a1 exp(a2 ar)

(hmax/H )2

with a0 = 3.26,a1 = 0.0256 and a2 = 6.70. (24)

A comparison of Code_Saturne RDqvert and the RDqvert pa-
rameterized with Eqs. (7), (19), (20), and (24) is presented for
the three canyons in Fig. 4a, c, e. The normalized mean ab-
solute error (NMAE) and bias (NMB) are calculated to com-
pare Code_Saturne and MUNICH results (see Appendix C
for the definition of the statistical indicators). Figure 4a, c,
e show a good agreement between Code_Saturne RDqvert

and the parameterized RDqvert because the fb×t function was
determined to minimize bias. The NMAE can be high for
RDqvert (up to 63 % in NC) because the parameterization does

Table 2. Statistical indicators (normalized mean absolute er-
ror, NMAE, and bias, NMB, in percent) for the comparison of
Code_Saturne and MUNICH qvert and Ustreet.

Canyon
qvert Ustreet

NMAE NMB NMAE NMB

WC 2.2 −2.1 3.4 −1.1
IC 3.5 2.8 4.4 −1.7
NC 4.1 −4.1 6.8 −2.8

not reproduce the slight decrease in RDqvert when LAI2D in-
creases from LAI2D = 3 to 4 when h/H ≈ 1/3 and 1/2 (see
Sect. 3.2 and Fig. 3b and c). But this is not an issue for NC
since the qvert values are low.

For Ustreet, the parameter Cu also needs to be determined.
A constant value of Cu = 6.7 is sufficient to obtain a good
fit between Code_Saturne RDUstreet and MUNICH RDUstreet .
No dependency of Cu on building or tree features is needed,
as shown in Fig. 4b, d, f, which compares Code_Saturne
RDUstreet and the parameterized RDUstreet . Note that the pa-
rameterizations of lct and fb×t impact not only the vertical
transfers but also the horizontal wind speed because they are
involved in the calculation of the sH factor and, hence, of the
α coefficient. The good comparisons between Code_Saturne
RDUstreet and MUNICH RDUstreet also show that the param-
eterized sH reproduces the horizontal wind speed well and,
therefore, also the interactions between trees and building ef-
fects and the influence of hmax.

4.3 Comparison of qvert, Ustreet, and wind profiles

Figure 5a and b present, respectively, a comparison of
Code_Saturne and parameterized qvert and Ustreet. The sta-
tistical indicators are presented in Table 2. As MUNICH
was parameterized to reproduce the tree effect observed in
Code_Saturne well, and as the two models agree well in a
treeless canyon (Maison et al., 2022), the vertical transfer co-
efficient and wind speed with trees are close between the two
models, as expected (Fig. 5 and Table 2). The parameterized
vertical transfer coefficients with trees agree well with the
Code_Saturne ones, with normalized mean absolute errors
ranging from 2.2 % to 4.1 % and bias from −4.1 % to 2.8 %.
The parameterized average wind speed with trees agree well
with Code_Saturne ones, with normalized mean absolute er-
rors ranging from 3.4 % to 6.8 % and a normalized mean bias
from −2.8 % to −1.1 %.

For each street canyon, Fig. 6 compares the Code_Saturne
and parameterized vertical wind profiles for fixed CVF and
h/H ratio but for five different LAI2D.

Figure 6 shows that an increase in the LAI2D induces a
decrease in the wind velocity. Concerning the vertical pro-
file shape, trees induce a lower wind velocity on the entire
street and not only in the tree crown. They even slightly
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Figure 4. Comparison of (a, c, e) RDqvert and (b, d, f) RDUstreet computed from Code_Saturne simulations and parameterized in MUNICH
for different tree LAI2D, CVF, and height ratio and for (a, b) WC, (c, d) IC, and (e, f) NC.

impact the velocity just above the street. The maximum of
attenuation of the wind is located in the middle of the tree
crown and the wind velocity is re-accelerated under the tree
crown. In the middle of the tree crown, the parameterized
wind speed is close to the one of Code_Saturne. In the lower

part and under the tree crown, the parameterized wind speed
is underestimated. In fact, the re-acceleration under the tree
crown is complex to consider in parameterized models. Be-
sides, in real streets the tree height is not homogeneous, so
this re-acceleration under the tree crown might be unrealis-
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Figure 5. Normalized Ustreet and qvert computed from Code_Saturne simulations for different tree LAI2D, CVF, and height ratios.

Figure 6. Comparison of Code_Saturne (solid lines) and parameterized (dotted lines) vertical wind profiles. The profiles in a treeless canyon
are in black and darker colors correspond to increasing LAI2D. For the three canyons, h/H ≈ 0.5 and CVF≈ 25 %.

tic in Code_Saturne simulations. In the parameterized wind
profile with trees, the reduction in the wind speed just above
the street due to the presence of trees was neglected. So the
parameterized wind speed above and in the upper part of the
tree crown is overestimated compared to Code_Saturne. Note
that Kent et al. (2017) proposed a method to include the veg-
etation effect in aerodynamic roughness parameters and so to
account for vegetation in the above-urban canopy wind pro-
file of Macdonald et al. (1998). This method considers veg-
etation at the city scale and is not applicable here, since we
work at the street scale. For now, as MUNICH assumes a ho-
mogeneous street canyon, the profile is averaged to compute
Ustreet, and the shape of the profile is not used.

Moreover, to illustrate the impact of the developed
parametrization on pollutant concentrations, MUNICH sim-
ulations are performed with carbon monoxide emissions in
IC without and with trees of various characteristics. The re-
sults are presented in Appendix D.

5 Conclusions

Although the discretizations and the physical modeling used
in MUNICH and Code_Saturne are fundamentally different,
the setup of the CFD simulations was adapted to compare the
two models through the average horizontal wind speed along
the street and the calculation of the vertical transfer coeffi-
cient at the roof level by averaging a passive tracer concentra-
tion in the street and the background (above the streets). To
build a parameterization suited to the street network model
MUNICH, the CFD simulations were simplified with several
hypothesis such as an infinite street canyon with 2D CFD
simulations and homogeneous emissions over the street. Fur-
thermore, quantities of interest were averaged over the street
in the CFD simulations.

The aerodynamic effect of trees in street canyons is quan-
tified with Code_Saturne simulations. Simulations were per-
formed with two rows of trees and a large range of tree
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leaf area index, crown radius, and heights. In the range of
the simulations performed, the average horizontal velocity
in the street is reduced by −7.3 % to −62.3 % and the ver-
tical transfer coefficient by +0.5 % to −20.3 %. This high-
lights the necessity of adding the tree aerodynamic effects
into street models such as MUNICH.

Maison et al. (2022) proposed a parameterization of hor-
izontal and vertical transfers in a treeless canyon, and the
present study adds the tree effect to the building effect in this
parameterization. The differences in wind speed and vertical
transfer coefficient in a treeless canyon are very low between
the two models (Maison et al., 2022). However, to overcome
any model-specific difference and to build a parameterization
for MUNICH of the tree effect on the aerodynamic parame-
ters, relative deviation ratios between cases without and with
trees are defined.

First, the Maison et al. (2022) vertical transfer coeffi-
cient parameterization is modified by adding a term repre-
senting the tree effect and the interaction between the trees
and the buildings in the mixing-length expression. This term
is a function of two dimensionless parameters to charac-
terize the trees, street leaf area index (LAIstreet) and tree-
to-street height ratio (hmax/H ), and also of street charac-
teristics, building height (H ), and street width (W ). A pa-
rameterization of the tree mixing length was defined from
Code_Saturne simulations to obtain a tree effect as close
as possible in the two models. The parameterized verti-
cal transfer coefficients with trees agree well with those
of Code_Saturne, with the normalized mean absolute error
ranging from 2.2 % to 4.1 % and bias from −4.1 % to 2.8 %.

Second, this new mixing length expression is also used to
compute the vertical wind profile and average wind speed
along the street. Only one constant is fixed in the wind atten-
uation coefficient to maximize the fit between Code_Saturne
and MUNICH tree effect on average wind speed. The com-
parison of the average wind speed gives a normalized mean
absolute error ranging from 3.4 % to 6.8 % and a normalized
mean bias from −2.8 % to −1.1 %.

MUNICH now includes a relatively simple parameteriza-
tion of the tree effect on both horizontal and vertical aerody-
namic processes, based on commonly used tree parameters
that can be easily computed from urban databases and can
reproduce the main effects obtained in much more detailed
and costly CFD simulations. This parameterization can also
be used in urban climate models to compute water and heat
transfer in tree-lined streets. The perspectives of this study
are to quantify the effect of street trees on air quality from
the street level to the scale of the city of Paris. Dry depo-
sition of gaseous pollutants and aerosols on tree leaves and
emission of biogenic organic volatile compounds related to
tree water stress will be considered in MUNICH. The contri-
bution of biogenic and anthropic precursors to the formation
of organic aerosols over an entire city will be compared.

Appendix A: Lists of abbreviations, variable
parameters, and tree dimensions

Each line of the Table A4 corresponds to the parameters of a
simulation. For each case, simulations with different LAI2D
were performed as follows: 0.5, 1, 2, 3, and 4.

Table A1. List of abbreviations.

Acronym Definition

WC Wide canyon
IC Intermediate canyon
NC Narrow canyon
CTM Chemistry transport model
CFD Computational fluid dynamics
RD Relative deviation
BVOC Biogenic volatile organic compound
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Table A2. List of parameters.

Symbol Definition Value Unit

κ Von Kàrmàn constant 0.42 –
PBLH Planetary boundary layer height 1000 m
z0s Code_Saturne inside street walls roughness length 0.10 m
u∗ Friction velocity 0.727 ms−1

E Parameter in modified Wang (2014) parameterization 0.5 –
n Number of tree rows 2 –
CDt Tree crown drag coefficient (Katul and Albertson, 1998) 0.2 –

Table A3. List of variables.

Group of variables Symbol Definition Unit

Street characteristics

H Buildings height m
W Street width m
L Street length m
ar Street aspect ratio –
lcb Characteristic length in the street m

Tree characteristics

LAD Tree leaf area density m2
leaf m−3

tree crown
LAI Tree leaf area index m2

leaf m−2
soil

LAI3D 3D leaf area index of the spherical tree crown m2
leaf m−2

soil
LAI2D 2D equivalent leaf area index of the cylindrical tree crown m2

leaf m−2
soil

LAIstreet Leaf area index of the homogeneous street tree crown m2
leaf m−2

soil
S3D Soil projected area of the 3D spherical tree crown m2

S2D Soil projected area of the 2D cylindrical tree crown m2

Sstreet Soil projected area of the street homogeneous tree crown m2

r Tree radius m
CVF Crown volume fraction – or %
h Middle crown height m
hmax Maximum tree crown height m
hmin Minimum tree crown height m
δ Spacing between two trees within a row m
lct Tree characteristic length m

Horizontal wind speed

Ustreet Average street horizontal wind speed ms−1

U Norm of the horizontal wind speed ms−1

Ux Horizontal wind speed in the x direction ms−1

Uy Horizontal wind speed in the y direction ms−1

UH Average horizontal wind speed at roof level ms−1

ϕ Angle of the wind direction rad or °
α Wind attenuation coefficient –
sH Characteristic length factor –
Cu Empiric coefficient in α equation –
CB Function of ar and ϕ –

Vertical transfer

Qvert Vertical flux of pollutant µgs−1

qvert Vertical transfer coefficient m2 s−1

σW Standard deviation of the vertical wind speed at z=H (Soulhac et al., 2011) ms−1

lm Mixing length in the street m
e Passive tracer emission rate for the street µgs−1

Cstreet Street concentration µgm−3

Cbg Background concentration µgm−3
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Table A4. List of tree dimensions simulated with Code_Saturne (r is the radius, h is the middle crown height, hmin is the crown bottom
height, and hmax is the crown top height) and calculated tree parameters (CVF is the crown volume fraction, and h/H is the height ratio).

Canyon r (m) h (m) hmin (m) hmax (m) CVF (%) h/H (-)

WC

1.5 3.5 2.0 5.0 6.0 0.41
1.5 4.5 3.0 6.0 6.0 0.53
1.5 5.5 4.0 7.0 6.0 0.65
2.0 3.5 1.5 5.5 10.8 0.41
2.0 4.5 2.5 6.5 10.8 0.53
2.0 5.5 3.5 7.5 10.8 0.65
3.0 3.5 0.5 6.5 24.2 0.41
3.0 4.5 1.5 7.5 24.2 0.53
3.0 5.5 2.5 8.5 24.2 0.65

IC

2.0 5.0 3.0 7.0 6.5 0.36
2.0 7.0 5.0 9.0 6.5 0.50
2.0 9.0 7.0 11.0 6.5 0.64
2.5 5.0 2.5 7.5 10.2 0.36
2.5 7.0 4.5 9.5 10.2 0.50
2.5 9.0 6.5 11.5 10.2 0.64
4.0 5.0 1.0 9.0 26.1 0.36
4.0 7.0 3.0 10.0 26.1 0.50
4.0 9.0 5.0 13.0 26.1 0.64

NC

2.5 9.0 6.5 11.5 5.2 0.33
2.5 14.0 11.5 16.5 5.2 0.51
2.5 18.0 15.5 20.5 5.2 0.65
3.5 9.0 5.5 12.5 10.2 0.33
3.5 14.0 10.5 17.5 10.2 0.51
3.5 18.0 14.5 21.5 10.2 0.65
5.5 9.0 3.5 14.5 25.1 0.33
5.5 14.0 8.5 19.5 25.1 0.51
5.5 18.0 12.5 23.5 25.1 0.65

Appendix B: Comparison of 2D and 3D
Code_Saturne simulations with trees

Code_Saturne simulations were performed in a periodic 2D
canyon of length L= 1 m, and the street was therefore con-
sidered infinite due to this periodicity. In this case, the tree
crown is represented as an infinite cylinder of radius r . To
take into account the fact that, in reality, most of the tree
crowns are spherical and are spaced from each other, an
equivalent cylindrical LAI2D is calculated in the 2D simu-
lations. For the tree effect to be similar, the surface of the
leaves is kept constant between the 2D and 3D simulations,
as follows:

LAI3D× S3D = LAI2D× S2D (B1)

LAI2D = LAI3D×
S3D

S2D
= LAI3D×

πr2

2r (2r + δ)
, (B2)

where δ is the spacing between two tree crowns within the
row, and 2r + δ is the length of the street section for one
spherical tree (m). S3D and S2D are, respectively, the soil-
projected area of the 3D and 2D tree crowns (m2). In addition
to the leaf surface and tree height, the tree radius is also con-
served between 2D and 3D simulations; however, the value
of the crown volume fraction (CVF) varies, as follows:

CVF2D =
V2D

Vstreet
=
nπr2L

HWL

and CVF3D =
V3D

Vstreet
=

n 4
3πr

3

HW (2r + δ)
. (B3)

Vstreet is the street volume (m3), and V3D and V2D are, respec-
tively, the 3D and 2D tree crown volumes (m3). The relation
between 2D and 3D CVF is therefore as follows:

CVF2D =
3
4
×

2r + δ
r
×CVF3D. (B4)
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2D and 3D simulations with different LAI are performed to
check the validity of the 2D infinite street canyon hypothesis.
3D simulations are realized with a periodic street with a 10 m
length and cell meshes of 0.5× 0.5× 0.5 m in the x, y, and
z directions. In both 2D and 3D simulations, Cstreet and Cbg
are computed with a normal wind to the street (ϕ = 90◦) and
Ustreet with ϕ = 45◦. The results are presented in Figs. B1a–d
for WC, B1e–h for IC, and B1i–l for NC.

Figure B1. Comparison of Cstreet (a, e, i), Cbg (b, f, j), qvert (c, g, k), and Ustreet (d, h, l) for 2D and 3D simulations in the three canyons
without and with trees of LAI2D = 1 and 4. CVF2D ≈ 10 % and h/H ≈ 0.5 are fixed. The percentages written in the middle of the histogram
bars correspond to the RD between the 2D and 3D cases.
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For each canyon, the cases without tree (LAI= 0) are
equivalent. Cstreet, Cbg, qvert, and Ustreet are similar between
the 2D and 3D cases, with a maximum relative difference of
0.1 % for Ustreet. For the cases with trees, concerning Cstreet,
Cbg, and qvert, the differences between the 2D and 3D cases
are relatively low over the range of simulations performed
with a maximum of 3.3 % for Cstreet and Cbg in WC. For
Ustreet, slightly larger differences are observed (up to−5.4 %
in WC for LAI= 4(2D)/12.7(3D)). These differences can be
explained by the distribution of the turbulence around the
crown. For each variable and canyon, the relative deviation
between the 2D and 3D cases increases with the tree LAI.
Given the low differences observed between the 2D and 3D
simulations, the hypothesis of a 2D canyon with a cylindrical
tree crown associated with an equivalent LAI2D to represent
a spherical tree crown spaced of δm in a street of length L is
reasonable.

Appendix C: Definition of the statistical indicators

Code_Saturne and MUNICH simulations are denoted csi and
mi , respectively. In this section, n is the total number of sim-
ulations, which is equal to 45 per street canyon.

– Normalized mean absolute error (%):

NMAE= 100×

n∑
i=1
|mi − csi |∣∣∣∣ n∑
i=1

csi

∣∣∣∣ . (C1)

– Normalized mean bias (%):

NMB= 100×

n∑
i=1

(mi − csi)

n∑
i=1

csi
. (C2)

Appendix D: Aerodynamic tree effect on
concentration

To illustrate the impact of the developed parameterization
on pollutant concentrations, MUNICH simulations are per-
formed in the Intermediate Canyon (IC) with carbon monox-
ide (CO) emissions in the street. The input parameters are
detailed in Table D1.

In the simulations, only the tree aerodynamic effect is con-
sidered, and there is no chemistry, no deposition of pollutants
on urban or tree surfaces, and no biogenic volatile organic
compound (BVOC) emission. One street is modeled without
any inflow of pollutant from nearby streets. The following
three processes are taken into account: pollutant emission in
the street, pollutant outflow by horizontal transfer, Qoutflow
(function of the parameterized Ustreet), and vertical transfer

Table D1. List of parameters fixed in MUNICH simulation.

Fixed parameter Symbol Value Unit

Building height H 14 m
Street width W 27.5 m
Street length L 200 m
Wind angle ϕ 45 ◦

Friction velocity u∗ 0.7 ms−1

CO emission rate e 1000 µgs−1 m−1

CO background concentration Cbg 100 µgm−3

between the street and the background,Qvert (function of the
parameterized qvert).

The street average CO concentrations (Cstreet) are com-
pared in Fig. D1 for a canyon without trees (Fig. D1a) and
for a canyon with trees of various LAI, CVF, and height ra-
tios h/H (Fig. D1b, c).

Figure D1 shows that the increase in tree LAI and CVF
induces higher average street CO concentrations. The effect
of the tree height ratio h/H is negligible for low LAI and
increases when the LAI increases. The variations in the con-
centrations are due to both the effect of trees on the hori-
zontal transfer velocity, Ustreet, and on the vertical transfer
coefficient, qvert.

In this example, the aerodynamical effect of trees leads to
a large increase in the CO concentration from 4 % to 45 %.
However, to simulate the global effect of trees on air qual-
ity at street level, other processes such as dry deposition on
leaves and BVOC emissions need to be considered.
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Figure D1. Comparison of CO concentration (Cstreet) simulated with MUNICH in IC for different tree LAI2D, CVF, and tree height
ratios h/H . The graphic is divided into three columns corresponding to the treeless canyon (a) and to canyons with trees of height ratios
h/H = 0.36 (b) and 0.64 (c). The concentrations Cstreet (in µgm−3) are specified with data labels.

Code availability. The last version of the MUNICH source code
is available online at https://doi.org/10.5281/zenodo.4168984 (Kim
et al., 2022) and https://github.com/cerea-lab/munich (last access:
5 January 2022).

Data availability. For the three 2D canyons considered in the
present study, the mesh, the source code, and the XML setup file
allowing the reproduction of the CFD results using Code_Saturne
version 6.0 are available online at https://gitlab.enpc.fr/alice.
maison/tree_parametrization (last access: 3 December 2021) and at
https://doi.org/10.17632/fzfrjsz3mv.2 (Maison and Flageul, 2021)
under the GNU GPL2.0 license.
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2. PARAMETERIZATION OF AIR FLOW IN A STREET WITH TREES

2.4 Conclusion

The development of a parameterization to represent air flow in a street canyon with and without

tree in MUNICH is the first step to include the effects of urban trees on air quality at the street

scale. This parameterization has been developed based on an analytical expression of the wind

and turbulent transfer vertical profiles for sparse canopies and was adapted to a street canyon with

or without trees with CFD simulations. The parameterization depends on generic street and tree

parameters and can be used in various cases. The main limitations are that the tree crowns must not

exceed building height and the leaf surface is distributed over the entire street, which is considered

homogeneous. The equations have developed for streets with aspect ratios ranging from 0.3 to 1,

and its application to wider or narrower streets should be treated with caution.

The impact of parameterizing the aerodynamic effect of trees on concentrations of gaseous and

particulate pollutants will be quantified for the city of Paris in Chapter 4.
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This chapter presents the development of a bottom-up inventory of biogenic emissions from urban

trees. Emissions are computed by individual trees and integrated in the chemistry-transport model

WRF-CHIMERE to quantify the impact on air-quality at the regional scale. This chapter is written

as an article and has been submitted to the Atmospheric Chemistry and Physics journal.
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Abstract. Biogenic Volatile Organic Compounds (BVOCs) play an important role in atmospheric chemistry. They are emitted

by vegetation and react with other compounds to form ozone and secondary organic matter (OM). In regional air-quality

models, biogenic emissions are often calculated using a Plant Functional Type approach, which depends on the land-use

category. However, over cities, the land-use is urban, so trees and their emissions are not represented. In this study we develop

a bottom-up inventory of urban-tree biogenic emissions, in which the location of trees and their characteristics are derived

from the tree database of the Paris city combined with allometric equations. Biogenic emissions are then computed for each

tree based on their leaf dry biomass, tree-species dependent emission factors and activity factors representing the effects of light

and temperature. Emissions are integrated in WRF-CHIMERE air-quality simulations performed over June-July 2022. Over

Paris city, the urban trees induce an increase of OM of 4.6% on average over the two months and of 5.4% during heatwaves.

PM2.5 and ozone concentrations increase respectively by 0.6% and 1.0% on average over the two months and by 1.0% and

2.4% during heatwaves. The concentration increase remains spatially localized over Paris, extending to the Paris suburbs in

the case of ozone during heatwaves. The inclusion of urban-tree emissions improves the estimation of OM concentrations

compared to in situ measurements, but there are still underestimated. OM concentrations are sensitive to monoterpene and

sesquiterpene emissions, highlighting the importance of urban and suburban vegetation, which should be better described.
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1 Introduction

With an increasing number of people living in cities, urban areas are experiencing continuous expansion (Angel et al., 2011;

United Nations, 2018). Artificial surfaces with darker, impermeable materials and high buildings, as well as release of anthro-

pogenic heat strongly modify the energy budget of the urban area (Taha et al., 1988; Taha, 1997; Pigeon et al., 2007a; Kuttler,

2008; Oke et al., 2017; Masson et al., 2020). An increase in temperature in the city compared to the surrounding countryside

is often observed and is called Urban Heat Island (UHI) effect (Oke, 1982; Kim, 1992). Due to the high local emission sources

(traffic) and the modification of air flows by tall buildings which limits the pollutant dispersion, concentrations of several pol-

lutants, such as NO2 and particles, are higher in cities than surroundings (Lyons et al., 1990; Fenger, 1999; Thunis, 2018; Li

et al., 2019; Yang et al., 2020).

To mitigate the negative effects of urbanization, urban vegetation and trees in particular are now widely promoted (Livesley

et al., 2016; Chang et al., 2017; Roeland et al., 2019). Trees can reduce surrounding temperatures by creating shade and by

evaporating water through transpiration (Jamei et al., 2016; Taleghani, 2018; Lai et al., 2019; Hami et al., 2019; Nasrollahi

et al., 2020). Trees can also remove gaseous and particulate pollutants from the atmosphere by dry deposition, although this

effect is quantitatively questionable due to the large variability and uncertainties (Nowak et al., 2006; Escobedo and Nowak,

2009; Setälä et al., 2013; Selmi et al., 2016; Nemitz et al., 2020; Lindén et al., 2023).

Trees are known to naturally emit Biogenic Volatile Organic Compounds (BVOCs). The term BVOC includes gaseous non-

methane hydrocarbons and includes many families of molecules: isoprene, terpenes, alkanes, alkenes, carbonyls, alcohols,

esters, ethers and acids. BVOC emissions are involved in stress resistance mechanisms (due to heat, water shortage, oxida-

tion, herbivore or pathogen attack) and communication (plant-plant and plant-insect interactions) (Kesselmeier and Staudt,

1999). Emission rates depend on abiotic factors such as temperature and light, and biotic factors such as tree species, leaf

age and stress level (Niinemets et al., 2004; Loreto and Schnitzler, 2010; Niinemets, 2010). BVOC emissions are therefore

highly variable in space and time. Unlike specific Anthropogenic Volatile Organic Compounds (AVOCs) such as benzene,

emitted BVOCs may not be directly harmful to human health. However, BVOCs may form secondary pollutants, such as ozone

(Calfapietra, 2013; Atkinson and Arey, 2003a; Churkina et al., 2017) and secondary organic aerosols (Salvador et al., 2020;

C. Minguillón et al., 2016; Churkina et al., 2017; Lehtipalo et al., 2018). BVOCs emitted in the gaseous phase are oxidized in

the atmosphere, forming more functionalized compounds that are semi-volatile and may be absorbed into aerosols. In the urban

VOC-limited environment with high nitrogen oxides (NOx) (emitted by traffic), ozone formation strongly depends on the VOC

concentrations. There are also feedbacks between the urban environment, which is stressful for trees (higher temperatures and

concentrations of oxidizing pollutants, difficult access to water) (Lüttge and Buckeridge, 2023; Czaja et al., 2020) and BVOC

emissions.

To understand processes and forecast the evolution of pollutant concentrations, numerical models are widely used. Air-quality

models of various types and resolutions exist, depending on the scale and processes studied. Chemistry-Transport Mod-

els (CTM) are eulerian models that represent the chemistry and transport of pollutants in three-dimensional grid cells, e.g.

CHIMERE (Menut et al., 2021), Polair3D (Boutahar et al., 2004), WRF-Chem (NOAA/ESRL, 2023), CMAQ (Byun and
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Schere, 2006; Appel et al., 2021), MOCAGE (CNRM, 2023), etc. Their typical horizontal resolution varies between 1 and

102 km and they are used from the global to the regional scales (Mailler et al., 2017). Many input data are necessary: surface

characterization, spatio-temporal emissions of each pollutant, boundary and initial conditions. Due to the coarse resolution, the

surface type is characterized by land-use categories such as open water, urban, forest, crop, etc. Forest trees are usually divided

into 1 to 5 categories based on general characteristics (evergreen or deciduous, broadleaf or needleleaf). Most of the CTMs

compute the BVOC emissions from forest and crops based on Plant Functional Type (PFT) and the MEGAN empirical model

(Model of Emissions of Gases and Aerosols from Nature) (Guenther et al., 2006, 2012; Matthias et al., 2018). The heterogene-

ity of the vegetation species is not explicitly modeled, but the model gives a rough estimate of the BVOC emission rates in the

grid cells containing vegetation. CTMs can be used to compute air quality over large urban areas, but at this spatial resolution

the land-use is urban and no biogenic emission from urban vegetation is taken into account. In parallel, tree inventories are

being developed in many cities (Bennett, 2023) and give us a much more accurate description of the urban forest. They can

contain the tree precise locations, species and sizes, allowing to study the impact of urban vegetation on air quality (Mircea

et al., 2023).

Based on the tree inventory implemented in Paris by the Municipality (Municipality of Paris, 2023) and a series of allomet-

ric equations (McPherson et al., 2016), a method is developed to estimate the BVOC emissions by urban trees in Paris. This

"bottom-up" inventory of BVOC emissions by urban trees is used to estimate emissions from Paris trees over June and July

2022. This period is chosen because biogenic emissions are expected to be higher in summer, especially during heatwaves,

and also because of the numerous in situ measurements that have been performed in Paris region. The effect on isoprene,

monoterpene, O3 and particle concentrations over the Île-de-France (IDF) region is quantified using the CTM CHIMERE.

2 Materials and Methods

2.1 Tree-based BVOC emission model

To compute BVOC emissions in CTMs, an empirical approach is usually used. The emission rate of each BVOC species is

computed as the product of several factors: the amount of vegetation (surface of the land-use category, leaf area index or mass),

an emission factor at the standard conditions (leaf temperature of 30 °C and Photosynthetic Photon Flux Density (PPFD) of

1000 µmol photons.m−2.s−1) and activity factors representing physiological or meteorological effects. One emission factor

is associated to each PFT. The development of BVOC rate measurements at the leaf or branch scale with chambers and tree

inventories allows estimation of BVOC emission rates at the tree level (Owen et al., 2001, 2003; Stewart et al., 2003; Karl

et al., 2009; Steinbrecher et al., 2009). The emission rate of a BVOC k for a tree t (µg.h−1 per tree) can be estimated as:
ERk,t =DBt ·EFk,t · γk (1)

where:
– EFk,t (µg.g−1

DW .h−1) is the emission factor (or potential) at standard conditions,

– DBt is the dry leaf biomass (gDW , where DW stands for dry weight),

– γk combines the different dimensionless emission activity factors.
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2.2 Tree inventory and characteristics

The Paris Tree database (https://opendata.paris.fr/explore/dataset/les-arbres/map/) regroups an inventory of the public trees.

Many mapped information is available for each tree: precise location (coordinates), address, type (roadside, garden, cemetery

etc.), tree species, height, trunk circumference and development stage. It is regularly updated, and the version used in this

study was downloaded in March 2023. A map of trees around Avenue des Champs-Élysées taken from the database is shown

in Fig. B1. The proportion (P ) of the tree genus found in Paris is presented in Fig. B2 and the distributions of their trunk

circumferences and crown heights are shown in Fig. B3. The municipality of Paris estimates that around 1/3 of the Parisian

trees are missing from their database, mainly trees located in private areas. Without further information on these private trees,

they are not taken into account in this study.

To compute the BVOC emissions (eq. (1)) of each individual tree, an estimation of the leaf dry biomass is necessary. Dry

biomass such as leaf area, and crown dimensions can be estimated using allometric equations. These allometric relationships

are statistical models based on a sample of measurements predicting tree size as a function of parameters such as trunk diameter

or age since planting. Many studies propose equations for forest trees (Burton et al., 1991; Bartelink, 1997; Karlik and McKay,

2002), but studies on urban trees are more scarce (Nowak, 1996). The open database of McPherson et al. (2016) is chosen in

this study because it was developed specifically for urban trees and includes many genus found in Paris (84% of the trees in

the Paris inventory) (365 growth equations for 174 tree species). For missing tree genus, equation from another tree genus in

the same family is selected, as described in Section 3. It includes allometric tree measurements for different climates in the

United-States, so assumptions are necessary to select the climate for each tree species that is the closest to that of the Paris

region (see Section 3).

2.3 Description of regional-scale air-quality simulations

To quantify the impact of the Parisian tree emissions on air quality, regional-scale simulations using the 3D CTM CHIMERE

v2020_r3 (Menut et al., 2021) coupled to the chemical module SSH-aerosol v1.3 (Sartelet et al., 2020) are performed. The gas-

phase chemical scheme is MELCHIOR2, modified to represent secondary organic aerosol formation, as described in Sartelet

et al. (2020). Biogenic emissions are estimated using the MEGANv2.1 algorithm implemented in CHIMERE (Couvidat et al.,

2018), which corresponds to a land-use approach. The following section describes the simulation setup.

Simulations are performed during summer 2022, between 6 June and 31 July 2022, with a five-day spin-up period (1-5 June).

Summer time is chosen as biogenic emissions are the highest during this period due to meteorological conditions. In France,

the summer 2022 was exceptionally hot and sunny, with little precipitation (on average 1 to 3 °C above seasonal values over

most of France) (Meteo France, 2023). The domain of study corresponds to the Île-de-France region, with a 1 km × 1 km

spatial resolution (IDF1). Initial and boundary conditions are taken from two additional nesting simulations: one over France

with a 9 km × 9 km spatial resolution (FRA9), and one over the northwest of France with a 3 km × 3 km spatial resolution
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(IDF3), as shown in Fig. 1. For the FRA9 domain, boundary and initial conditions are obtained from the CAMS platform

(Inness et al., 2019), with a 10 km × 10 km spatial resolution.

Figure 1. Representation of the simulated domains. The blue rectangles represent the location of the different nested domains.

Meteorological data for all domains are computed using the Weather Research and Forecasting (WRF) model v3.7.1 avail-

able in CHIMERE (Powers et al., 2017; Menut et al., 2021). Even if CHIMERE and WRF simulations are performed si-

multaneously, one-way coupling is used and then concentrations computed in CHIMERE are assumed to have no influ-

ence on the meteorological fields computed by WRF. WRF simulations are performed with 33 vertical levels, from 0 to

20 km altitude. A more refined vertical discretization is employed in the first four vertical levels (average heights of 0.12,

25, 50 and 83 meters, respectively), which contains almost all buildings in Paris region. In order to represent more pre-

cisely the meteorological fields in urban areas, the single-layer urban canopy model (UCM) (Kusaka et al., 2001) is used

in the IDF3 and IDF1 domains. Three urban categories are employed to differentiate street and building dimensions, as

well as heat transfer parameters in commercial, high and low intensity residential areas. The spatial distribution of each

urban category used in WRF simulations is based on CORINE land-use coverage, with a 250 m resolution (available in

https://doi.org/10.2909/71c95a07-e296-44fc-b22b-415f42acfdf0). In the single-layer UCM model, the sensible heat flux (AH)

is assumed to be 45 W.m−2 for commercial areas, 10 W.m−2 for high intensity residential and 5 W.m−2 for low intensity resi-

dential areas, based on Pigeon et al. (2007b) and Sailor et al. (2015). Table 1 summarizes the other physical options employed

in the WRF simulations.

Anthropogenic emissions in the domains FRA9 and IDF3 are from the latest (2020) EMEP emission inventory (EMEP,

2019) (0.1°×0.1° horizontal resolution), and in IDF1, they are from the latest (2019) regional emission inventory of the Air

Quality Monitoring Network (AQMN) Airparif for the Greater Paris area. (https://www.airparif.asso.fr/) (1 km × 1 km spatial

resolution). Traffic emissions correspond to those of the summer 2022 calculated using the bottom-up traffic emissions model

HEAVEN (https://www.airparif.asso.fr/heaven-emissions-du-trafic-en-temps-reel), while non-traffic anthropogenic emissions

correspond to the 2019 Airparif inventory.
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Table 1. Main physical options employed in WRF simulations.

option in WRF namelist option complete name option selected

mp_physics Microphysics Thompson graupel scheme

cu_physics Cumulus Grell-Devenyi ensemble scheme

ra_lw_physics Longwave radiation rrtmg scheme

ra_sw_physics Shortwave radiation rrtmg scheme

bl_pbl_physics Boundary layer YSU scheme

sf_sfclay_physics Surface layer Monin-Obukhov Similarity scheme

sf_surface_physics Land surface Noah Land-Surface Model

sf_urban_physics Urban canopy model Single-layer (only in IDF3 and IDF1)

2.4 Description of the air-quality experimental measurements

The results of the simulations are compared to experimental measurements performed at different sites in the Paris region.

In sections 4.1.2 and 4.2, temporal variations of observed and simulated concentrations are presented in three main sites:

the Halles site, a permanent air-quality monitoring station located in the city center and operated by Airparif, the PRG-Paris

Rive Gauche site, located at the 7th floor of the Lamark B building of Université Paris Cité (30 m above ground layer), in

the south-east side of the city, set up as part of the ACROSS campaign (Cantrell and Michoud, 2022), and the SIRTA site

(Site Instrumental de Recherche par Télédétection Atmosphérique), an atmospheric observatory located 20 km south-west of

Paris which is integrated in the ACTRIS Europen Research Infrastructure Consortium (https://www.actris.eu) (Haeffelin et al.,

2005). The Halles and PRG stations are both urban background sites, while SIRTA is a suburban background site. The three

sites and the measurements performed are described in Table 2 and a more complete description of the measurements and their

associated uncertainties is provided in Appendix A.

The reference simulations (without urban trees biogenic emissions) are validated in Section 4.1 with the observation sites of the

Airparif network. These sites correspond to 21 permanent air-quality monitoring stations included within a large operational

stations network operated by Airparif (see Table A1 and https://www.airparif.asso.fr/carte-des-stations). The map in Fig. 2

shows the location of all measurement stations which are used to evaluate the simulations (Sections 4.1 and 4.2). It also presents

the land-use from GLOBCOVER (Team et al., 2011) used in the CHIMERE simulation over IDF1. It is mainly composed of

agricultural lands, forests of varying sizes and a large urban area including Paris and its suburbs.
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Table 2. Description of the experimental measurements performed at different sites and used in this study. ACSM: Aerosol Chemical Specia-

tion Monitor (Petit et al., 2015), PTR-MS: Proton-Transfer-Reaction Mass Spectrometry (Simon et al., 2023). GC-FID: Gas-Chromatograph

with a Flame Ionisation Detector (Gros et al., 2011)

Site location typology species measured instrument

Halles
1st district of Paris city

(48.862128° N, 2.344622° E)
urban background

NO2 AC32M

O3 O3 42e

PM FIDAS 200

OM ACSM

PRG
13th district of Paris city

(48.827778° N, 2.380562° E)
urban background

C5H8 PTR-MS

monoterpenes PTR-MS

OM ACSM

SIRTA
20 km south-west of Paris

(48.709890° N, 2.147938° E)
suburban

C5H8 GC-FID

monoterpenes PTR-MS

OM ACSM

Figure 2. Map of the GLOBCOVER major land-use in each grid cell used in IDF1 CHIMERE simulations. The crosses represent the

locations of the different measurement stations.
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3 Bottom-up inventory of tree BVOC emissions and comparison to the land-use approach

3.1 Calculation of BVOC emissions at the tree level

3.1.1 Estimation of the tree dry biomass

The total tree leaf dry biomass (in grams of dry weight, gDW ) is computed based on the McPherson et al. (2016) allometric

equation database. Tree data were collected in 17 reference cities representative of the different US climate zones and analyzed

to obtain growth equations. The database contains equations to estimate the tree characteristics from the tree species, climate

and the trunk diameter at breast height (at 1.3 m) (DBH). To find the correspondence between Parisian trees and this database,

the US climates were first ranked from closest to farthest from the Parisian climate based on a qualitative comparison of annual

rainfall and temperatures (see Table 3).

Table 3. US reference cities and climates used in the McPherson et al. (2016) study ranked from the closest to the farthest from the Parisian

climate. The last column refers to Köppen climate classification (Paris region: Cfb).

Rank Region

Code

Region Name City State Climate

class

1 NoEast Northeast Queens New York Cfa

2 Piedmt South Charlotte North Carolina Cfa

3 LoMidW Lower Midwest Indianapolis Indiana Cfa

4 GulfCo Coastal Plain Charleston South Carolina Cfa

5 CenFla Central Florida Orlando Florida Cfa

6 PacfNW Pacific Northwest Longview Oregon Csb

7 TpIntW Temperate Interior West Boise Idaho Csa

8 NoCalC Northern California Coast Berkeley California Csb

9 InlEmp Inland Empire Claremont California Csb

10 SoCalC Southern California Coast Santa Monica California Csb

11 SacVal Sacramento Valley Sacramento California Csa

12 NMtnPr North Fort Collins Colorado Dfb

13 InterW Interior West Albuquerque New Mexico Bsk

14 MidWst Midwest Minneapolis Minnesota Dfa

15 InlVal Inland Valleys Modesto California Bsk

16 SWDsrt Southwest Desert Glendale Arizona Bwh

17 Tropic Tropical Honolulu Hawaii As
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For each tree species in the Paris tree inventory, the allometric equations are obtained from the US database, by selecting the

closest tree category in terms of tree species and climate following the decision tree shown in Fig. 3. The default species is the

plane tree (Planatus x hispanica), which is the predominant species in Paris.

Figure 3. Decision tree to select the tree category to be used for each Paris tree. The tree category and corresponding allometric database

refers to McPherson et al. (2016).

Then, the trunk diameter at breast height, DBH (cm), is computed from the trunk circumference, CIRC (cm) available in

the Paris tree inventory for each tree, assuming a cylindrical tree trunk, as:

DBH =
CIRC

π
. (2)

The total tree leaf area (LA in m2) is then computed from each Parisian tree using the selected equation form and coefficient

and the computed DBH . For example, the function LA= f(DBH) is shown for three tree species in equations (3), (4) and

(5), where a, b, c, d and MSE (Mean Squared Error) are dimensionless model coefficients.

For Planatus x hispanica (London plane):

LA= exp

[
a+ b ln(ln(DBH + 1)) +

MSE

2

]
,

with a= −2.06877, b= 5.77886 andMSE = 0.27978. (3)
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For Acer platanoides (Norway maple):

LA= exp

[
a+ b ln(ln(DBH + 1)) +

(√
DBH ×MSE

2

)]
,

with a= −0.55184, b= 4.27852 andMSE = 0.07518. (4)

For Prunus serrulata (Japanese cherry):

LA= a+ bDBH + cDBH2 + dDBH3,

with a= −18.045, b= 4.6553 c= −0.12798 and d= 0.00198. (5)

Finally, the dry biomass (DB in gDW ) is the product of the leaf area and the dry weight density (DWD in gDW .m−2):

DBt = LAt ×DWDt. (6)

The dry weight density depends on tree species and it is also given in the McPherson et al. (2016) database. For instance,

DWD = 500, 520 and 560 gDW .m−2 for Planatus x hispanica, Acer platanoides and Prunus serrulata respectively.

The computed LA and DB are shown in Fig. 4 for the predominant tree species (P > 1%) as a function of the DBH . It

shows that LA and DB increase with DBH but there is a large variability depending on the tree species. For example, for a

tree of DBH = 100 cm, the estimation of the leaf surface is equal to 1151.5 m2 for Planatus x hispanica, 582.5 m2 for Acer

platanoides and 1147.7 m2 for Prunus serrulata.

As the simulation is performed during the late spring and summer periods, the tree foliage is assumed to be fully developed,

so that the leaf area and dry biomass are constant over time. For longer simulations periods, the temporal evolution of leaf area

and dry biomass should be introduced.
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Figure 4. a) Leaf area (LA) and (b) dry biomass (DB) computed for the predominant tree species (P > 1%) in the Paris city inventory as a

function of DBH .

3.1.2 Emission factors by tree species

The emission factors by tree species are taken from MEGANv3.2 code, downloaded at https://bai.ess.uci.edu/megan/

data-and-code/megan32, last accessed on 10/07/2023. The EF presented by tree species are assumed to be identical within

the same tree genus. Therefore, EF by tree genus are used for all trees except for the Quercus genus (oak), whose species are

known to have very different BVOC emission profiles (Loreto, 2002). The EF for the Quercus species are taken from Cic-

cioli et al. (2023) for isoprene and monoterpenes. For the Quercus species missing in Ciccioli et al. (2023) but with a known

emission type (Loreto, 2002), the EF values are taken from MEGANv3.2. For unknown emission type, the EF value is set

by default to oak isoprene emitters in MEGANv3.2. For all tree species the EF values for sesquiterpenes and oxygenated

VOC are taken from MEGANv3.2. The emission factors of nitric oxide (NO) and carbon monoxide (CO) are fixed for all tree

species and are equal to: EFNO = 0.05 and EFCO = 1.0 µg.g−1
DW .h−1, as suggested in MEGANv3.2. The emission factors of

isoprene (ISOP), total monoterpenes (MT), total sesquiterpenes (SQT) and total other VOCs (OVOC) are shown in Table 4 for

the predominant tree genus and oak species.
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Table 4. Emission factors (EF in µg.g−1
DW .h−1) of BVOCs for the predominant tree genus found in Paris (P > 1%) and for the predominant

Quercus species. ISOP: isoprene, MT: monoterpenes, SQT: sesquiterpenes and OVOC: other VOC

Genus species % of trees in Paris EFISOP EFMT EFSQT EFOVOC

Platanus all 22.7 24 0.51 0.10 4.64

Aesculus all 11.9 0 0.58 0.10 4.64

Tilia all 10.3 0 0.53 0.10 4.64

Acer all 7.7 0 0.51 0.10 4.64

Sophora all 6.3 5.0 0.53 0.10 4.64

Prunus all 3.9 0 1.18 0.10 4.64

Fraxinus all 2.6 0 0.26 0.10 4.64

Pyrus all 2.6 0 0.68 0.10 4.64

Celtis all 2.3 0 0.33 0.10 4.64

Pinus all 2.2 0 1.43 0.15 6.94

Carpinus all 1.5 0 1.07 0.10 4.64

Populus all 1.5 37 0.44 0.10 4.64

Malus all 1.5 0 0.44 0.10 4.64

Corylus all 1.4 1.0 1.81 0.10 4.64

Robinia all 1.2 20 0.23 0.10 4.64

Ulmus all 1.1 0 0.62 0.10 4.64

Taxus all 1.1 0 0.58 0.15 4.64

Betula all 1.0 0 0.66 0.10 4.64

Gleditsia all 1.0 0 0.56 0.10 4.64

Quercus ilex 0.485 0.1 43 0.10 4.64

Quercus robur 0.365 70 0.3 0.10 4.64

Quercus rubra 0.272 35 0.1 0.10 4.64

Quercus cerris 0.257 0.1 0.6 0.10 4.64

Quercus petraea 0.045 45 0.3 0.10 4.64

Quercus pubescens 0.044 70 0.3 0.10 4.64

Quercus frainetto 0.036 85 0.0 0.10 4.64

Quercus palustris 0.035 34 1.0 0.10 4.64

Quercus coccinea 0.025 34 1.0 0.10 4.64

Quercus suber 0.018 0.2 20 0.10 4.64

Quercus coccifera 0.016 0.1 25 0.10 4.64

Quercus phellos 0.013 34 1.0 0.10 4.64

Quercus imbricaria 0.011 34 1.0 0.10 4.64
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3.1.3 Choice of activity factors

Emission factors, which are measured at standard conditions, are then multiplied by dimensionless factors representing vari-

ations of emissions as a function of biotic and abiotic processes. Photosynthetic Photon Flux Density (PPFD) is the flux of

photons in the 400-700 nm spectral range of solar radiation that is used for photosynthesis. It is expressed in µmol.m−2.s−1

and is calculated from the simulated solar radiation in the grid cell where the tree is located (i, j) as:

PPFDt∈(i,j) = 4.5× 0.5×SWgt∈(i,j), (7)

where SWg is the global solar radiation (short wave), 4.5 is a factor to convert the W.m−2 into µmol.m−2.s−1 and 0.5 is an

approximation of the fraction of the solar radiation energy that is in the 400-700 nm spectral range (Meek et al., 1984).

For each BVOC, the activity factors for light (PPFD), γPk,t∈(i,j)
, and for temperature, γTk,t∈(i,j)

, are computed as the weighted

average of a light-dependent (LDFk) and light-independent fraction (LIFk = 1−LDFk):

γPk,t∈(i,j)
= (1−LDFk) +LDFk γP _LDFk,t∈(i,j)

(8)

γTk,t∈(i,j)
= (1−LDFk) γT _LIFk,t∈(i,j)

+LDFk γT _LDFk,t∈(i,j)
. (9)

The LDFk factor depends on the BVOC compound and can be found in Table 4 of Guenther et al. (2012).

- Light effect γPk,t∈(i,j)

As no canopy model is used to consider the shadow effects inside the canopy, no distinction between the sunlit and shaded

leaves can be done. Therefore, the dependency to the past PPFD that require this distinction is not included and, the light

activity factor is computed as (Guenther et al., 1995):

γP _LDFk,t∈(i,j)
=

CP αPPFDt∈(i,j)√
1 +α2PPFD2

t∈(i,j)

, (10)

with α= 0.004 and CP = 1.03.

- Temperature effect γTk,t∈(i,j)

γT _LDFk,t∈(i,j)
=

Eoptk,t∈(i,j)
CT2 exp

(
CT1k xt∈(i,j)

)

CT2 −
(
CT1k

[
1− exp

(
CT2xt∈(i,j)

)]) (11)

γT _LIFk,t∈(i,j)
= exp

[
βk
(
Tt∈(i,j) −Ts

)]
, (12)

with xt∈(i,j) =
1

R

(
1

Toptt∈(i,j)

− 1

Tt∈(i,j)

)
, (13)

and R= 0.00831, Tt∈(i,j) is the leaf surface temperature (K), approximated here by the air temperature at 2 m above ground

layer in the horizontal grid cell (i, j) to which the tree t belongs.
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CT2 = 230, Toptt∈(i,j)
, Eoptk,t∈(i,j)

are empirical coefficients:

Toptt∈(i,j)
= 313 + 0.6

(
T240t∈(i,j)

−Ts
)

(14)

Eoptk,t∈(i,j)
= Ceok exp

[
0.05

(
T24t∈(i,j)

−Ts
)]

exp
[
0.05

(
T240t∈(i,j)

−Ts
)]

(15)

where T24t∈(i,j)
and T240t∈(i,j)

are the temperature averages over the past 24 and 240 h and Ts = 297 K is the standard

conditions for leaf temperature. CT1k , Ceo,k and βk are BVOC dependent empirical coefficients that can be found in the Table

4 of Guenther et al. (2012). To illustrate the variation of the activity factors with light and temperature, Fig. 5 shows averaged

γT and γP for isoprene, α-pinene and β-pinene. Figure 5a shows that BVOC emissions increase with temperature. At high

temperatures, isoprene emissions are capped, while monoterpene emissions rise sharply. BVOC emissions also increase with

light (Fig. 5b) and the activity factor reaches its maximum value of 1 after PPFD = 1000 µmol photons.m−2.s−1.

Figure 5. Dependence of activity factors on (a) temperature and (b) light variations for three BVOCs (T24 and T240 are fixed to 294 K in this

figure) (Guenther et al., 2012).

- Other factors

Other activity factors could be added to represent the effect of leaf age and water stress. In this study, emissions are calculated

per amount of leaf biomass, considering an average emission for all leaves in the canopy. In addition, we assume that in June

and July, tree foliage is fully developed and leaf area and dry biomass are constant. Therefore, no activity factor is added to

modulate emissions according to the fraction of growing, mature, growing and old foliage (Guenther et al., 2012).

Several studies also introduce an activity factor to represent the impact of soil moisture and water stress on isoprene emissions

(Guenther et al., 2012; Jiang et al., 2018; Bonn et al., 2019; Otu-Larbi et al., 2020; Wang et al., 2022). Although urban trees

planted in reduced soil volumes may be subject to water stress (Lüttge and Buckeridge, 2023), the resolution of the CTM does

not allow us to accurately simulate the soil water content in an urban environment, so no activity factor modulating isoprene

emissions as a function of water content is taken into account here.
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3.2 Integration of individual tree BVOC emissions in CHIMERE

After estimating the biogenic emissions of each tree in the city of Paris, these emissions are integrated into the CHIMERE

CTM. To do this, they must be spatialized and speciated, as detailed in this section.

3.2.1 Integration of individual tree BVOC emissions on the CTM grid

First, each tree is located within the CTM grid using its precise position given in the Paris Tree inventory and the coordinates

of the CTM grid. The product of the dry biomass and the emission factor (DBtEFt,k) is then summed for all trees belonging

to the same cell to compute the BVOC emission rates (ERi,j,k in µg.m−2.h−1) as:

ERi,j,k =
1

∆xi,j∆yi,j

∑

t∈i,j

(DBtEFt,k) γTi,j,k
· γPi,j,k

, (16)

where ∆xi,j and ∆yi,j are the size of the cell (i, j) in the x and y directions (m), here both equal to 1000 m. A map of the

dry biomass integrated on the CTM grid cells is shown in Fig. 6. The average cell dry biomass over Paris is 130 g.m−2 and

can reach 390 g.m−2 in cells containing large parks or cemeteries. The Paris tree inventory does not include all the trees in

the Vincennes and Boulogne woods, however, these large woods are considered at the regional scale, so their emissions are

calculated using the land-use approach as shown in Fig. 7b.

Figure 6. Tree leaf dry biomass computed over Paris from the Paris tree database and McPherson et al. (2016) with a spatial resolution of

1 km × 1 km.
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3.2.2 Speciation and aggregation of BVOC species

The emission factors of MEGANv3.2 are estimated for different categories of BVOCs, which are presented in the rows of

Table C1. These BVOC categories need to be disaggregated into model species to be used in the CTM. The chemical scheme

used in CHIMERE corresponds to MELCHIOR2, and the model species are shown in the columns of Table C1. To disaggre-

gate the BVOC categories into model species, the BVOC categories are first speciated into detailed real species, which are

then aggregated into the model species. The speciation in real BVOC species is done with a speciation matrix available in

MEGANv3.2 code (downloaded at https://bai.ess.uci.edu/megan/data-and-code/megan32). Then, the real BVOC species used

in CHIMERE are speciated and aggregated into MELCHIOR2 species. The product of the two matrices gives the speciation/ag-

gregation matrix, described in Table C1. Note that no specific speciation is applied to sesquiterpenes, which are all included in

the model species humulene (HUMULE). Monoterpenes are speciated as α-pinene (APINEN), β-pinene (BPINEN), limonene

(LIMONE) and ocimene (OCIMEN); and other VOCs (OVOC) represents ethylene (C2H4) and oxygenated VOCs (CH3OH,

CH3CHO, CH3COE and MEMALD).

Then, the BVOC emissions from urban trees in Paris are added to the regional-scale BVOC emissions to estimate the BVOC

emissions over the Île-de-France region. The Section below details the complementarity between the bottom-up inventory for

urban trees and the regional-scale PFT-based emissions.

3.3 Complementarity of the emissions computed by the bottom-up and the land-use approaches

At the regional-scale, biogenic emissions are estimated using a land-use approach with emission factors that depend on the

land-use and PFT, as described in Guenther et al. (2012). As the land-use is urban over Paris, vegetation is not considered,

and there are no biogenic emissions, as shown in Fig. 7, which represents on the left panel (a) the 2-month averaged isoprene

emissions computed with the bottom-up inventory and on the right panel (b) isoprene emissions computed with the land-

use approach in CHIMERE. The bottom-up inventory allows accounting of local biogenic emissions in the city but Fig. 7

shows that tree inventory and emissions are probably still missing in the Paris suburban area, because there is currently no tree

inventory for most of the urban areas outside Paris city. The order of magnitude of isoprene emissions computed by the bottom-

up inventory seems coherent compared to regional-scale emissions. Emission rates in Paris (0.12 µg.m−2.s−1 on average for

isoprene) are lower than those simulated over the large Île-de-France forests. This is also the case for other BVOC species as

shown in Appendix C. The relative distribution of monoterpenes emitted is different between the urban and the regional scales

as shown in Fig. C2. In particular, there is relatively more β-pinene in the regional-scale emissions. This is due to the different

vegetation species between the city and the regional scale, and to the speciation of monoterpenes, which may be different.
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Figure 7. Comparison of the 2-month averaged isoprene emissions with (a) the "bottom-up" inventory and (b) with the land-cover approach

in CHIMERE over Île-de-France and Greater Paris.

The temporal variation of the spatially averaged emissions of different biogenic compounds is shown in Fig. 8. For all com-

pounds, emissions are strongly correlated with temperature and sunlight. Over the 2-month periods, there are three emission

peaks corresponding to periods of heatwaves with clear-sky conditions and air temperature reaching 35 °C. The impact of

BVOC emissions on air quality is expected to be higher during these periods. Therefore, the effect of emissions on pollutant

concentrations will be calculated both on the 2-month period and on the heatwave periods, which correspond to the following

days: June, 15 to 18, July, 11 to 14 and 17 to 19. In terms of emitted compounds, isoprene is the most emitted biogenic species,

followed by OVOC. Monoterpenes and CO are emitted to a lesser extent, followed by sesquiterpenes and NO. This distribution
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of emissions is fairly typical of emissions calculated using the MEGAN model (Guenther et al., 2012; Ciccioli et al., 2023).

In terms of emission intensity, some recent studies computing the BVOC emissions over Europe with plant emission specific

models instead of using the PFT approach of MEGAN, have reported that isoprene emissions may be overestimated by a factor

3 in MEGANv2.1, while monoterpene and sesquiterpene emissions may be underestimated by a factor 3 especially in summer

(Jiang et al., 2019; Ciccioli et al., 2023). These discrepancies were attributed to the different vegetation classifications and

emission factors at standard conditions. Using plant emission specific models, Jiang et al. (2019) found a better comparison to

observations for isoprene and organic aerosol concentrations at the European scale, while around the Paris basin in summer,

differences in emissions mainly concern monoterpenes and sesquiterpenes. In order to take these emission uncertainties into

account in our study, sensitivity simulations are carried out by multiplying monoterpene and sesquiterpene emissions by a

factor 2 or 3.
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Figure 8. Temporal variation of the spatially averaged biogenic emissions computed over Paris with the bottom-up inventory.
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4 Quantification of the impact of BVOC emissions from urban trees on air quality at the regional scale

Before studying the impacts of the bottom-up inventory, comparisons of simulated and observed key variables are performed

to evaluate the simulation performance. Meteorological variables are first analyzed in Section 4.1.1, as biogenic emissions

are strongly related to them. Then, Section 4.1.2 presents comparisons of modeled and observed pollutant concentrations at

different air-quality stations in Île-de-France. Simulations are performed with the emissions factors presented above (REF) and

with monoterpene and sesquiterpene emissions multiplied by a factor 2 (REF-TX2) and 3 (REF-TX3).

Then, to quantify the impacts of urban trees on air quality, simulations with the biogenic emissions from urban trees are

performed and compared to the simulations without trees in Section 4.2. Three simulations with urban trees are performed: one

for each monoterpene and sesquiterpene emissions scenario, which are referred to as bioparis, bioparis-TX2 and bioparis-TX3.

All the simulations performed and the corresponding emissions are presented in Table 5.

Table 5. Simulation list with corresponding emission scenarios. ER stands for emission rates, SQT for sesquiterpenes, MT for monoterpenes,

LUA for land-use approach and BUI for bottom-up inventory.

Simulation name Emissions computed with the land-

use approach over IDF

Emissions computed with the bottom-

up inventory over Paris

REF yes no

REF-TX2 yes ERLUA
MT&SQT × 2 no

REF-TX3 yes ERLUA
MT&SQT × 3 no

bioparis yes yes

bioparis-TX2 yes ERLUA
MT&SQT × 2 yes ERBUI

MT&SQT × 2

bioparis-TX3 yes ERLUA
MT&SQT × 3 yes ERBUI

MT&SQT × 3

4.1 Validation of the reference simulations

4.1.1 Meteorology

The surface meteorological fields simulated by WRF-CHIMERE are compared to measurements performed at SIRTA. The

10-minute averages of meteorological measurements of air temperature (T), relative humidity (RH), pressure (P), precipitation

at 2 m, wind speed and direction at 10 m above ground level, as well as longwave (LW), global shortwave (SW) and PPFD

incident radiations at the surface are compared. The wind speed and direction observed at 10 m are approximated by the value

simulated in the grid cell from 0.15 to 24 m, that is supposed to represent the field at the mid-cell altitude (i.e. ≈ 12 m). The

meteorological fields are extracted in the horizontal cell of the IDF1 domain which includes the SIRTA. Figure 9 shows the

comparison of modeled and observed air temperature at 2 m height and PPFD, which are the two meteorological variables used

to calculate BVOC emissions, from June to July 2022. They are also compared with statistical indicators (defined in Appendix

D) in the Table 6 along with the other simulated and observed meteorological variables.
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Figure 9 and Table 6 show that the variations of air temperature at 2 m and PPFD are well modeled with high correlations and

low errors. The temperature is slightly overestimated by the model, especially after the 16th of July, resulting in an average

positive bias of about 1 °C. For PPFD, the daily maximum is overestimated some days resulting in a positive bias. As PPFD

is computed from the global solar radiation (SW) and the bias on this global solar radiation is lower, this overestimation may

also come from the conversion coefficient between PPFD and solar radiation. Some tests have been performed to compare

the BVOC emission of the bottom-up inventory calculated with the PPFD/SW ratio measured at SIRTA instead of the ratio

used by CHIMERE (2.25) and showed that the impact on BVOC emissions was not significant. Other meteorological variables

such as air relative humidity, pressure, wind direction and incident longwave radiation are also well modeled (Table 6). The

wind speed is slightly overestimated but this may be due to a difference in representativity between a punctual wind speed

measurement and an average value in the 24m-thick vertical cell. The low rainfall intensity limits the significance of statistical

indicator calculations but the temporal comparison (not shown) demonstrates that the rainy days are well represented by the

model, but the intensity of heavy rains is underestimated.

Figure 9. Comparison of the temporal variation of (a) air temperature at 2 m height and (b) photosynthetic photo flux density modeled by

WRF (mod) and observed (obs) at the SIRTA observatory site (48.717347° N, 2.208868° E).
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Table 6. Statistical indicators for the comparison of the meteorological variables simulated by WRF and observed at the SIRTA observatory

site (48.7° N, 2.2° E). RMSE: Root Mean Square Error, NAD: Normalized Absolute Difference, Bias: Fractional Mean Bias and R: Pearson

correlation coefficient (Appendix D), AGL: above ground layer, su: same unit as the meteorological variable.

Obs. height Variable Unit
mean obs. mean mod. RMSE NAD Bias R

su su su - su -

2m AGL

T °C 20.5 21.4 1.80 0.03 0.94 0.96

RH % 57.4 51.1 11.23 0.08 −6.27 0.88

P hPa 998.1 1000.8 2.82 0.00 2.72 0.99

rain mm 0.008 0.010 0.19 0.83 0.00 0.05

10m AGL
wind speed m.s−1 2.6 4.5 2.37 0.28 1.85 0.58

wind direction ° 179.2 179.2 88.26 0.14 1.63 0.68

surface

PPFD µmol.m−2.s−1 524.5 733.5 399.66 0.19 205.78 0.91

SW W.m−2 278.6 326.0 153.30 0.12 45.26 0.91

LW W.m−2 347.5 338.8 23.31 0.02 −8.20 0.72

4.1.2 Model to data comparisons of gas and particle concentrations

In this section the NO2, O3, OM, PM2.5, isoprene and monoterpene concentrations simulated by CHIMERE are compared to

observations performed at different measurement stations over Île-de-France. The concentrations simulated in the horizontal

grid cell containing the station and in the first vertical layer are compared to the observed concentrations in Table 7 for the

three emission scenarios REF, REF-TX2 and REF-TX3. Two performance criteria are defined by Hanna and Chang (2012),

and they are used here to evaluate the simulations performance. The most strict criteria are accepted when −0.3< FB < 0.3,

0.7< MG < 1.3, NMSE < 3, VG < 1.6, FAC2 ≥ 0.5, NAD < 0.3. The less strict criteria are accepted when −0.67< FB

< 0.67, NMSE < 6, FAC2 ≥ 0.3, NAD < 0.5 (where FB: Fractional Bias, MG: Geometric Mean Bias, NMSE: Normalized

Mean Square Error, VG: Geometric Variance, FAC2: Factor of 2, NAD: Normalized Absolute Difference and R: correlation

coefficient, see Appendix D). Values that respect the most strict performance criteria are represented in green, those that respect

the acceptable performance criteria for urban areas are represented in orange, and those that do not respect any criteria are in

red. In order to investigate in more detail the model performance in each simulation, the temporal evolution of simulated and

observed concentrations in three different stations (the Halles and PRG urban stations, and the SIRTA suburban station) is

presented in Figures 10 and 11.
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Table 7. Statistical comparison of the observed and simulated concentrations on average over 21 stations in IDF1 (listed in Table A1). Values

indicated in green respect the most strict performance criteria, while those in orange respect the acceptable performance criteria, and those

in red do not respect the performance criteria defined by Hanna and Chang (2012). Correlation coefficients (R) are indicated in black as they

are not included in the performance criteria. FB: Fractional Bias, MG: Geometric Mean Bias, NMSE: Normalized Mean Square Error, VG:

Geometric Variance, FAC2: Factor of 2, NAD: Normalized Absolute Difference, R: correlation coefficient.The calculation of the statistical

indicators and performance criteria are presented in Appendix D. su stands for same unit as the concentration.

species

& unit
simulation

Nb Obs. Sim. FB MG NMSE VG FAC2 NAD R

stat. su su - - - - - - -

NO2

µg.m−3

REF

20 14.6

15.8 0.05 1.16 0.52 1.52 0.67 0.24 0.54

REF-TX2 15.7 0.04 1.15 0.52 1.52 0.67 0.24 0.54

REF-TX3 15.6 0.04 1.15 0.53 1.52 0.67 0.24 0.54

O3

µg.m−3

REF

12 68.2

82.9 0.19 1.29 0.13 1.31 0.85 0.14 0.69

REF-TX2 83.8 0.21 1.30 0.14 1.32 0.84 0.14 0.69

REF-TX3 84.7 0.22 1.32 0.14 1.33 0.84 0.14 0.69

PM2.5

µg.m−3

REF

8 7.2

8.4 0.17 1.33 0.51 1.68 0.72 0.23 0.41

REF-TX2 10.4 0.37 1.60 0.81 2.01 0.65 0.26 0.47

REF-TX3 12.4 0.53 1.88 1.29 2.60 0.57 0.31 0.49

OM

µg.m−3

REF

3 4.3

1.4 −0.99 0.29 2.24 7.59 0.16 0.50 0.58

REF-TX2 2.6 −0.46 0.54 0.78 2.51 0.37 0.35 0.59

REF-TX3 3.4 −0.09 0.81 0.58 1.80 0.49 0.26 0.59

C5H8

ppb vol

REF

2 0.29

0.09 −0.89 0.25 5.95 12.27 0.15 0.54 0.54

REF-TX2 0.09 −0.89 0.26 5.88 10.31 0.15 0.54 0.54

REF-TX3 0.09 −0.89 0.27 5.80 9.23 0.15 0.54 0.55

MTs

ppb vol

REF

2 0.09

0.04 −0.91 0.43 12.53 2.8e15 0.26 0.60 0.14

REF-TX2 0.10 −0.39 0.89 6.11 4.0e12 0.22 0.58 0.13

REF-TX3 0.16 −0.03 1.36 5.49 1.6e11 0.15 0.59 0.14
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(a) NO2

(b) O3

(c) PM2.5

(d) Particulate organic matter (OM)

Figure 10. Observed and simulated hourly concentrations of (a) NO2, (b) O3 (c) PM2.5 and (d) OM at the Halles station.
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The different hypotheses regarding terpene biogenic emissions have low impact on NO2 and O3 concentrations, and all

simulations present very similar concentrations and statistical indicators (Table 7). Figure 10a shows good correlation between

the NO2 concentrations measured and observed at the Halles site in all simulations, although a few concentration peaks are

underestimated. The most strict performance criteria are respected for all statistical indicators for NO2 and for O3. The O3

geometric mean bias is at the limit of the acceptance criteria, because of the overestimation of the low O3 concentrations at

night (see Fig. 10b). This overestimation of low O3 concentrations has previously commonly been observed and might be

related to model grid resolution (Jang et al., 1995a, b; Liang and Jacobson, 2000; Arunachalam et al., 2006).

For PM2.5, the less strict criteria are respected for the three simulations, but the fractional bias (FB) increases with the increase

of biogenic terpene emissions. This increase is observed mostly in rural stations. In other words, PM2.5 concentrations are

overestimated at rural stations when the terpene biogenic emissions are increased, but the increase of terpene biogenic emis-

sions does not degrade the scores at urban and suburban stations, and it even improves the correlation. A PM2.5 concentration

peak reaching 80 µg.m−3 is observed on July 19 (not shown in Fig. 10c) and is probably due to forest fires in the south-west

of France (Menut et al., 2023). Similar to PM2.5, the concentrations of the organic fraction of PM1 (organic matter, OM) are

strongly influenced by the terpene biogenic emissions hypothesis. While OM concentrations are strongly underestimated in

the REF simulation (fractional bias of −0.99), they respect all the less strict criteria in the REF-TX2 and REF-TX3 simula-

tions (fractional bias equal to −0.46 and −0.09 respectively). As the stations where OM is measured are suburban and urban

stations, this goes hand in hand with the better estimate of PM2.5 at urban stations (not shown). As shown in Fig. 10c, the

effect of modifying biogenic terpene emissions is quite significant, even at the Halles station, which is located in a very dense

urban area. This increase of PM2.5 concentrations is due to the increase of OM, as shown in Fig. 10d. OM concentrations are

especially high between 18 and 19 June, days with very high temperatures and high biogenic emissions. During this period, the

differences between the OM concentrations in the REF, REF-TX2 and REF-TX3 simulations are the largest. The highest the

terpene emissions, the better the simulated OM concentration compared to observation, suggesting that it is essential to well

represent the terpene emission of suburban areas to well represent the OM concentrations.

Regarding BVOC concentrations, no differences in the three simulations are observed for isoprene (C5H8) concentrations, as

expected, and the mean concentration tends to be underestimated. Monoterpene concentrations are highly influenced by the

biogenic terpene emissions. The higher the biogenic terpene emissions are, the smaller are the fractional biases observed in the

simulations (−0.91 for REF, −0.39 for REF-TX2 and −0.03 for REF-TX3) (Table 7). Figures 11a and 11c show the hourly

isoprene concentrations simulated and observed at the PRG station (dense urban area) and at the SIRTA station (suburban area),

respectively. Isoprene is better represented at SIRTA than at the PRG station, because of the absence of biogenic emissions

inside Paris in REF, REF-TX2 and REF-TX3 simulations.Figures 11b and 11d illustrate the hourly concentrations of monoter-

penes simulated and observed at the PRG and SIRTA stations, respectively. Similarly as observed for isoprene, monoterpene

concentrations are also strongly underestimated in urban areas (PRG) and better represented at the SIRTA suburban site. This

can be justified by the absence of monoterpene biogenic emissions inside Paris, as analyzed in Section 4.2. The observed values

in the urban PRG site point out a “regional background” of the monoterpene concentrations around 0.1 ppb.
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(a) Isoprene concentrations at the PRG station

(b) Monoterpene concentrations at the PRG station

(c) Isoprene concentrations at the SIRTA station

(d) Monoterpene concentrations at the SIRTA station

Figure 11. Observed and simulated hourly concentrations of (a) isoprene and (b) monoterpenes at the PRG station and (c) isoprene and (d)

monoterpenes at the SIRTA station.
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4.2 Impact of biogenic emissions from urban trees on isoprene, monoterpene, ozone, organic matter and PM2.5

concentrations

4.2.1 Impact of urban-tree biogenic emissions on isoprene and monoterpene concentrations

Comparisons of the hourly concentrations of isoprene and monoterpenes observed and simulated in the reference case (REF-

TX2) and with the urban-tree biogenic emissions (bioparis-TX2) at PRG are presented in Fig. 12.

(a) Isoprene

(b) Monoterpenes

Figure 12. Observed and simulated hourly concentrations of (a) isoprene and (b) monoterpenes at the PRG station with (bioparis-TX2) and

without (REF-TX2) the bottom-up biogenic emission inventory.

Figure 12a shows that isoprene concentrations simulated at PRG are underestimated in the reference simulation compared

to the measurements. The inclusion of the urban-tree biogenic emissions allows a better representation of the isoprene con-

centrations (decrease of the NAD from 0.57 (REF-TX2) to 0.38 (bioparis-TX2) and increase of the correlation from 0.38

(REF-TX2) to 0.42 (bioparis-TX2)). However, in the bioparis-TX2 simulation, the daytime concentrations are overestimated

on June 16, 17, 19, 20 and between July 2 and 10 by about a factor of 1.5, but the concentration peak around the 18th of

June is underestimated. At night, non-zero isoprene concentrations are measured, the simulated concentrations are almost zero
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because isoprene is emitted only during the day by biogenic emissions and has a short lifetime (τOH ≈ 1.5 h with [OH]= 106

molecules.cm−3 (Atkinson and Arey, 2003b)). Isoprene is also emitted by road-traffic according the VOC speciation used (Th-

eloke and Friedrich, 2007; Baudic et al., 2016), but in the model, traffic emissions are too low at night to represent the measured

concentrations. This model to measurement discrepancy could be due to a measurement artefact, or to missing anthropogenic

sources of isoprene at night. In view of the uncertainties in the measurements, the model provides a satisfactory representation

of the order of magnitude of isoprene concentrations.

Table 8 presents the averaged isoprene and monoterpene concentrations and the relative impact of bioparis during the 2-month

period and heatwaves. Note that the relative difference of concentrations is calculated on an hourly time step and then averaged

over the 2-month or heatwave periods. As seen previously, biogenic emissions are driven by environmental variables, in partic-

ular temperature and solar radiation. To determine whether the effect of local biogenic emissions is greater during heatwaves,

isoprene concentrations are also compared during these periods. It is especially relevant to quantify this effect because the

frequency of these episodes is expected to increase in the future due to climate change (IPCC, 2021). The heatwave periods

refers to the averaged concentrations on the following days: June, 15, 16, 17, 18 and July 11, 12, 13, 14, 17, 18, 19. During

these periods, high air temperatures and clear sky conditions were observed as shown in Fig. 9. Table 8 shows that at the scale

of the city of Paris, local isoprene emissions significantly increase isoprene concentrations (+1100% on average). The effect of

bioparis during the heatwave periods is higher (+2400% on average), because emissions during that period are higher. As the

TX2 and TX3 scenarios do not modify isoprene emissions, there is no impact on isoprene concentrations.

The comparison of monoterpene concentrations presented in Fig. 12b shows that monoterpenes are underestimated at PRG in

the reference simulation and the addition of the urban-tree emissions strongly increases the monoterpene concentrations. How-

ever, the simulated concentrations still underestimate the observations, even with the bioparis-TX2 scenario, probably because

of missing anthropogenic sources (Jo et al., 2023). Like isoprene, Table 8 shows that the addition of monoterpene emissions

greatly increases the monoterpene concentrations by 6.4×1012% on average over the 2-month period and by 1.4×108% dur-

ing the heatwave periods. Monoterpene concentrations logically increase when their emissions are multiplied by 2 (TX2) or 3

(TX3), but the simulated concentrations underestimate the measurements. This discrepancy raises the question of potentially

missing local sources of vegetation that emits monoterpenes in the area of measurement.
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Table 8. Comparison of minimum, mean and maximum isoprene and monoterpene concentrations averaged in Paris for each simulation and

relative difference between the bioparis and the reference simulations during the 2 months and the heatwave periods.

species simulation 2-month period Heatwave periods

Isoprene

concentration (ppb vol) min mean max min mean max

REF 0.03 0.05 0.13 0.08 0.11 0.23

REF_TX2 0.03 0.05 0.13 0.08 0.11 0.23

REF_TX3 0.03 0.05 0.13 0.09 0.12 0.22

bioparis 0.04 0.28 0.70 0.12 0.61 1.51

bioparis_TX2 0.04 0.28 0.68 0.12 0.61 1.48

bioparis_TX3 0.04 0.27 0.67 0.12 0.60 1.45

Relative difference (%) between min mean max min mean max

bioparis and REF 40 1.1e3 7.1e3 58 2.4e3 1.5e4

bioparis_TX2 and REF_TX2 38 1.1e3 7.1e3 53 2.3e3 1.5e4

bioparis_TX3 and REF_TX3 36 1.1e3 7.1e3 48 2.3e3 1.5e4

Monoterpenes

concentration (ppb vol) min mean max min mean max

REF 0.005 0.009 0.12 0.009 0.016 0.19

REF_TX2 0.01 0.02 0.23 0.02 0.03 0.38

REF_TX3 0.02 0.03 0.35 0.04 0.07 0.57

bioparis 0.007 0.02 0.12 0.01 0.03 0.21

bioparis_TX2 0.01 0.04 0.24 0.03 0.08 0.41

bioparis_TX3 0.03 0.07 0.36 0.05 0.13 0.61

Relative difference (%) between min mean max min mean max

bioparis and REF 3.6 6.4e12 9.0e13 6.3 1.4e8 1.0e9

bioparis_TX2 and REF_TX2 3.5 1.1e13 1.5e14 6.2 1.5e8 1.2e9

bioparis_TX3 and REF_TX3 3.4 1.7e13 2.0e14 6.1 1.6e8 1.6e9
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4.2.2 Impact of urban-tree biogenic emissions on organic matter and particles concentrations

Figure 13, which compares the observed and simulated OM concentrations at PRG, shows that the impact of the urban biogenic

emissions is smaller on OM concentrations than on isoprene and monoterpene concentrations. The urban biogenic emissions

lead to an increase in OM concentrations on average over Paris during the 2-month period of 4.6% as shown in Table 9. The

increase of OM concentrations is slightly larger when terpene emissions are doubled (+5.6%) and tripled (+6.1%). Due to

larger biogenic emissions, the increase in OM concentrations is also larger during the heatwave (+5.4%).

Figure 13. Observed and simulated hourly concentrations of organic matter (OM) at the PRG station with (bioparis-TX2) and without (REF-

TX2) the urban biogenic emissions inventory.

The impact of the urban biogenic emissions is also less visible on hourly concentrations of PM2.5, so the relative differences

in OM and PM2.5 concentrations are mapped in Figures 14 and 15. The two top panels present the REF-TX2 concentrations

and the relative difference between bioparis-TX2 and REF-TX2 concentrations averaged on the 2-month period. The same

maps are presented in the two lower panels but with concentrations averaged on the heatwave periods.
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Figure 14. Average OM concentrations (µg.m−3) simulated by CHIMERE (REF-TX2) during (a) the whole period and (c) the heatwave

and relative difference of OM concentrations with the urban-tree biogenic emissions (bioparis-TX2) during (b) the whole period and (d) the

heatwave.

Figure 14 shows the spatial variability of the local biogenic emission effect and that the increase in OM concentrations

due to emissions from urban trees remains localized over Paris. It is greater in cells with a large tree biomass (Fig. 6), where

biogenic emissions are also larger, in particular monoterpenes (Fig. C1) and sesquiterpenes (Fig. C3). This correlation shows

that biogenic emissions from urban trees contribute strongly to local OM formation. The increase in OM concentrations is

slightly larger during the heatwaves periods, as shown in Table 9. The impact of urban emissions extends a little further during

these periods.
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Figure 15. Average PM2.5 concentrations (µg.m−3) simulated by CHIMERE (REF-TX2) during (a) the whole period and (c) the heatwave

and relative difference of PM2.5 concentrations with the urban-tree biogenic emissions (bioparis-TX2) during (b) the whole period and (d)

the heatwave.

The increase in PM2.5 concentrations is lower than for OM, but the spatial distribution is similar. The impact remains localized

over Paris (+0.6% on average), and is strongest during heatwaves (+1.3%), as shown by the maps in Fig. 15 and Table 9. The

increase in PM2.5 is larger when monoterpene and sesquiterpene emissions are doubled (TX2) and tripled (TX3) (Table 9).

This underlines the importance of terpenes in the formation of particulate matter.
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Table 9. Comparison of minimum, mean and maximum organic matter (OM) and PM2.5 concentrations averaged in Paris for each simulation

and relative difference between the bioparis and the reference simulations during the 2 months and the heatwave periods.

species simulation 2-month period Heatwave periods

OM

concentration (µg.m−3) min mean max min mean max

REF 1.27 1.35 1.57 2.91 3.01 3.34

REF_TX2 2.34 2.45 2.79 5.45 5.62 6.31

REF_TX3 3.45 3.58 4.14 7.94 8.16 9.27

bioparis 1.32 1.40 1.63 2.95 3.13 3.48

bioparis_TX2 2.43 2.55 2.87 5.58 5.87 6.59

bioparis_TX3 3.57 3.74 4.26 8.15 8.55 9.69

Relative difference (%) between min mean max min mean max

bioparis and REF 0.6 4.60 11.51 0.2 5.44 14.37

bioparis_TX2 and REF_TX2 0.6 5.58 15.86 0.3 6.08 18.00

bioparis_TX3 and REF_TX3 0.6 6.12 18.42 0.3 6.45 20.58

PM2.5

concentration (µg.m−3) min mean max min mean max

REF 8.48 9.25 10.85 10.83 11.64 13.36

REF_TX2 9.85 10.65 12.26 14.13 14.97 16.76

REF_TX3 11.32 12.15 13.84 17.65 18.52 20.45

bioparis 8.54 9.31 10.91 10.85 11.78 13.53

bioparis_TX2 9.98 10.77 12.38 14.18 15.25 17.16

bioparis_TX3 11.53 12.34 14.06 17.72 18.96 21.07

Relative difference (%) between min mean max min mean max

REF and bioparis 0.12 0.64 1.60 0.09 1.25 3.09

REF_TX2 and bioparis_TX2 0.20 1.12 3.06 0.14 2.06 5.78

REF_TX3 and bioparis_TX3 0.25 1.55 4.52 0.17 2.69 8.29
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4.2.3 Impact on ozone concentrations

Ozone concentrations also increase with the urban-tree biogenic emissions (+1% on average), especially during the heatwave

periods (+2.4%). The increase in O3 concentrations is also mostly localized in the Paris city and extends to the Paris suburbs

during heatwaves (Fig. 16). Table 10 shows that doubled or tripled monoterpene and sesquiterpene emissions increase ozone

concentrations, but the increase is relatively lower than for OM and PM2.5. This suggests that ozone formation is less sensitive

to monoterpene and sesquiterpene emissions, which mostly impact the formation of organic matter.

Figure 16. Average O3 concentrations (ppb vol) simulated by CHIMERE (REF-TX2) during (a) the whole period and (c) the heatwave

and relative difference of O3 concentrations with the urban-tree biogenic emissions (bioparis-TX2) during (b) the whole period and (d) the

heatwave.

3. BVOC EMISSIONS FROM URBAN TREES AND IMPACT ON REGIONAL AIR QUALITY

104



Table 10. Comparison of minimum, mean and maximum ozone concentrations averaged in Paris for each simulation and relative difference

between the bioparis and the reference simulations during the 2 months and the heatwave periods.

simulation 2-month period Heatwave periods

concentration (ppb vol) min mean max min mean max

REF 34.92 41.54 43.81 40.96 46.94 49.53

REF_TX2 35.42 42.03 44.30 41.65 47.68 50.28

REF_TX3 35.87 42.46 44.73 42.27 48.34 50.95

bioparis 35.48 42.05 44.47 41.63 48.26 51.15

bioparis_TX2 36.06 42.62 45.05 42.36 49.14 52.10

bioparis_TX3 36.59 43.12 45.57 43.01 49.94 52.95

Relative difference (%) between min mean max min mean max

bioparis and REF 0.28 1.03 2.38 0.40 2.42 5.72

bioparis_TX2 and REF_TX2 0.32 1.17 2.67 0.48 2.65 6.21

bioparis_TX3 and REF_TX3 0.35 1.30 2.94 0.45 2.87 6.66

The urban biogenic emissions mainly increase O3 concentrations during the day, as the concentrations of biogenic species

are higher and O3 is formed during daytime influenced by solar radiation. The impact of the biogenic bottom-up inventory

on maximal daily ozone concentrations (8 h moving average) is also evaluated, as this value is used in the French air quality

standards (LCSQA, 2016). The bottom-up inventory increases, in average during the 2 months, by around 0.6% the ozone

maximal 8 h concentrations and by 1.2% during heatwaves in all scenarios. The maximal impact goes from 4.0% to 4.8%

according to the biogenic emission factors scenario on average over the 2-month period and from 7.6 to 8.5% during heatwaves.
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5 Conclusions

To conclude, trees naturally emit BVOCs, which can lead to the formation of secondary pollutants such as ozone and secondary

organic aerosols. The impact of urban trees on pollutant concentrations is not taken into account in regional air-quality models.

To estimate this impact, an inventory of biogenic emissions from urban trees has been developed using a bottom-up approach.

Its effect on gas and particle concentrations in the Paris Region has been quantified using the CHIMERE model.

First, the location and characteristics of the urban trees were obtained from the tree database of the Paris city (Municipality

of Paris, 2023). This information was combined with allometric equations developed for urban trees in the United-States (US)

(McPherson et al., 2016) to compute the leaf dry biomass used in the emissions model. Tree-species emission factors from

MEGAN model were used to compute emissions of various BVOC by each tree species per leaf biomass amount and at stan-

dard conditions. Then, emissions were modulated by the temperature and radiation with activity factors from Guenther et al.

(1995, 2012) and the meteorological variables simulated by WRF. Biogenic emissions were then integrated in the CHIMERE

grid and complement the regional biogenic emissions computed with the land-use approach. The order of magnitude of emis-

sions are consistent between the urban and the regional biogenic emissions.

Secondly, the biogenic emissions computed with the bottom-up approach were added to CHIMERE to simulate air quality

over the Paris region during the 2 months of June and July 2022. The study presents first a validation of the reference simula-

tions, and then focuses on the impact of the bottom-up inventory on concentrations of isoprene, monoterpenes, organic matter

(OM), PM2.5 and ozone. To estimate the sensitivity to terpene emissions, for which there are high uncertainties in emission

factors, simulations were carried out with monoterpene and sesquiterpene emissions multiplied by 2 (TX2) and 3 (TX3). The

results show that simulated NO2, O3, and PM2.5 concentrations are globally consistent with measurements. OM, isoprene and

monoterpene concentrations are underestimated but they increase when emissions from urban trees are taken into account.

Over Paris city, urban trees induce a significant increase in OM concentrations of 4.6% on average over the two months and of

5.4% during the heatwave periods. This increase can reach 11.5% locally on average over the two months and 14.4% during

the heatwave period. The increase in OM concentrations is sensitive to monoterpene and sesquiterpene emissions and remains

localized over Paris city where the urban trees are located. Since OM is part of PM2.5, PM2.5 concentrations also increase,

but to a lesser extent (+0.6% on average and +1.3% during the heatwave periods). O3 concentrations also slightly increase

due to the urban-tree emissions by 1.0% on average over the 2 months and by 2.4% during the heatwaves. This increase can

locally reach 2.4% on average over the two months and 5.7% during the heatwaves. The increase in O3 concentrations during

the heatwave periods extends to the Paris suburbs, further than for OM. These values correspond to temporal averages but the

effect of urban emissions on OM, PM2.5 and O3 could be higher during the day time when biogenic emissions and photolysis

occur.

OM concentrations are sensitive to terpene emissions, and they are better modeled when urban trees are taken into account in

the model, and when terpene emission factors are increased. So it is essential to better estimate emission factors specifically

of urban and suburban trees. The effect of urban-tree emissions on O3 concentrations is not very high, but can aggravate O3

peaks during heatwaves. Furthermore, it should be noted that part of the urban vegetation (in private areas) and of the suburban
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vegetation were not taken into account in this study, as the tree inventory is only available for the public trees of Paris city.

The effect of urban and suburban trees on air quality is therefore probably underestimated. Tree inventories should be set up

systematically in more cities and their suburbs. This could be completed with methods for characterizing urban vegetation us-

ing aerial images, for example. This methodology for building a BVOCs bottom-up inventory could be easily applied to other

cities that have a tree inventory. Further work would involve improving the estimation of the tree-scale biogenic emissions by

improving the spatial resolution of the meteorological fields. Speciation of monoterpenes and oxygenated VOCs emitted into

model chemical species is assumed to be identical for each tree species. A speciation of monoterpenes according to the tree

species, as done in Steinbrecher et al. (2009), could be introduced. However as this speciation does not include all the tree

species found in Paris, the speciation should be enriched with other data.

Code availability. The version of WRF-CHIMERE code used here is available on request.

Data availability. ACSM data measured at the PRG site are available in the Aeris datacenter: Di Biagio et al. (2023), ACROSS_LISA_PRG_ACSM-

nrPM1comp_L2, in preparation. [Dataset]. Aeris.

PTR-MS data measured at the PRG site are available in the Aeris datacenter: https://www.aeris-data.fr/.

PTR-MS data measured at the SIRTA station are available in the ACTRIS database: https://ebas-data.nilu.no and in the IPSL data catalog:

Simon, L., Gros, V., Truong, F., Sarda-Esteve, R., and Kalalian, C.: PTR-MS measurements in 2020–2021, IPSL Data Catalog [dataset],

https://doi.org/10.14768/f8c46735-e6c3-45e2-8f6f-26c6d67c4723, 2022a.

Hourly NO2, O3 and PM2.5 concentrations measured at the Paris Chatelet/Halles station are available on the Airparif’s Open Data Portal:

https://data-airparif-asso.opendata.arcgis.com/. Regional emissions inventory and organic matter data for the Halles site are available on

request.
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Appendix A: Detailed description of the experimental measurements

A1 Measurements performed at SIRTA

Isoprene was measured with a gas-chromatograph equipped with a Flame Ionisation Detector (GC-FID), AIRMOVOC C2-C6

(Chromatotec, Saint Antoine, France). The instrument is described in detailed Gros et al. (2011). Calibration was performed

with a NPL (National Physics Laboratory, Teddigton, UK) standard. Uncertainty are estimated to be less than 15%. Monoter-

penes were measured at SIRTA using a Proton-Transfer-Reaction Quadrupole Mass Spectrometer (PTR-Q-MS) from Ionicon

(Innsbrueck, Austrria) with a time resolution of 5 min. This instrument was implemented at SIRTA for long-term measure-

ments early 2020 and its operating conditions are described in Simon et al. (2023). The ambient air was sampled at 15m,

1-hour blank measurements were performed every 13 hours, and calibrations every month with a NPL standard containing

α-pinene. Monoterpenes were measured at the mass-to-charge ratio (m/z) 137, and the associated uncertainties for the period

of June-July 2022 were 32%, while the mean detection limit was of 25 ppt.

A2 Measurements performed at PRG

Gas and aerosol sampling at PRG site are performed at 30 m above ground layer. VOCs were measured at PRG site using a PTR-

ToF-MS (PTR 4000x2, Ionicon Analytik, Austria) equipped with a CHARON inlet, already extensively described elsewhere

(Jordan et al., 2009; Eichler et al., 2015; Müller et al., 2017; Leglise et al., 2019). The instrument has been programmed to

automatically switch between gas and particle phases, and was working at 2.6 mbar and at E/N=120 Td. Gas was sampled at

the top of a 7th floor building through a 12 m long Teflon tubing, with a 17.5 mm inner diameter. The flow in this main line was

fixed at 40 L min-1 until a glass manifold where all gas phase instruments sampled ambient air. Sensitivity and background

have been regularly controlled during the course of the experiment using pure nitrogen cylinder (99.99999% purity, Linde)

and a certified gas standard (containing 10 VOCs at 100 ppb, NPL) providing quantitative measurement with an uncertainty

typically in the order of 10 ppt.

A3 Measurements performed at the Halles

In the Halles station, NO2 concentrations are measured by chemiluminescence detection with a AC32M, analyzer from EN-

VEA (formerly Environnement SA), with a measurement uncertainty of 10%. O3 concentrations are measured by Ultravio-

let (UV) photometry with a O3 42e analyzer from ENVEA, with a measurement uncertainty of 11%. PM2.5 are measured

with a FIDAS 200 analyzer from PALAS, certified technically compliant by the Laboratoire Central de la Surveillance de

la Qualité de l’Air (LCSQA) for continuous, real-time regulatory monitoring of PM10 and PM2.5 fractions based on the

optical detection of light scattered by aerosols (Lorenz-Mie solution). The uncertainties associated with measurement are

estimated to 9%. More information on the certified devices for regulatory air quality measurement are available here (in

French): https://www.lcsqa.org/system/files/media/documents/Liste%20appareils%20conforme%20mesure%20_qualit%C3%

A9%20air%20M%C3%A0J_13-05-20_v2_0.pdf
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Table A1. List of Airparif stations with the species measured and used in this study.

station location type species measured

PARIS 1er Les Halles 48.862128° N, 2.3446227° E urban background NO2, O3, PM2.5, OM

PARIS 7eme 48.8571944° N, 2.2932778° E urban background NO2

PARIS 12eme 48.8371944° N, 2.3938056° E urban background NO2

PARIS 13eme 48.8284722° N, 2.3595583° E urban background NO2, O3

PARIS 15eme 48.8303889° N, 2.2698861° E urban background NO2

PARIS 18eme 48.8917278° N, 2.345575° E urban background NO2, O3, PM2.5

AUBERVILLIERS 48.9039444° N, 2.3847222° E urban background NO2

ARGENTEUIL 48.8278324° N, 2.3805391° E urban background NO2

BOBIGNY 48.9024111° N, 2.4526167° E urban background NO2, PM2.5

CHAMPIGNY-SUR-MARNE 48.816692° N, 2.516669° E urban background NO2, O3

EVRY 48.8276389° N, 2.3267111° E urban background NO2

LOGNES 48.8403167° N, 2.6346611° E urban background NO2, O3

MONTGERON 48.7065833° N, 2.4570833° E urban background NO2, O3

NEUILLY-SUR-SEINE 48.8813333° N, 2.2773167° E urban background NO2, O3

GENNEVILLIERS 48.9298219° N, 2.291413° E urban background NO2, PM2.5

VITRY-SUR-SEINE 48.7756628° N, 2.374005° E urban background NO2, O3, PM2.5

GONESSE 48.9908583° N, 2.4447722° E suburban background NO2, PM2.5

MANTES-LA-JOLIE 48.996225° N, 1.7032972° E suburban background NO2, O3

MELUN 48.5281028° N, 2.6539472° E suburban background NO2, O3

FONTAINEBLEAU FOREST 48.4562391° N, 2.6793973° E rural NO2, O3, PM2.5

SAINT-MARTIN-DU-TERTRE 49.1082856° N, 2.1531876° E rural O3, PM2.5
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Appendix B: Characteristics of trees in the Paris Tree database

Figure B1. Screenshot of the Paris tree database near Avenue des Champs-Élysées (Municipality of Paris, 2023).
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other 15.2%
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Figure B2. Proportion (%) of each tree genus in Paris (only genus with P > 1% are shown, the rest of the trees are in the "other" category).
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Figure B3. Boxplot of the (a) trunk circumference and (b) tree height of the most dominant tree genus.
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Appendix C: BVOC emissions
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Figure C1. Comparison of the 2 months averaged monoterpene emissions computed with (a) the "bottom-up" inventory and (b) with the

land-cover approach in CHIMERE over Île-de-France and Greater Paris.
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Figure C2. Distribution of monoterpene species emitted, summed over the two months (a) for the urban trees in Paris computed with the

bottom-up inventory and (b) for the vegetation over Île-de-France region computed with the land-use approach.

3. BVOC EMISSIONS FROM URBAN TREES AND IMPACT ON REGIONAL AIR QUALITY

114



Figure C3. Comparison of the 2 months sesquiterpene emissions computed with (a) the "bottom-up" inventory and (b) with the land-cover

approach in CHIMERE over Île-de-France and Greater Paris.
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Figure C4. Comparison of the 2 months nitrite oxide (NO) emissions computed with (a) the "bottom-up" inventory and (b) with the land-

cover approach in CHIMERE over Île-de-France and Greater Paris.
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Figure C5. Comparison of the 2 months carbon monoxide (CO) emissions computed with (a) the "bottom-up" inventory and (b) with the

land-cover approach in CHIMERE over Île-de-France and Greater Paris.
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Figure C6. Comparison of the 2 months other VOC (OVOC) emissions computed with (a) the "bottom-up" inventory and (b) with the land-

cover approach in CHIMERE over Île-de-France and Greater Paris.
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Appendix D: Definition of the statistical indicators

To compare the simulation results to measured data, classical statistical indicators are computed where obsi and simi are

respectively the observed and simulated hourly concentrations. n is the total number of concentrations and obs and sim are the

average observed and simulated concentrations.

- Root Mean Square Error (same unit as the concentration):

RMSE =

√√√√ 1

n

n∑

i=1

(obsi − simi)
2
. (D1)

- Normalized Mean Square Error (dimensionless):

NMSE =

n∑
i=1

(obsi − simi)
2

n∑
i=1

obsi ×
n∑

i=1

simi

. (D2)

- Normalized Absolute Difference (dimensionless):

NAD =

n∑
i=1

|obsi − simi|
n∑

i=1

obsi +
n∑

i=1

simi

. (D3)

- Mean Fractional Error (dimensionless):

MFE =
1

n

n∑

i=1

|simi − obsi|
obsi

. (D4)

- Mean Fractional Bias (same unit as the concentration):

MFB =
1

n

n∑

i=1

|simi − obsi|. (D5)

- Bias (same unit as the concentration):

Bias=
1

n

n∑

i=1

(simi − obsi). (D6)

- Fractional Bias (dimensionless):

FB = 2×

n∑
i=1

simi −
n∑

i=1

obsi

n∑
i=1

obsi +
n∑

i=1

simi

(D7)

- Geometric Mean Bias (dimensionless):

MG= exp

[
1

n

n∑

i=1

ln(simi)−
1

n

n∑

i=1

ln(obsi)

]
(D8)
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- Correlation coefficient (dimensionless):

R=

n∑
i=1

[(
simi − sim

)(
obsi − obs

)]

√
n∑

i=1

(
simi − sim

)2 n∑
i=1

(
obsi − obs

)2
. (D9)

- Geometric Variance (dimensionless):

V G= exp

[
1

n

n∑

i=1

(ln(obsi)− ln(simi))
2

]
(D10)

- Factor of 2 (dimensionless):

FAC2 = total fraction where 0.5<
simi

obsi
< 2.0 (D11)
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Trees impact air quality at the street level through three main processes: the limitation of the

dispersion of pollutants emitted in the street due to the tree aerodynamic effect, the removal of

pollutants by dry deposition on tree surfaces, and the emissions of BVOCs, which impact atmo-

spheric chemistry. The effect of BVOC emissions at the regional scale was discussed in the previous

chapter. This chapter aims to quantify the impact of each tree effect, as well as the global impact

of the combined effects. The modeling chain CHIMERE/MUNICH is used to quantify these effects

by performing simulations over Paris and June and July 2022.
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4.1 Introduction

Trees in urban environments provide numerous benefits to overcome the side effects of urbaniza-

tion (Livesley et al., 2016; Roeland et al., 2019). The city energy and water budgets are strongly

modified by the presence of artificial materials and high buildings and the release of anthropogenic

heat. These processes induce an increase in temperatures compared to the country side, called the

urban heat island effect (UHI) (Nunez and Oke, 1977; Taha, 1997; Arnfield, 2003; Kuttler, 2008a;

Oke et al., 2017; Masson et al., 2020). Urban air quality is also often deteriorated due to reduced

air flows and high local emissions (Lyons et al., 1990; Fenger, 1999; Yang et al., 2020b). By creating

shade and transpiring, trees improve human thermal comfort and limit the UHI effect (Taleghani,

2018; Hami et al., 2019). They also preserve permeable soils in which runoff water can infiltrate

(Livesley et al., 2016; Berland, 2017). While the effects of trees on climate are widely studied in

scientific research and known to the general public, the effects on the urban air quality are much less

well known. Trees are often promoted for they capacity to remove pollutant from the atmosphere

by dry deposition (Nowak et al., 2006; Escobedo and Nowak, 2009; Setälä et al., 2013; Selmi et al.,

2016; Xing and Brimblecombe, 2019; Nemitz et al., 2020; Lindén et al., 2023). However, other

direct effects are rather negative for air quality. In the street, the tree crowns strongly modify air

flows and limit the dispersion of pollutants emitted by traffic (Gromke and Ruck, 2007; Vos et al.,

2013; Jeanjean et al., 2016). Trees naturally emit Biogenic Organic Volatile Compounds (BVOCs)

that react with the other compounds of the urban atmosphere to form secondary pollutants such

as ozone and secondary organic aerosols (SOAs) (Owen et al., 2003; Calfapietra et al., 2013; Ren

et al., 2017). In temperate cities, these effects are mainly present during the vegetative period when

trees have leaves. The effect of BVOC emissions, which increases with temperature and light, is

expected to be higher in summer and especially during heatwave periods (Niinemets et al., 2004).

To estimate the magnitude of these processes, models are useful tools, in particular because they can

represent the city heterogeneity, and sensitivity scenarios can be performed to estimate the relative

strength of the different tree effects. Computational Fluid Dynamics (CFD) codes are frequently

used to study the tree effects on air flows and pollutant concentrations but their fine resolution

(∼ 1 m) requires high computational resources, limiting the study area to a street or neighbor-

hood and the consideration of complex chemistry (Buccolieri et al., 2011; Santiago et al., 2017a;

Gromke and Blocken, 2015). To model air quality at the street scale but over large areas such as

cities, parameterized street-network models are developed such as SIRANE (Soulhac et al., 2011,

2012, 2017), the Model of Urban Network of Intersecting Canyons and Highways (MUNICH) (Kim

et al., 2018, 2022), OSPM (Berkowicz, 2000) or ADMS-Urban (McHugh et al., 1997; Carruthers

et al., 2000; Stocker et al., 2012). They are fast-running codes because air flows are parameterized

and streets are considered as an homogeneous volume or are divided into no more than 3-4 zones.

The aerodynamic effect of trees in street canyons has been developed in the street-network model

MUNICH based on CFD simulations in the Chapter 2 (Maison et al., 2022a,b). It is coupled to

the regional-scale chemistry transport model CHIMERE, with an eulerian approach, allowing to

fully represent the formation of secondary pollutants from the regional down to the street scale.

To estimate the urban tree effects on air quality in Paris, a city tree inventory, which includes tree

locations and characteristics, is used.

The objective of the present study is to estimate the impacts of each tree process (aerodynamic

effect, dry deposition on leaves, biogenic emissions) on gas and aerosol concentrations separately

and combined in the city of Paris. The city of Paris is a relevant place to study because it is dense,
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sprawling and regularly subject to air-quality issues. Paris is also rather well vegetated, with more

than 200,000 trees in the streets and green spaces and more than 300,000 trees in the Boulogne and

Vincennes woods (https://www.paris.fr/pages/l-arbre-a-paris-199).

First, Section 4.2 presents the materials and methods. The modeling chain set-up including the

input data, and the reference simulation performed without tree are presented in Section 4.2.1.

Section 4.2.2 describes the integration of the tree effects in the modeling chain. The tree inventory

of the Municipality of Paris (Municipality of Paris, 2023) is used to integrate trees in the Paris

street network and is combined with allometric equations to estimate tree characteristics (leaf area,

dry biomass, tree dimension). The parameterization of the tree aerodynamic effect, previously de-

veloped, is applied to the whole city of Paris. Dry deposition of gas and aerosols on both street

and tree leaf surfaces is computed based on parameterizations of the literature. Biogenic emis-

sions are estimated from the calculated leaf dry biomass of each individual tree, the tree-species

dependent emission factors available in the Model of Emissions of Gases and Aerosols from Nature,

MEGANv3.2, and the activity factors of Guenther et al. (1995, 2012) which depends on meteoro-

logical conditions. CHIMERE/MUNICH simulations are performed over Paris region and the Paris

street network for June and July 2022 with the different tree effects added individually and com-

bined. The impacts on isoprene (C5H8), monoterpene, nitrogen dioxide (NO2), ozone (O3), organic

matter (OM) and particulate matter (PM2.5) concentrations are presented in Section 4.3.

4.2 Materials and Methods

4.2.1 Description of the reference simulation

4.2.1.1 Presentation of the modeling chain CHIMERE/MUNICH

The Chemistry-Transport Model (CTM) CHIMERE is used to estimate the urban background

concentrations (Menut et al., 2021). It is coupled to the gas-phase mechanism MELCHIOR2, to

the aerosol model SSH-aerosol (Sartelet et al., 2020), and to the meteorological model WRF, where

a one-layer urban canopy model is used, with a prescribed anthropogenic heat flux (see previous

chapter).

As presented in the Chapter 2, MUNICH is a street-network model that simulates with an eulerian

approach, gas and particle concentrations at the street level (Kim et al., 2022). To be able to simulate

concentrations at the street level and over large areas such as cities, each street is considered as

an homogeneous volume. So within a street segment, buildings have the same height (H), and

the street width (W ) is taken as constant. Streets can have various lengths (L) and are linked

by punctual intersections. MUNICH includes the main processes affecting street concentrations:

emission of gas and particles by traffic, horizontal transport by advection between the streets,

vertical transport between the street and the background, dry and wet deposition of gas and aerosols,

gas chemistry and aerosols dynamics. MUNICH is one-way coupled to the CTM CHIMERE. Both

MUNICH and WRF-CHIMERE are eulerian models, and WRF-CHIMERE is used to estimate

the boundary conditions of MUNICH, i.e. meteorological fields and background concentrations

above the street. As both CHIMERE and MUNICH are eulerian models using the same gas-

phase chemistry MELCHIOR2 and aerosol model SSH-aerosol, primary and secondary pollutant

concentrations are represented consistently from street to regional scale. The input data used in

this study are presented in the following sections with a focus on tree characteristics in Section

4.2.2.
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4.2.1.2 Paris street network

The Paris street network used in the study is composed of 4655 streets and 3040 intersections.

It includes the main streets of the Paris city and the close suburbs, as shown in Fig. 4.1. It

has been constructed from the BDTOPO database, available at https://geoservices.ign.fr/

bdtopo and the opendataparis database available at https://www.data.gouv.fr/fr/datasets/

trottoirs-des-rues-de-paris-prs/ (Lugon et al., 2020). The average building height, street

width and lengths are respectively equal to 12.4, 18.2 and 221.4 m. The average street aspect

ratio is H/W = 0.79. Figure 4.1 shows that this street aspect ratio is rather homogeneous in

Paris (between 0.66 and 2), with more opened areas along the Seine river, the ring road and the

Vincennes and Boulogne woods. Streets with higher aspect ratio (up to 7.9) can be found in the

Défense district.
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Figure 4.1: Map of the street aspect ratio (H/W ) in Paris street network.

4.2.1.3 Anthropogenic and biogenic emissions

Anthropogenic emissions for all activity sectors were provided by the air-quality monitoring associ-

ation Airparif for the Île de France region. For sectors other than traffic, the inventory represents

the year 2019 with a spatial resolution of 1 km × 1 km. For traffic, emissions are those of June

and July 2022, they are given by street segment and corrected from traffic counting loops. Biogenic

emissions at the regional scale are estimated using MEGANv2.1 in CHIMERE using the land-use

approach. At the urban scale in Paris, biogenic emissions are calculated from the tree inventory of

the city of Paris, as described in the previous chapter. Special treatments, as detailed below, are

necessary to include the trees in the street network used in MUNICH.
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4.2.2 Integration of the tree effects in MUNICH

4.2.2.1 Integration of trees in the Paris street network

As presented in Chapter 3, the tree inventory of the municipality of Paris, including tree location,

species and dimensions is used. To locate the trees in the street network, streets are considered

as rectangles of known four extremity coordinates, and trees are located into the street segments

by comparing their coordinates with those of streets. Because of uncertainty about street widths,

trees within a perimeter of half of the street width on each side of the street are integrated into the

street segment. On the 112,154 roadside trees listed in the Paris tree inventory, 60% are integrated

in the MUNICH street network of which 39.5% in the exact street width and 20.5% by widening

the street width between 1.2 and 2 ×W (Fig. 4.2).

Figure 4.2: Trees integrated in the Paris street network depending on the search street width.

Zooms by districts, as in Fig. 4.3 around the Champs Elysées (a) and the Hôtel de Ville (b), show

that the non-integration of some trees into the street network is mainly due to the fact that they are

located in secondary streets that are not included in the network, and also because of inaccuracies

in the layout and width of streets. Finally, 36.4% of the streets in the network contain at least one

tree, a significant effect of trees on concentrations can therefore be expected.
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Figure 4.3: Trees integrated in the Paris street network depending on the search street width. Zoom
over the a) Champs Elysées and b) Hôtel de Ville neighborhoods.

Although the municipality of Paris estimates that 30% of the trees in the city of Paris are not listed

in the database, these missing trees are most likely located in parks and private yards. Roadside

trees are rather well documented. The street effects of roadside trees that are not integrated in the

street network are not considered. However their biogenic emissions are taken into account in the

regional-scale simulation to estimate background concentrations (see Section 4.2.2.5 and Chapter

3).

4.2.2.2 Estimation of the characteristics of the tree canopies in streets

The tree characteristics needed to compute the different tree effects at the street level (leaf area,

dry biomass and tree crown height) are estimated, as in the Chapter 3, based on the Paris Tree in-

ventory and a set of allometric equations from McPherson et al. (2016). The canopy characteristics

of each street segment take into account all the trees included in the segment. Depending on the

nature of the characteristics, they are averaged or summed over the trees of the street segment.

The total leaf area normalized by the street area, LAIstreets in m2
leaf .m−2

street, is computed by sum-

ming the leaf area (LAt in m2
leaf ) of all trees included in the street s and by dividing by the street

surface (Ws Ls in m−2
street):

LAIstreets =

∑
t∈s LAt

Ws Ls
. (4.1)

The total dry biomass per street (DBs in g of dry weight) is computed by summing the leaf dry

biomass (DBt in g) of all trees included in the street s:

DBs =
∑

t∈s
DBt. (4.2)

The top tree height is directly taken from the Paris tree inventory. For trees whose height is missing

in the Paris inventory, the height is estimated from McPherson et al. (2016) equations. It is then
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averaged to obtain the street average top tree height:

hmaxs =
1

nt∈s

∑

t∈s
hmaxt , (4.3)

where nt∈s is the number of trees in the street s. To respect the assumption made in Chapter 2, the

crown heights that exceed the building heights are reduced to the building heights. This correction

was made in 11% of the streets.

The tree fraction in the street, TFs (-), needed in the Chapter 5 was also used here to check that

the crown to street surface ratio is consistent. It is calculated as:

TFs =

∑
t∈sCPAt

Ws Ls
, (4.4)

CPAt = πr2t , (4.5)

where CPAt is the crown projected area in m2 (considered to be circular) and rt is the tree crown

radius (m) estimated from McPherson et al. (2016) equations.

Because in reality trees can be pruned, we assume that the tree canopy cannot cover the street

surface by more than 90%, and therefore cannot exceed it. A maximum tree fraction is fixed to

TFsmax = 0.9 and when TFs > TFsmax , TFs = TFsmax . Trees are ”pruned” in 6.1% of the streets

and the tree characteristics are modified based on the tree fraction ratio as:

CPA′
t = CPAt ×

TFsmax

TFs
, (4.6)

LA′
t = LAt ×

TFsmax

TFs
, (4.7)

DB′
t = DBt ×

TFsmax

TFs
, (4.8)

where the ′ mark stands for the corrected variable. Then, the street canopy characteristics are

recomputed with equations (4.1) and (4.2). The street leaf area index, normalized dry biomass and

crown height to building height ratios obtained are plotted for the street network in Figures 4.4 and

4.5.

4.2.2.3 The tree aerodynamic effect

The tree aerodynamic effect, i.e. the modification of air flows at the street level by tree crowns, has

been parameterized in MUNICH using empirical equations based on Computational Fluid Dynamics

(CFD) simulations in Chapter 2. As a reminder, the vertical profile of horizontal wind speed in

the street direction and the vertical transfer coefficient between the street and the background

are parameterized depending on LAIstreet and on the average top tree crown height to building

height ratio hmax/H (-). Among the streets including trees, the average LAIstreet is equal to 1.3

with heterogeneities due to different number of trees, tree dimensions and species in each street.

Few streets (1.12%) have a relatively high LAIstreet (> 3), these are often wide streets with more

than 2 rows of trees. The average top tree crown height to building height ratio seems more

homogeneous within Paris and in 82.3% of the streets, trees are taller than half the building height

(hmax/H > 0.5). The tree aerodynamic effect is expected to be higher in the street of high LAIstreet

and high hmax/H.
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Figure 4.4: Maps of a) the street Leaf Area Index (LAIstreet) and b) the tree to building height
ratio (hmax/H) computed in Paris street network.

4.2.2.4 Computation of dry deposition on street surfaces and tree leaves

The ability of trees to reduce air pollutant concentrations via dry deposition is often promoted.

However in the literature, the amplitude of this process varies (Nowak et al., 2006; Escobedo and

Nowak, 2009; Setälä et al., 2013; Selmi et al., 2016; Xing and Brimblecombe, 2019; Nemitz et al.,

2020; Lindén et al., 2023), with sometimes highly simplified representations of pollutant deposition

rates. To try to estimate if this process modifies significantly the street concentrations, the dry

deposition flux of gas and particles is taken into account in the street mass budget. The deposition

fluxes are computed as the product of surface area, deposition velocity and street concentration.

Deposition velocities are calculated for each surface (wall, street surface, tree leaf), which is consid-

ered homogeneous and in contact with the average concentration in the street. A resistive scheme is

used to compute the deposition velocities and the different resistances are estimated using equations

from the literature (Hicks et al. (1987); Walmsley and Wesely (1996); Wesely (1989); Venkatram

and Pleim (1999); Zhang et al. (2002, 2003) for gas and Zhang et al. (2001) for aerosols). Due

to their different physico-chemical properties, the parameterization varies according to the type of

compound and the methodology used is detailed first for gaseous species and then for particles.

Concerning the deposition of BVOCs, several studies suggest that isoprene and monoterpenes are

not directly deposited but are rapidly oxidized in the atmosphere and are therefore indirectly de-

posited as oxygenated VOCs (Karl et al., 2010; Nguyen et al., 2015; Canaval et al., 2020). Due to

the large number of species formed, and the lack of measurements to estimate the deposition model

parameters, BVOC deposition on street and tree leaf surfaces is not considered. The resistance

and coefficient formulations taken from the literature are presented in Appendices 4.B.1 for gas and

4.B.2 for particles at the end of this chapter.
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4.2.2.5 Biogenic emissions

The biogenic emissions are computed with the same empirical approach as in Chapter 3. At the

regional scale, the biogenic emissions are estimated from the dry biomass of each tree and then

aggregated over the grid cells of the simulation domain. At the street scale, the total dry biomass

for each street estimated with eq. (4.2). In streets including trees, the average dry biomass is equal

to 647.2 g.m−2. As shown in Fig. 4.5, the streets with the highest leaf areas are logically the streets

with the highest leaf dry biomass.
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Figure 4.5: Map of the tree leaf dry biomass (DB) per area of street computed in Paris street
network.

As in Chapter 3, the tree species emission factors are taken from MEGANv3.2 (https://bai.ess.

uci.edu/megan/data-and-code/megan32, last accessed on 10/07/2023). At the street scale, the

activity factors are computed from equations from (Guenther et al., 2012) for the temperature effect

and from (Guenther et al., 1995) for the light effect. The leaf surface temperature is approximated

by the air temperature at 2 m simulated by WRF and the Photosynthetic Photon Flux Density

(PPFD) is computed from the global solar radiation as: PPFD = 4.5×0.5×SWg. These two factors

include the selection of the 400-700 nm spectral range of the solar radiation and the conversion of

W.m−2 into µmol.m−2.s−1. For each street, the temperature and global solar radiation are taken

from the CHIMERE-WRF horizontal cell which is located above the middle of the street. The air

temperature (Tair) and the global solar radiation (SWg) that are used in the computation of the

BVOC emissions at the street level are compared to measurements performed in the Hôtel de Ville

station (HdV) and in the Qualair platform in Fig. 4.6. Statistical indicators are also computed to

compare observed and modeled meteorological data on the overlapping period at a 10-min time step

(Table 4.1).
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Table 4.1: Comparison of observed and modeled air temperature (Tair) in HdV and global solar
radiation (SWg) in Qualair with statistical indicators (definned in Appendix 4.D). su: same unit as
the variable.

Variable
Min Mean Max RMSE NAD Bias R

su su su su - su -

Tair (°C)
obs 13.4 21.3 37.6

1.49 0.03 -0.53 0.95
mod 12.2 20.8 37.3

SWg (W.m−2)
obs −0.7 267.9 1112.5

154.46 0.13 52.74 0.91
mod 0.0 320.6 966.4
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Figure 4.6: Comparison of the temporal variation of a) air temperature at 2 m height and b) global
solar radiation modeled by WRF (mod) and observed (obs) at the HdV (48.85574°N, 2.35191°E)
and Qualair (48.84638°N, 2.35598°E) sites at a 10 min temporal resolution. Tair observations are
10-min average of 10 s data measured by a meteorological station was located at 2 m height on the
edge of the Paris city hall garden (HdV). SWg observations are 10-min average of 1 s data measured
by a radiometer located in the Qualair platform, on the roof of Sorbonne university at 35 m above
the ground (https://qualair.fr).

The comparison shows that the air temperature is rather well modeled, although the mean tem-

perature and the daily maximum are underestimated by the model compared to observations with

a mean negative bias of −0.53 °C (Table 4.1). Concerning the solar radiation, it is rather well

estimated by WRF but with some over-estimations especially on cloudy days. The high air tem-

peratures around the 18th of June and the clear-sky conditions suggest high emission during these

period. July also experienced heatwaves, with temperatures exceeding 35°C on July 13, 18 and 19

(Fig. 4.6).
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It should be noted that biogenic emissions from other tree organs (trunk, branches, flowers, etc.)

or from the soil, although significant at certain times of the year (Baghi et al., 2012), are minor

compared to leaf emissions and are not considered.

As in the Chapter 3, the emitted biogenic species are speciated and aggregated into MELCHIOR2

model species. Biogenic species include isoprene, monoterpenes, sesquiterpenes and many other

BVOCs (OVOCs), mainly oxygenated compounds, such as methanol, acetone, acetaldehyde, formalde-

hyde. Note that nitrogen monoxide (NO) and carbon monoxide (CO), which are not BVOCs, are

also emitted by trees and considered in the model. The temporal variation and emission maps of

the different biogenic species are shown respectively in Fig. 4.7 and 4.8 respectively.
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Figure 4.7: Temporal variation of spatially averaged BVOC emissions. Due to their different emis-
sion rates, the BVOC species are separated into two panels a) for isoprene and other BVOCs and b)
for monoterpenes, sesquiterpenes, NO and CO. Emissions are averaged over the streets with trees.

As shown in the Chapter 3, isoprene is the most emitted biogenic species with 54.7% of the to-

tal emissions following by other oxygenated BVOCs (36.7%), CO (4.0%), monoterpenes (3.2%),

sesquiterpenes (0.8%) and NO (0.5%) (Fig. 4.7).
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Figure 4.8 shows that emissions are located in the streets containing trees and the density of the

emissions depends on the quantity of leaf dry biomass and also on tree species via the emission

factors.
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Figure 4.8: Maps of temporal average BVOC emissions over the 2-month period without multipli-
cation of monoterpene emissions. a) Isoprene, e) NO and f) CO are directly emitted whereas b)
monoterpenes, d) sesquiterpenes and d) other VOCs (OVOCs, mainly oxygenated BVOCs) repre-
sent the sum of several emitted species.
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4.2.3 Simulation set-up

CHIMERE/MUNICH simulations are performed over the Paris street network from June 1 to July

31. A spin-up period of 5 days is considered, and the results are analyzed starting from June

6. As a reference and for comparison, a simulation without tree is performed (see Section 4.3.1).

Simulations with all tree effects are performed to quantify the overall effect. Specific effects of trees

on concentrations are also assessed using shorter simulations (2 weeks). The performed simulations

are described in Table 4.2. As explained in Chapter 3, to quantify the impacts of uncertainties in

the emission factors of terpenes, simulations are also performed with a TX2 scenario (Table 4.2),

where monoterpene and sesquiterpene emissions are doubled.

Table 4.2: Description of the MUNICH simulations performed with the simulated period, the tree
effect(s) considered and the corresponding background concentrations.

Simulation

name

start and end

dates

aero. effect dry dep.

on leaves

urban tree biogenic

emissions

CHIMERE background

simulation

REF 06/06 - 31/07 - - - REF

AERO 13/06 - 26/06 yes - - REF

DEP 13/06 - 26/06 - yes - REF

BVOC 13/06 - 26/06 - - yes bioparis

3EFF 06/06 - 31/07 yes yes yes bioparis

REF TX2 06/06 - 31/07 - - - REF-TX2

3EFF TX2 06/06 - 31/07 yes yes yes ERMT&SQT×2 bioparis-TX2

The next section presents, first a validation of the reference simulation, and then the tree impacts

on gas and aerosol concentrations are analyzed and discussed.
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4.3 Results and discussion

4.3.1 Reference simulation

To quantify the tree effects on concentrations, a reference simulation is performed without urban

tree, neither at the regional or local scale. A comparison of observed and simulated concentrations

through the average and standard deviation of concentrations along with statistical indicators is

summarized in Table 4.3. Observed concentrations have been measured in the Paris HdV station

and in Airparif traffic stations located inside the Paris city or in very near suburbs. These sites

correspond to 10 permanent air-quality monitoring stations included within a large operational

stations network operated by Airparif. The list of stations with measured compounds is presented

in Table 4.7 and located in the map in Fig. 4.32.

Table 4.3 shows that the NO2 concentrations are rather well estimated with a good correlation, a low

bias and a NAD lower than 0.3 as recommended by Hanna and Chang (2012). PM2.5 concentrations

are also rather well simulated by the model, but PM10 are largely underestimated. This may be due

the high uncertainties on non-exhaust emissions that affect coarse particle concentrations (Lugon

et al., 2021b). Isoprene and monoterpene concentrations are also largely underestimated by the

model. It may be due to the missing biogenic emissions of urban trees that will be added in this

study. The fraction of fine organic particles (organic matter, OM) is also underestimated. As

they are formed by condensation of BVOCs, their concentrations are expected to increase with the

addition of the local urban biogenic emissions.

Table 4.3: Comparison of pollutants and BVOC concentrations observed at HdV and Airparif
traffic stations and simulated with MUNICH without tree (REF). The definition of the statistical
indicators is given in Appendix 4.D.

species

Nb mean conc. σ conc.
RMSE NAD Bias R

stations obs mod obs mod

- µg.m−3 µg.m−3 µg.m−3 - µg.m−3 -

NO2 10 40.8 40.3 25.4 18.1 21.7 0.19 0.9 0.57

PM2.5 3 11.2 12.3 5.4 4.4 5.4 0.17 1.0 0.42

PM10 6 25.3 15.7 11.0 5.8 13.6 0.25 −8.9 0.39

C5H8 1 3.6 0.1 2.5 0.3 4.5 0.92 −3.6 0.39

MTs 1 1.0 0.03 0.6 0.08 1.1 0.94 −1.0 0.35

OM 2 6.2 2.4 4.2 1.8 5.8 0.49 −4.2 0.56

In the next sections, the impact of the different individual and combined tree effects is quantified

by comparing the concentrations of isoprene, monoterpenes, NO2, O3, PM2.5, and organic matter.

The mean relative difference (MRD, see Appendix 4.D) between the simulation that includes only

one tree effect (AERO, DEP, BVOC, 3EFF) and the reference simulation is computed during the

period from June 13 to 26 in all the streets of the network. The concentration maps of the reference

simulation averaged over this period are presented in panel a). The average concentrations with

all tree effects are also compared to the reference simulations without tree (8 weeks between 06/06

and 31/07/22). This comparison is done with default biogenic emission factors, and with terpene

emission factors multiplied by 2 (TX2 scenario). For that comparison, the simulation 3EFF TX2 is

compared to the reference simulation REF TX2, i.e. terpene emissions are multiplied by 2 not only

for urban trees, but also for the vegetation outside Paris.
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4.3.2 Tree effects on isoprene and monoterpene concentrations

Figure 4.9 presents a) the average isoprene concentrations and the different tree impacts on average

isoprene concentrations: b) the tree aerodynamical effect (AERO), c) the dry deposition on leaves

(DEP) and d) the biogenic emissions from urban trees (BVOC).
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Figure 4.9: a) Average isoprene concentrations in the reference simulation (REF) and mean relative
difference (MRD) of isoprene concentrations between the simulation b) with tree aerodynamic effect
(AERO), c) with dry deposition on leaves (DEP), d) with urban tree biogenic emissions (BVOC)
and the REF simulation without trees averaged from June 13 to 26.

Figure 4.9 shows that isoprene concentrations increase very significantly, when urban biogenic emis-

sions are added to the BVOC simulation. This increase is rather spatially homogeneous, because

isoprene life time is sufficiently long for isoprene to be transported over the city and then in the

different streets, independently of the presence of trees in the street. As no dry deposition of iso-

prene on leaves is considered, there is no difference between the REF and the DEP simulations.

The aerodynamic effect can lead to an increase of concentrations up to +23% and a decrease up to

−11% in certain streets.

As the urban tree impact could be higher during heatwaves, it is analyzed in more details during

the heatwave period of June 15 to 18, and compared to the 14-day period. Figure 4.10 shows series

of box-plots of MRD of isoprene concentrations averaged either on a) all streets or b) streets with

trees, during the all 14-day period (left part), and the heatwave (June 15 to 18) (right part) for each

simulation. Note that to maintain the visibility of the figures, outliers, that can be numerous, are

not displayed on the box-plots for all chemical species. They are, nevertheless, taken into account

in the calculation of the statistics and in the other figures.
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Figure 4.10: Box-plots of the Mean Relative Difference (MRD) of isoprene concentrations in a) all
streets and b) streets with trees for each simulation. Concentrations are averaged from June 13 to 26
(left panel) and during the heatwave period (June 15 to 18) (right panel). The mean is represented
by a white triangle and the result of a T-test between each simulation with trees and the reference
simulation is indicated at the top of each box-plot ’∗ ∗ ∗’: p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’:
p-value < 0.05 and ’ns’ (non-significant): p-value ≥ 0.1.

Figure 4.10 confirms that the increase in isoprene concentration is mainly due to the biogenic

emissions. This increase is larger in streets containing trees (Fig. 4.10b), and during the 4-day

heatwave, because isoprene emissions increase with temperature and solar radiation (Fig. 4.7).

Despite the low impact of the aerodynamical effect and deposition on isoprene concentrations, they

are slightly higher in the simulation with the 3 tree effects (3EFF) than in the simulation with

only BVOC emissions. Indeed, in the AERO simulation, the tree aerodynamic effect can only affect

the isoprene emitted by traffic and in the 3EFF simulation, the aerodynamic effect also influences

biogenic isoprene emitted by the trees, as quantified in Appendix 4.C.

On average over the 8-week period, taking into account the effects of trees, isoprene concentrations

increase very significantly at both the street and the regional scales (Fig. 4.11). Note that there

is no difference between the 3EFF and 3EFF TX2 simulations because unlike monoterpenes and

sesquiterpenes, isoprene emissions are the same in the two simulations.
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Figure 4.11: Average background and street isoprene concentrations (06/06 to 31/07/22) simulated
with CHIMERE/MUNICH a) without trees (REF) and b) with all tree effects (3EFF) and c) mean
relative difference between the two. Panels d), e) and f) show the same results with TX2 scenario.

Fig. 4.12 presents the temporal variation of isoprene concentrations measured and simulated at

Paris City Hall (Hôtel de Ville, HdV). Isoprene and monoterpene (Fig. 4.16) concentrations are

measured in the ambient air by Proton-transfer-reaction mass spectrometry (PTR-MS) in the HdV

station. Hourly averages of measurements are calculated to compare to simulated concentrations.

In the reference simulations (dotted line), concentrations are very low because anthropogenic iso-

prene emissions and isoprene background concentrations are low. The isoprene concentrations

increase to an order of magnitude close to observations by including of urban tree biogenic emis-

sions. During the heatwave (from June 15 to 18), concentrations are overestimated by up to a

factor 3 probably because isoprene emissions are also overestimated. This was also the case in the

Chapter 3, where compared to measurements at PRG, isoprene concentrations are overestimated

on June, 16, 17, 19 and 20 but largely underestimated on June 18. As the temperature and global

radiation are not overestimated by the model (Fig. 4.6 and concentrations on other days are rather

well simulated, this overestimation might come from the emission parameterizations. In fact, the

effect of water stress could significantly reduce isoprene emissions during this period and is not

currently taken into account. Besides, the simulated concentrations are much larger during the

day than during the night, strongly under-estimating the night-time concentrations compared to

measurements. The low night-time concentrations in the simulations can be explained by the fact

that isoprene is mainly emitted by vegetation during the day and is highly reactive. During night
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time, isoprene emissions from traffic are low because traffic is much lower than during day time.

Further work is needed to identify the cause of the discrepancy between measured and simulated

isoprene concentrations at night.
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Figure 4.12: Temporal evolution of measured (black dots) and simulated with MUNICH (lines)
isoprene concentrations in Paris Hôtel de Ville.

The inclusion of urban trees largely improves the estimation of isoprene concentrations, as shown

by the statistical comparison of the simulations with the observations presented in Table 4.4. The

normalized absolute difference (NAD) and the correlation (R) are improved, but the overestimation

of isoprene concentrations some days induced a positive bias and a slightly higher root mean square

error (RMSE).

Table 4.4: Comparison of isoprene concentrations observed and simulated at HdV with and without
urban trees and TX2 scenario. The definition of the statistical indicators is given in Appendix 4.D
and n = 619.

simulation

mean conc. σ conc.
RMSE NAD Bias R

obs mod obs mod

µg.m−3 µg.m−3 µg.m−3 - µg.m−3 -

REF

3.56

0.14

2.5

0.28 4.46 0.92 −3.62 0.39

REF TX2 0.15 0.28 4.46 0.92 −3.61 0.38

3EFF 6.22 8.22 5.71 0.41 1.5 0.65

3EFF TX2 6.19 8.16 5.65 0.41 1.47 0.65
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Concerning monoterpenes, urban biogenic emissions have a large impact on concentrations, up to

+106% in the BVOC simulation compared to the reference (Fig. 4.13). The impact of dry deposition

is low, and the aerodynamic effect of trees leads to an increase of concentrations by up to +11% or

a decrease by up to −15% in some streets, but is not significant at the city scale.
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Figure 4.13: a) Average monoterpene concentrations in the reference simulation (REF) and mean
relative difference (MRD) of monoterpene concentrations between the simulation b) with tree aero-
dynamic effect (AERO), c) with dry deposition on leaves (DEP), d) with urban tree biogenic
emissions (BVOC) and the REF simulation without trees averaged from June 13 to 26.
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As for isoprene, this increase of monoterpene concentrations due to biogenic emissions is larger

in street containing trees and during the heatwave (Fig. 4.14). The tree aerodynamic effect also

influences the monoterpene emissions from trees in streets (Appendix 4.C).

AERO DEP BVOC 3EFF AERO DEP BVOC 3EFF
0

10000
20000
30000
40000
50000
60000
70000

M
RD

 o
f m

on
ot

er
pe

ne
 c

on
ce

nt
ra

tio
n 

(%
)

ns ns *** *** ns ns *** ***

all period heatwavea) All streets

AERO DEP BVOC 3EFF AERO DEP BVOC 3EFF
Simulation

0

20000

40000

60000

80000

100000

120000

M
RD

 o
f m

on
ot

er
pe

ne
 c

on
ce

nt
ra

tio
n 

(%
)

ns ns *** *** ns ns *** ***
b) Streets with trees

Figure 4.14: Box-plot of the Mean Relative Difference (MRD) of monoterpene concentrations in
a) all streets, b) streets with trees and c) streets without tree for each simulation. Concentrations
are averaged from June 13 to 26, on the all period (left part), during daytime (middle part) and
nighttime (right part). The mean is represented by a white triangle and the result of a T-test
between each simulation with trees and the reference simulation is indicated at the top of each
box-plot ’∗ ∗ ∗’: p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant):
p-value ≥ 0.1.
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A map of the 8-week average monoterpene background and street concentrations simulated with

CHIMERE/MUNICH with and without trees is presented in Fig. 4.15. The monoterpene concen-

trations of the REF simulation are very low without urban trees except in western Paris, around

the Boulogne wood and the forests of southwestern Paris (Fig. 4.15a). The addition of urban trees,

and mainly monoterpene emissions, increase very largely the concentrations both in the streets and

the background, as shown in Fig. 4.15b and c. As for isoprene, this increase is mainly due to the

addition of biogenic emissions since there is no dry deposition on leaves and the aerodynamic effect

of trees leads to a variation of monoterpene concentrations between −15% and +11% (Fig. 4.9 and

4.10). The increase is larger during heatwaves due to higher emissions (Fig. 4.10). In the TX2

scenario, as monoterpene emissions are doubled, monoterpene concentrations are much higher (Fig.

4.15e). The relative impact of urban trees is also a little higher especially inside Paris city (Fig.

4.15f).

Figure 4.15: Average background and street monoterpene concentrations (06/06 to 31/07/22) sim-
ulated with CHIMERE/MUNICH a) without trees (REF) and b) with all tree effects (3EFF) and
c) mean relative difference between the two. Panels d), e) and f) show the same results with TX2
scenario.
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Figure 4.16 shows a comparison of observed and simulated hourly monoterpene concentrations at

Paris HdV station. The statistical comparison of the different simulations to observations is pre-

sented in Table 4.5. As for isoprene, the concentrations of monoterpenes in the reference simulation

are low and underestimated compared to the measurements. The addition of local monoterpene

emissions from urban trees allows to better simulate the observed concentrations, especially when

monoterpene concentrations are doubled in TX2 scenario (Table 4.5). The concentration peak

during the heatwave around the 18th of June is rather well simulated by MUNICH. However con-

centration increases on the 8th, 13th, 29th of June and 2nd, 4th of July are not simulated by the

model. Overall, as there are also uncertainties in monoterpene measurements, the monoterpene

concentrations are reasonably well simulated with the TX2 scenario. This comparison suggests that

monoterpenes concentrations are very sensitive to local emissions. It would therefore be important

to quantify and characterize the missing trees in Paris (∼ 30%) and its suburbs.

09-06 12-06 15-06 18-06 21-06 24-06 27-06 30-06 03-07 06-07
Date

0

1

2

3

4

m
on

ot
er

p.
 c

on
ce

nt
ra

tio
ns

 (µ
g.

m
3 )

obs
REF
REF TX2
3EFF
3EFF TX2

Figure 4.16: Hourly evolution of measured (black dots) and simulated (lines) monoterpene concen-
trations at Paris HdV station.

Table 4.5: Comparison of monoterpene concentrations observed and simulated at HdV with and
without urban trees and TX2 scenario. The definition of the statistical indicators is given in
Appendix 4.D.

simulation

mean conc. σ conc.
RMSE NAD Bias R

obs mod obs mod

µg.m−3 µg.m−3 µg.m−3 - µg.m−3 -

REF

0.96

0.03

0.57

0.08 1.12 0.94 −0.97 0.35

REF TX2 0.08 0.20 1.08 0.86 −0.92 0.34

3EFF 0.29 0.20 0.92 0.59 −0.74 0.39

3EFF TX2 0.59 0.42 0.73 0.34 −0.47 0.4

Due to the addition of biogenic emissions from urban trees, the effect on biogenic concentration

is, as expected, very significant. The next section focuses on the impact of trees on NO2 and O3

concentrations.
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4.3.3 Tree effects on NO2 and O3 concentrations

To estimate the impacts of urban trees on NO2 and O3 concentrations, the relative impact of each

individual tree effect is quantified over the Paris street network on average over 14 days in Figures

4.17 and 4.21, and during the 4-day heatwave in the Figures 4.18 and 4.23. The overall tree effects

are evaluated for the 2-month average concentrations in Figures 4.19, 4.24.
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Figure 4.17: a) Average NO2 concentrations in the reference simulation (REF) and mean relative
difference (MRD) of NO2 concentrations between the simulation b) with tree aerodynamic effect
(AERO), c) with dry deposition on leaves (DEP), d) with urban tree biogenic emissions (BVOC)
and the REF simulation without trees averaged from June 13 to 26.

Figures 4.17 and 4.18 show that the predominant tree impact that affects NO2 concentrations is

the aerodynamic effect. Depending on the street, it leads to an increase up to +37%, but also to

a decrease, which can reach −12% (Fig. 4.17). This effect is especially significant in the streets

including trees (Fig. 4.18). The effect of dry deposition of NO2 on tree leaves leads to a decrease

of concentrations up to −2.5%, and it is not significant at the city scale (Fig. 4.18). Although

biogenic emissions, particularly isoprene, can have an impact on NO2 concentrations through the

ozone cycle, this effect is low, as shown by the mean relative difference of the BVOC and the REF

simulation, which does not exceed ±1%. The impact of trees on NO2 concentrations is therefore

related to the aerodynamic effect and it is not much impacted by the heatwave (Fig. 4.18).
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Figure 4.18: Box-plot of the Mean Relative Difference (MRD) of NO2 concentrations in a) all streets,
b) streets with trees and c) streets without tree for each simulation. Concentrations are averaged
from June 13 to 26, over the whole period (left part), during daytime (middle part) and nighttime
(right part). The mean is represented by a white triangle and the result of a T-test between each
simulation with trees and the reference simulation is indicated at the top of each box-plot ’∗ ∗ ∗’:
p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value ≥ 0.1.

The effect is similar over the whole period, as shown in Fig. 4.19. It presents the 8-week average NO2

concentrations with and without trees along with the relative difference between the two simulations.

The increase in NO2 concentrations is rather well correlated with the street LAI, which is the main

tree characteristic involved in the aerodynamic effect (Fig. 4.4). Because NO2 is emitted in the

street by traffic, its dispersion is limited by the presence of trees. In order to quantify the influence

of the NO2 emission intensity on the amplitude of the tree aerodynamic effect, the temporal average

of the mean relative difference between the NO2 concentrations between the simulations AERO and

REF (MRD AERO) is plotted as a function of the street LAI and of the NO2 emissions in Fig. 4.20.

It shows that in treeless streets (LAIstreet = 0), the MRD AERO is globally between ±10% and it

seems quite independent of the intensity of emissions. This variability observed in treeless streets

could be a consequence of transport of concentrations between adjacent streets. In streets where

NO2 emissions are low, the tree aerodynamic effect is relatively low (between about +5 and −10%)

for all LAIs. When NO2 emissions are higher, a strong aerodynamic effect proportional to LAI is

observed. Other factors influence the aerodynamic effect, such as the street aspect ratio and the

direction of the wind compared to the street. However, on average over the period, the aerodynamic

effect is always significant in high-traffic streets when the LAI exceeds 0.5, and in medium-traffic

streets when the LAI exceeds 1.0 m2
leaf .m−2

street.
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Figure 4.19: Average background and street NO2 concentrations (06/06 to 31/07/22) simulated
with CHIMERE/MUNICH a) without trees (REF) and b) with all tree effects (3EFF) and c) mean
relative difference between the two. Panels d), e) and f) show the same results with TX2 scenario.
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Figure 4.20: Mean relative difference of NO2 concentrations between the simulations AERO and
REF as a function of the street LAI and the average NO2 emission (for each street averaged from
13 to 26/06).
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As shown in the Chapter 3, the urban tree biogenic emissions induce an average increase of back-

ground ozone concentrations of about 1% over Paris. The individual impacts of urban trees on

ozone concentrations at the street scale are shown in Figures 4.21 and 4.23. The aerodynamical

effect leads to a decrease in O3 concentrations in many streets (up to −23%) and to an increase in

others (up to +17%). This effect is more significant in streets containing trees and is anti-correlated

with the increase in NO2 concentrations, as shown in Fig. 4.22 that plots the MRD AERO of O3

depending on the MRD AERO of NO2.
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Figure 4.21: a) Average O3 concentrations in the reference simulation (REF) and mean relative
difference (MRD) of O3 concentrations between the simulation b) with tree aerodynamic effect
(AERO), c) with dry deposition on leaves (DEP), d) with urban tree biogenic emissions (BVOC)
and the REF simulation without trees averaged from June 13 to 26.

Figure 4.22: Mean relative difference
due to aerodynamical effect (MRD
AERO) of O3 concentrations as a func-
tion of MRD AERO of NO2 concentra-
tions (for each street averaged from 13
to 26/06).
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Figure 4.23: Box-plot of the Mean Relative Difference (MRD) of O3 concentrations in a) all streets,
b) streets with trees and c) streets without tree for each simulation. Concentrations are averaged
from June 13 to 26, over the whole period (left part), during daytime (middle part) and nighttime
(right part). The mean is represented by a white triangle and the result of a T-test between each
simulation with trees and the reference simulation is indicated at the top of each box-plot ’∗ ∗ ∗’:
p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value ≥ 0.1.

The effect of the dry deposition on ozone concentrations is very low and does not exceed −2.5%.

However, the Fig. 4.23b shows that the dry deposition is more significant in the streets with trees

(−0.62% on average and up to −2.5%). The biogenic emissions induce an average O3 increase of

+1% which is very homogeneous over the Paris city highlighting the impact of the background

concentrations. This increase is larger during the heatwave period (+2.1%) as shown in Fig. 4.23.

As this is a relative difference compared with a simulation without trees, which already includes

the effect of weather on O3 formation, this increase of concentration during the heatwave is due to

the increase of biogenic emissions. The comparison of the individual tree effects with the combined

effects (3EFF simulation) shows that the three tree effects compensate each other to give an average

tree impact that can be negative, nil or positive depending on the street and time period.

Figure 4.24 shows a comparison of average concentrations with and without trees over the 8-week

simulations. Urban trees lead to a few percent increase in background O3 concentrations overlaid

by lower concentrations in streets where NO2 concentrations increase due to the aerodynamic effect

of trees. The difference with the TX2 scenario is not clearly visible on the map 4.24, and the

doubled monoterpene and sesquiterpenes emissions induce only a slightly higher impact of trees

on O3 concentrations. This suggests that terpenes have a low impact on ozone compared to other

VOCs such as isoprene, which are emitted in larger quantities.
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Figure 4.24: Average background and street O3 concentrations (06/06 to 31/07/22) simulated with
CHIMERE/MUNICH a) without trees (REF) and b) with all tree effects (3EFF) and c) mean
relative difference between the two. Panels d), e) and f) show the same results with TX2 scenario.

Following the study of gaseous species, the impact of trees on particles, and more specifically on

the organic fraction, is quantified in the next section.
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4.3.4 Tree effects on particle concentrations

As the BVOCs emitted by trees may be oxidized leading to the formation of organic particles,

called organic matter (OM), which may increase because of the urban biogenic emissions. The OM

concentration is computed by summing the concentrations of the organic compounds of particles

of diameters lower than 1 µm. Similarly to the previous chemical species studied, the tree effect

on OM concentrations is quantified by calculating and mapping the mean relative difference of the

sensitivity simulations with the reference simulation (Fig. 4.25) and by comparing the different

MRD over the whole period and the 4-day heatwave (Fig. 4.26).
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Figure 4.25: a) Average organic matter (OM) concentrations in the reference simulation (REF)
and mean relative difference (MRD) of OM concentrations between the simulation b) with tree
aerodynamic effect (AERO), c) with dry deposition on leaves (DEP), d) with urban tree biogenic
emissions (BVOC) and the REF simulation without trees averaged from June 13 to 26.

Figure 4.25 shows that the tree aerodynamic effect leads to an increase in OM concentrations mainly

in street with trees (up to +29%) and to a decrease in others (up to −6.3%). The characteristic

time for OM formation in streets from the biogenic species emitted is too long (Wang et al., 2023)

to consider that OM is affected by the tree aerodynamic effect. It is in fact the primary organic

aerosols (POAs), emitted by traffic, whose concentrations are increased by the aerodynamic effect

of the trees. However, statistically at the city scale, this effect is not significant with an average

increase of +0.6% (fig 4.26). The dry deposition of OM on leaves remains limited (up to −2.5%)

and non-significant compared to the other effects, in particular biogenic emissions. The comparison

of the BVOC simulation with the reference shows that OM concentrations are increased quite

uniformly across Paris city by on average +2.2% and up to +13%. The increase reaches +3.8%

during the heatwave period.
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Figure 4.26: Box-plot of the Mean Relative Difference (MRD) of organic matter concentrations in
a) all streets, b) streets with trees and c) streets without tree for each simulation. Concentrations
are averaged from June 13 to 26, over the whole period (left part), during daytime (middle part)
and nighttime (right part). The mean is represented by a white triangle and the result of a T-test
between each simulation with trees and the reference simulation is indicated at the top of each
box-plot ’∗ ∗ ∗’: p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant):
p-value ≥ 0.1.

Figure 4.27 compares the observed and simulated OM concentrations at the HdV station

(48.85574°N, 2.35191°E). The chemical composition of fine particles (PM1) is measured by an Aerosol

Chemical Speciation Monitor (ACSM) in the ambient air. The hourly-average measured concen-

trations of OM are compared with simulated concentrations in Fig. 4.27, which shows that, both

for the unmodified and TX2 emission scenarios, the concentrations of the simulations with all tree

effects (solid lines) are slightly higher than the concentrations of the reference simulations (dotted

lines). Urban trees contribute significantly to the increase in OM concentrations (on average in the

street of the HdV station by 10.6% and 9.5% for TX2). When monoterpene and sesquiterpene emis-

sions are doubled, the simulated concentrations (red lines) compare much better to observations,

especially during the concentration peak around the 18th of June. Note that the highly variable

concentrations, which are measured at the end of June and beginning of July, are not represented

by the model.
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Figure 4.27: Temporal evolution of measured (black dots) and simulated (lines) OM concentrations
at Paris HdV station.

The statistical comparison of simulations and observations presented in Table 4.6 shows that the

inclusion of urban trees improves the comparison to observations. The best agreement between

observed and simulated concentrations is in the TX2 scenario, in particular between June 24 and 27

when monoterpene concentrations compare well to measurements. This suggests that the modeling

of terpene concentrations need to be improved to improve the modeling of OM concentrations.

As simulated terpene concentrations are very sensitive to urban trees, those need to be better

characterized to improve the modeling of OM in summer.

Table 4.6: Comparison of OM concentrations observed and simulated at Paris HdV station with
and without urban trees and TX2 scenario. The definition of the statistical indicators is given in
Appendix 4.D.

simulation

mean conc. σ conc.
RMSE NAD Bias R

obs mod obs mod

µg.m−3 µg.m−3 µg.m−3 - µg.m−3 -

REF

6.45

1.94

4.66

1.62 8.94 0.48 −8.70 0.67

REF TX2 3.29 3.12 5.71 0.24 −4.51 0.66

3EFF 2.08 1.64 8.71 0.46 −8.46 0.67

3EFF TX2 3.50 3.17 5.31 0.22 −4.11 0.66
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Over the 8-week summer period, the effect of urban trees, and in particular their biogenic emissions,

leads to a significant increase of OM concentration. With the TX2 scenario, which gives the best

comparison to measurements, the OM concentrations are increased on average by 4.4% in Paris

streets, as shown in Fig. 4.28.

Figure 4.28: Average background and street organic matter (OM) concentrations (06/06 to
31/07/22) simulated with CHIMERE/MUNICH a) without trees (REF) and b) with all tree ef-
fects (3EFF) and c) mean relative difference between the two. Panels d), e) and f) show the same
results with TX2 scenario.
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Although biogenic urban tree emissions strongly influence OM concentrations, they have a limited

impact on PM2.5 concentrations except in the densely vegetated areas (up to +3%), as shown in Fig.

4.29. The effect of dry deposition on leaves is weak and induces a decrease of PM2.5 concentrations

by up to −1.6%. The aerodynamic effect of trees induces a large increase in PM2.5 concentrations

in some streets (up to +22%) and a small decrease in others (up to −5%) (Fig. 4.30). A part of

PM2.5 are emitted by traffic, so like NO2, they are sensitive to the presence of trees in streets and

to the emission intensity, which explains the heterogeneity obtained.
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Figure 4.29: a) Average PM2.5 concentrations in the reference simulation (REF) and mean relative
difference (MRD) of PM2.5 concentrations between the simulation b) with tree aerodynamic effect
(AERO), c) with dry deposition on leaves (DEP), d) with urban tree biogenic emissions (BVOC)
and the REF simulation without trees averaged from June 13 to 26.
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Figure 4.30: Box-plot of the Mean Relative Difference (MRD) of PM2.5 concentrations in a) all
streets, b) streets with trees and c) streets without tree for each simulation. Concentrations are
averaged from June 13 to 26, over the whole period (left part), during daytime (middle part) and
nighttime (right part). The mean is represented by a white triangle and the result of a T-test
between each simulation with trees and the reference simulation is indicated at the top of each
box-plot ’∗ ∗ ∗’: p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant):
p-value ≥ 0.1.
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Figure 4.31 shows the average global tree effect over the 8 weeks of simulation. The increase in

PM2.5 due to biogenic emissions is visible locally in the background concentrations over densely

vegetated areas (up to +1.6%) and in streets with an increase of +0.8% on average and up to

+21.7%. Doubling monoterpene and sesquiterpene emissions (TX2) leads to an increase of PM2.5

concentrations of +1.2% on average in all streets.

Figure 4.31: Average background and street PM2.5 concentrations (06/06 to 31/07/22) simulated
with CHIMERE/MUNICH a) without trees (REF) and b) with all tree effects (3EFF) and c) mean
relative difference between the two. Panels d), e) and f) show the same results with TX2 scenario.

To summarize, PM2.5 concentrations increase because of biogenic emissions from urban trees and in

particular monoterpene an sesquiterpene emissions that leads to the formation of OM. In addition,

there is an increase in concentrations in streets with trees due to the aerodynamic effect and a small

decrease in adjacent streets.
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4.4 Conclusion

In the literature, a growing number of studies attempt to quantify the effects of trees on air quality in

urban environments. The three main effects of trees, i.e. reduced ventilation (aerodynamic effect),

dry deposition on leaves and biogenic emissions are rarely all taken into account over large urban

areas (Mircea et al., 2023). This study aims to estimate the urban tree effects on air quality at the

street and Paris city scale, which to our knowledge, has never been studied before. Firstly, the three

main effects of urban trees on air quality were added to the modeling chain CHIMERE/MUNICH.

The tree aerodynamical effect in street canyons has been parameterized based on CFD simulations

by Maison et al. (2022b) and is applied here to the city of Paris. The dry deposition of gaseous and

particulate species on street and leaf surfaces is computed with a classical resistive approach. The

characteristics of each tree are computed from the tree inventory of the municipality or Paris along

with urban tree allometric equations (Chapter 3). The BVOC emissions or each tree are estimated

with these computed characteristics along with tree species dependent emission factors and activity

factors for MEGANv3.2 and Guenther et al. (2012). The trees located in the streets emit biogenic

species in the street volume and those outside the streets (in parks, cemeteries etc.) emit in the

background.

The simulations show that the dry deposition reduces the concentrations of gas and particles by at

most a few percents. This decease is only slightly significant for ozone in streets with trees. The

tree aerodynamic effect affects mainly the species emitted in the street either by traffic or trees. The

aerodynamic effect increases with emission intensity and tree LAI. It is significant in streets with

high and medium emissions depending on the LAI, and reaches +37% for NO2. Although ozone is a

secondary pollutant, and is therefore not emitted in the street, concentrations are also modified by

the aerodynamic effect of trees, because of the increase in NOx concentrations and titration. The

tree aerodynamical effect also impacts, but to a lesser extent, isoprene and monoterpene concen-

trations emitted in the streets, and OM and PM2.5 concentrations through the effect on primary

organic aerosols.

As expected, the biogenic emissions from urban trees increase exponentially the concentrations of

isoprene and monoterpenes both in the streets and the background. This increase is higher dur-

ing heatwaves due to higher emissions. Compared with measurements, isoprene concentrations are

globally well estimated, but they tend to be overestimated during the heatwave. However, for

monoterpenes and sesquiterpenes, the scenario where their emissions are doubled leads to the best

correlation between simulated and observed monoterpene concentrations. The urban tree biogenic

emissions do not significantly impact NO2 concentrations and induce a slight increase in O3 street

concentrations of 1% on average over the 14 days and of 2.1% during the 4-day heatwave. The OM

concentrations significantly increase because of biogenic emissions (+2.5% on average over the 14

days and +3.5% during the heatwave). This increase is larger when monoterpene and sesquiterpene

emissions are doubled, and this scenario gives a better comparison to measurements. This suggests

the importance of monoterpenes and sesquiterpenes from urban vegetation in the formation of OM

concentrations in summer.

To summarize, this study shows that trees cannot be considered as an effective solution for reduc-

ing air pollution via leaf deposition. However, there are large uncertainties in the dry deposition

parameterizations used and more measurements of dry-deposition velocities on urban trees at the

leaf scale are necessary. The aerodynamical effect locally increases the concentrations of the species
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emitted in the street. This intensity depend on tree LAI and chemical species emission, suggesting

that the plantation of large trees in streets with heavy traffic should be limited. Finally, the biogenic

emissions induce an increase in ozone (mainly due to isoprene and OVOC emissions) and organic

matter (also due to monoterpene and sesquiterpene emissions), especially during the heatwave pe-

riod. It should be remembered, that there is a large uncertainty on the emission factors of BVOCs

and they vary with the tree species. Therefore, the impact of urban trees on ozone and particulate

concentrations varies greatly from one city to another (Owen et al., 2003; Calfapietra et al., 2013;

Ren et al., 2017). More measurements of emission factors specific to urban trees are needed to lower

down the uncertainties on tree BVOC emission factors, and in particular terpenes. The impact of

biogenic emissions is larger in the background over the city of Paris, and variations in ozone and OM

concentrations are rather homogeneous over all streets. It would be interesting to study different

tree species planting scenarios to see if certain species can limit these impacts.

Fairly significant assumptions are made in calculating biogenic emissions, notably that leaf surface

temperature is equal to air temperature. The solar radiation reaching the leaves is assumed to

be equal to the incoming solar radiation above the street, neglecting the effects of reflections be-

tween street surfaces and building shading. The overestimation of isoprene concentrations observed

could be due to the effect of water stress on trees, which could reduce isoprene emissions, and it

is not considered in this chapter. The urban canopy model used in WRF is also relatively simple.

Indeed, only a term of anthropogenic sensible heat is added and there is no consideration of all

processes affecting the urban climate (dark materials, radiation reflections on buildings etc.). The

urban micro-climate representation and the biogenic emissions computation will be refined in the

Chapter 5 by coupling MUNICH to the Town Energy Balance Model (TEB) (Masson, 2000) and

the soil-plant-atmosphere continuum SPAC (Tuzet et al., 2017).
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4.A List of measurement stations

Table 4.7: Location of HdV and Airparif air-quality stations with the species measured and used in
this study. All stations are of traffic type.

station address city/district location species measured

Hôtel de Ville (HdV) PARIS 4eme 48.855752°N, 2.351913°E NO2, OM, C5H8, MTs

Quai des Célestins PARIS 4eme 48.852557°N, 2.359963°E NO2

Rue Bonaparte PARIS 6eme 48.856281°N, 2.334484°E NO2

Avenue des Champs Elysées PARIS 8eme 48.868608°N, 2.311339°E NO2, PM10

Boulevard Haussmann PARIS 9eme 48.873316°N, 2.330433°E NO2, PM2.5, PM10

Boulevard Soult PARIS 12eme 48.837948°N, 2.408196°E NO2

Boulevard Périphérique Est PARIS 12eme 48.838523°N, 2.413070°E NO2, PM2.5, PM10, OM

Place Victor Basch PARIS 14eme 48.827796°N, 2.327492°E NO2, PM10

Boulevard Périphérique Auteuil PARIS 16eme 48.849938°N, 2.252514°E NO2, PM2.5, PM10

Route Nationale 2 Pantin 93500 PANTIN 48.902323°N, 2.390601°E NO2, PM10
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Figure 4.32: Map of the street aspect ratio (H/W ) in Paris street network with location of the
Airparif and HdV stations and Qualair platform (crosses).
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4.B Computation of the dry deposition of gas and aerosols on

street and leaf surfaces

4.B.1 Dry deposition of gaseous species

For each street, the dry deposition flux of a gas i on each surface ⋄, Qdep,⋄ (in µg.s−1), is computed

as:

Qi
dep,w = Sw v

i
d,w C

i
street, (4.9)

Qi
dep,g = Sg v

i
d,g C

i
street, (4.10)

Qi
dep,t = St v

i
d,tC

i
street, (4.11)

where ⋄ = w stands for wall, g for ground and t for tree leaves. S⋄ is the area of each component

of the street (m2), Sw = 2HL, Ss = WL and St = LAs. C
i
street is the average street concentration

of the gas i (in µg.m−3). The list of gaseous compounds that can be deposited and their associated

model parameters are presented in Table 4.9.

For gases, the deposition velocities vid,⋄ (m.s−1) are calculated as:

vid,w =
1

Ri
b,w +Ri

g,w

, (4.12)

vid,s =
1

Ri
b,s +Ri

g,s

, (4.13)

vid,t =
1

Ri
b,t +Ri

s,t

, (4.14)

with:

Ri
b,⋄ the quasi-laminar sublayer resistance, computed from Hicks et al. (1987); Wesely et al. (1977)

Ri
g,⋄ the ground or wall surface resistance, computed from Zhang et al. (2002, 2003)

Ri
s,t the tree leaves surface resistance that includes the stomatal Ri

sto (Wesely, 1989), the cuticular

Ri
cut (Zhang et al., 2003) and the mesophyll Ri

mes (Wesely, 1989) resistances:

1

Ri
s,t

=
1

Ri
sto +Ri

mes

+
1

Ri
cut

. (4.15)

All the resistances are in s.m−1 and the corresponding resistive scheme is shown in Fig. 4.33. As

the street concentration is considered homogeneous in the street, no aerodynamical resistance is

included inside the street. The aerodynamical resistance between the street and the background

(see Fig. 4.33) corresponds to the turbulent transfer between the background and the street, which

is computed by the vertical transfer coefficient qvert (sections 2.2 and 2.3). The computation of each

resistance is detailed in the following paragraphs.

- Quasi-laminar sublayer resistance

The transfer resistance in the boundary layer above the street or tree leaf surfaces, Ri
b,⋄, is computed

from Hicks et al. (1987) as:

Ri
b,⋄ =

1

κu∗,⋄

(
Si
c

Pr

)p

, (4.16)
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Figure 4.33: Diagram of the resistive scheme used to compute dry deposition of gas and aerosols on
street and tree leaves surfaces. Leaf scheme modified from Barragán et al. (2018).

where Si
c is the Schmidt number and Pr is the Prandtl number for air (Wesely et al., 1977):

Si
c =

ν

Di
, (4.17)

Pr = 0.74, (4.18)

where ν is the kinematic viscosity of air (ν = 0.15 cm2.s−1) and Di is the molecular diffusivity of

the gas i. p is equal to 2
3 (Baldocchi et al., 1987) and u∗,⋄ is the friction velocity over the surface

and is estimated from the wind speed profile parameterized in the sections 2.2 and 2.3 (see Section

4.B.3 for the detailed calculation).

- Ground or wall surface resistance

The surface resistance of the street ground and walls, Ri
g, is estimated for each compound according

to SO2 and O3 surface resistances (RSO2
g and RO3

g in s.m−1) from Zhang et al. (2002, 2003). RSO2
g

is dependent on surface wetness (dew deposition or wet surface after rain). As these processes are

not taken into account in the model, dry wall and ground surfaces are considered here. For dry

surfaces RSO2
g = 300 and RO3

g = 500 s.m−1. The wall and ground surface resistances are considered

equal and are computed for a gas i as:

Ri
g =

(
αi

RSO2
g

+
βi

RO3
g

)−1

, (4.19)

where αi and βi are dimensionless coefficients (Table 4.9). When the air temperature (Tair in °C)

is low, the following correction is applied:

If Tair < −1°C, Ri
g(Tair) = Ri

g exp (−0.2 (1 + Tair)) . (4.20)
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- Cuticular resistance

The cuticle is the waxy outer layer that covers and protects the leaf epidermis. It is impermeable

to gases, which cannot pass through it but can be deposited on it. The cuticular resistance of a

gaseous compound i, Ri
cut, is computed depending on SO2 and O3 resistances based on Zhang et al.

(2003) as:

Ri
cut =

(
αi

RSO2
cut

+
βi

RO3
cut

)−1

, (4.21)

where RO3
cut and RSO2

cut are computed:

Rx
cut =

Rx
cutd0

exp (0.03RH)LAI1/4 u∗,t
if dry surface. (4.22)

LAI is the tree Leaf Area Index (m2
leaves.m

−2
sol ) and RH is the air relative humidity (-). x stands for

SO2 or O3 and u∗,t is the friction velocity at tree crown level (computed in Section 4.B.3). RSO2
cutd

and RO3
cutd

depend on the tree type and are listed in the Table 4.8 for dry surfaces. A correction is

applied when the air temperature (Tair in °C) is low:

If Tair < −1°C, Ri
cut(Tair) = Ri

cut ∗ exp (−0.2 (Tair + 1)) . (4.23)

- Stomatal resistance

Depending on light and meteorological (temperature, humidity and wind) conditions, stomata, that

are small pore located on the leaves, open to allow gas exchange necessary for photosynthesis.

They give access to a maze of gaps in which air is saturated with water. Other gases than H2O,

O2 and CO2 can enter ; and the stomatal resistance for a compound i, Ri
sto, is computed from

the stomatal resistance for water vapor (RH2O
sto ) and the compound (Di) and water vapor (DH2O)

molecular diffusivities (cm2.s−1) as (Wesely, 1989):

Ri
sto = RH2O

sto

DH2O

Di
. (4.24)

RH2O
sto is calculated:

RH2O
sto = RH2O

stomin
(1 + (200(G+ 0.1)−1)2)(400(Ts(40 − Ts))

−1), (4.25)

where RH2O
stomin

is the minimal stomatal resistance for water vapor, that depends on tree species (Table

4.8) in s.m−1, G the downwards solar radiation in W.m−2, and Ts is the air temperature near the

leaves surface (in ◦C). In MUNICH, this temperature is approximated by the air temperature, so

Ts = Tair. If Ts > 40◦C, stomata are closed and a high value of Ri
sto is fixed.

- Mesophyll resistance

The gas that enter in the leaf through the stomata can be deposited on the mesophyll tissues. The

mesophyll resistance, Ri
mes, is computed from Wesely (1989) as:

Ri
mes =

(
H∗i

3000
+ 100 f0

i

)−1

, (4.26)

where H∗i is the Henry constant and f0
i is the reactivity factor (Table 4.9). These coefficients

depend on compound species and take into account the compound solubility and reactivity.
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Table 4.8: List of resistance values used to computed dry deposition of gas on dry tree leaves
according to tree type (s.m−1) (Zhang et al., 2003).

Tree type RSO2
cutd0

RO3
cutd0

RH2O
stomin

evergreen needleleaf trees 2000 4000 250

evergreen broadleaf trees 2500 6000 150

deciduous needleleaf trees 2000 4000 250

deciduous broadleaf trees 2500 6000 150

mixed broadleaf and needleleaf trees 2500 6000 250

Table 4.9: List of gaseous species that are deposited on street and tree leaf surfaces with associated
model parameters.

gas species D α β H∗ f0

CO 0.18 0.01 0.0 103 0.0

NH3 0.20 1.0 0.0 62.0 0.0

NO2 0.14 0.0 0.8 1.2 10−2 0.1

O3 0.14 0.0 1.0 1.14 10−2 1.0

H2O2 0.16 1.0 1.0 1.02 105 1.0

HNO3 0.12 10.0 10.0 2.1 105 0.0

HONO 0.14 2.0 2.0 49.0 0.1

NO 0.17 0.0 0.0 1.9 10−3 0.0

PAN 0.08 0.0 0.6 5.0 0.1

SO2 0.12 1.0 0.0 1.23 0.0

HCL 0.14 1.0 0.0 1.10 -

POAlP 0.0634 0.0 0.05 1.6 105 0.1

POAmP 0.0634 0.0 0.05 1.6 105 0.1

POAhP 0.0634 0.0 0.05 1.6 105 0.1
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4.B.2 Dry deposition of aerosols

As for gases, the dry deposition flux of a particle j on each surface ⋄, Qdep,⋄, is computed as:

Qj
dep,w = Sw v

j
d,w C

j
street, (4.27)

Qj
dep,g = Sg v

j
d,g C

j
street, (4.28)

Qj
dep,t = St v

j
d,tC

j
street, (4.29)

where ⋄ = w stands for wall, g for ground and t for tree.

The deposition velocities are calculated from the sedimentation velocity (vjs in m.s−1) and the

surface resistance (Rj
s⋄ in s.m−1):

- For the street ground and tree leaves (Venkatram and Pleim, 1999):

vjd,⋄ =
vjs

1 − exp
(
−vjs ×Rj

s⋄

) . (4.30)

- For the walls, the sedimentation velocity is not considered:

vjd,w =
1

Rj
sw

. (4.31)

The sedimentation velocity calculation is detailed in Appendix 4.B.2 and the surface resistance is

calculated from the friction velocity near the surface, u∗,⋄ (in m.s−1) and from four dimensionless

coefficients that each represent a different physical process according to the Zhang et al. (2001)

parameterization:

Rj
s⋄ =

1

ε0 u∗,⋄

(
Ej

im⋄ + Ej
in⋄ + Ej

b⋄

)
Rj

r⋄

, (4.32)

where ε0 = 3 for all surface type. Ej
im⋄ is the impaction efficiency coefficient, Ej

in⋄ the interception

efficiency coefficient, Ej
b⋄ the Brownian diffusion efficiency coefficient. A Rj

r⋄ coefficient is added to

account for the particle rebound. The computation of each coefficient is developed in the following

paragraphs. The expression of these coefficients is the same for street ground, walls and tree leaves,

but some of the parameters listed in Table 4.10 differ.

- Impaction efficiency coefficient

The impaction efficiency coefficient of a particle j, Ej
im⋄ , is expressed as:

Ej
im⋄ =

(
Stj⋄

α⋄ + Stj⋄

)β

, (4.33)

where β is a dimensionless constant equal to 2.0 for all surfaces, α⋄ is a dimensionless constant

depending on surface type (Table 4.10) and Stj⋄ is the Stokes number (-) computed depending of

the characteristic radius of the collection surface, A⋄ (in m) (Table 4.10), as:
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Stj⋄ =
vjs u2∗,⋄
g ν

if A⋄ = 0 (smooth surface), (4.34)

Stj⋄ =
vjs u∗,⋄
g A⋄

otherwise (rough surface). (4.35)

where ν is the kinematic viscosity of air here in m2.s−1 and u∗,⋄ is the friction velocity near the

surface in m.s−1 (Section 4.B.3).

- Interception efficiency coefficient

The interception efficiency coefficient of a particle j, Ej
in⋄ , is calculated as:

Ej
in⋄ = 0, if A⋄ = 0 (4.36)

Ej
in⋄ =

1

2

(
dj
A⋄

)2

, otherwise (4.37)

where dj is the particle diameter (m).

- Brownian diffusion efficiency coefficient

The Brownian diffusion efficiency coefficient of a particle j, Ej
b⋄ , is expressed as:

Ej
b⋄ = Scj⋄

−γ⋄ . (4.38)

- Rebound coefficient

The rebound coefficient of a particle j, Rj
r⋄ , is computed depending on the Stokes number as:

Rj
r⋄ = exp

(
−2
√
Stj⋄

)
. (4.39)

- Sedimentation velocity

Both for street ground and tree leaves, the sedimentation velocity is expressed as:

vjs =
ρj d

2
j g Cuj

18µ
, (4.40)

with:

ρj and dj the particle density (kg.m−3) and diameter (m), g = 9.81 m.s2 gravity acceleration, µ

dynamic viscosity of air (kg.m−1.s−1) and Cuj the Cunningham number (-):

Cuj = 1 +
2λ

dj

(
1.257 + 0.4 exp

(
−0.55

dj
λ

))
, (4.41)

with λ the mean free path in air (m):

λ = 2
µ

Pair

(
8

πRairTair

)−0.5

. (4.42)

Tair and Pair are the air temperature (K) and pressure (Pa) and Rair = 287.05 J.K−1.kg−1 is the

specific constant of the dry air.
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Table 4.10: List of resistance values used to computed dry deposition of aerosols on tree leaves
according to tree type (Zhang et al., 2001).

Land-use category A α γ

Unit m - -

urban 0.01 1.5 0.56

evergreen needleleaf trees 0.002 1.0 0.56

evergreen broadleaf trees 0.005 0.6 0.58

deciduous needleleaf trees 0.002 1.1 0.56

deciduous broadleaf trees 0.005 0.8 0.56

mixed broadleaf and needleleaf trees 0.005 0.8 0.56

4.B.3 Computation of the surface friction velocity

To compute the deposition fluxes, the friction velocity near street surfaces (street ground, walls

and tree leaves) needs to be estimated. Indeed, friction velocity is an important parameter which

influences the deposition of both gas and aerosols on the different street surfaces (see equations in

Appendices 4.B.1 and 4.B.2). To be consistent, the friction velocities near the different surfaces are

estimated based on the same parameterizations developed in the sections 2.2 and 2.3.

In the street, the friction velocity vertical profile is expressed from the turbulent flux τ which is the

product of the eddy diffusivity coefficient, K, and the derivation of the horizontal wind speed ∂U
∂z :

τ(z) = K(z)
∂U(z)

∂z
= u∗(z)2. (4.43)

Knowing K(z) and ∂U(z)
∂z , a vertical profile can be calculated. According to the parameterizations

developed in sections 2.2 and 2.3, K(z) is computed from the mixing length profile lm(z) and from

the friction velocity above the urban canopy u∗c :

K(z) = u∗c lm(z) with lm(z) = κ z sH . (4.44)

Equations (4.43) and (4.44) give:

u∗c κ z sH
∂U

∂z
= u∗(z)2, (4.45)

and the vertical profile of the friction velocity in the street is computed as:

u∗(z) =

√
u∗c κ z sH

∂U

∂z
, (4.46)

with
∂U

∂z
=
g(z)

2z
[C1I1(g(z)) − C2K1(g(z))] , (4.47)

where g is a function of z and the canopy density, C1 and C2 are dimensionless integration coeffi-

cients, I1 and K1 are the first and second type modified Bessel functions of order 1 as detailed in

sections 2.2 and 2.3 and in Wang (2012, 2014). For walls and street ground, the friction velocity is

computed at z = z0s , where z0s is the surface roughness length (m). For tree crown, it is computed

at z = h, where h is the height of the middle of the tree crown, computed from the top tree height

and trunk height as h = htk + hmax−htk
2 (see Chapter 5). Note that the friction velocity profile

continuity is ensured at the building height altitude, i.e. at z = H, u∗(H) = u∗c .
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4.C Impact on tree aerodynamical effect on isoprene and monoter-

pene emissions in the street

To assess the impact of the aerodynamic effect on the biogenic isoprene emitted in the streets, the

MRD between the simulations 3EFF and BVOC, which quantifies the aerodynamic effect considering

isoprene emissions from both traffic and trees, is compared to the MRD between the simulations

AERO and REF, which quantifies the aerodynamic effect considering only isoprene emissions from

traffic, in Table 4.11. It shows that the minimum of MRD is lower and the average is higher when

isoprene BVOC emissions are taken into account, corresponding to higher aerodynamic effect.

Table 4.11: Comparison of the minimum, average and maximum mean relative difference (MRD) of
isoprene concentrations in the street network due to the tree aerodynamical effect (AERO) without
(left column) and with (right column) BVOC emissions.

MRD AERO traffic

emissions only

MRD AERO traffic +

BVOC emissions

min −11.0 −23.0

mean 0.5 1.8

max 22.8 55.7

As for isoprene, the aerodynamical effect of trees is higher when monoterpene biogenic emissions

from trees are taken into account (Table 4.12). In the homogeneous version of MUNICH used here,

all the emissions are diluted in the street volume. Therefore, the tree aerodynamical effect limits

in the same way the dispersion of the compounds emitted by traffic or by the trees. To better

take into account the vertical gradients of concentrations inside the street, a discretized version of

MUNICH, in which the street is divided into 3 sub-volumes, should be used (Sarica et al., 2023). In

this more realistic version, traffic emissions are added in the grid close to the ground, and it would

be desirable to add the tree biogenic emissions at the vertical level of the tree crowns.

Table 4.12: Comparison of the minimum, average and maximum mean relative difference (MRD) of
monoterpene concentrations due to the tree aerodynamical effect (AERO) without and with BVOC
emissions.

MRD AERO traffic

emissions only

MRD AERO traffic +

BVOC emissions

min −15.3 −27.2

mean −0.2 2.7

max 11.2 56.6
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4.D Definition of the statistical indicators

To compare the simulation results to measured data, classical statistical indicators are computed

where obsi and simi are respectively the hourly observed and simulated concentrations. n is the total

number of concentrations and obs and sim are the average observed and simulated concentrations.

- Root Mean Square Error (same unit as the concentration):

RMSE =

√√√√ 1

n

n∑

i=1

(obsi − simi)
2. (4.48)

- Normalized Absolute Difference (dimensionless):

NAD =

n∑
i=1

|obsi − simi|
n∑

i=1
obsi +

n∑
i=1

simi

. (4.49)

- Bias (same unit as the concentration):

Bias =
1

n

n∑

i=1

(simi − obsi). (4.50)

- Correlation coefficient (dimensionless):

R =

n∑
i=1

[(
simi − sim

) (
obsi − obs

)]

√
n∑

i=1

(
simi − sim

)2 n∑
i=1

(
obsi − obs

)2
. (4.51)

To compare the simulations with trees to the reference simulation without tree, the Mean Relative

Difference (MRD in %) between two simulations is calculated as:

MRD = 100 ×
n∑

i=1

(
simti − refi

simti

)
, (4.52)

where refi and simti are respectively the hourly concentrations simulated without and with trees

and n is the total number of concentrations.

The average (x) and standard deviation (σ) of observed or simulated hourly concentrations xi are

calculated as (with same unit as the concentration):

x =
1

n

n∑

i=1

xi and σ =

√√√√ 1

n

n∑

i=1

(xi − x)2. (4.53)
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Towards a finer representation of the
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5.1 Introduction

By intercepting radiation and evapotranspiration, urban trees help to reduce temperatures and

improve thermal comfort. They appear to be an effective solution for mitigating the urban heat

island. For those reasons, the impacts of the urban vegetation, and more specifically of trees, on

city climate is increasingly being studied. Few studies take into account the major impacts of trees

on both climate and air quality, and even fewer consider the impact of trees over an entire city.

On the other hand, local urban air-quality models take mesoscale meteorological data as input.

They recalculate pollutant transfer velocities at a street scale, but do not compute a street-specific

energy balance to estimate the street’s own micro-meteorology. However, the interactions between

air quality and meteorology are close at various levels. First, chemical reactions are dependent on

temperature, humidity and pressure. A change in the urban climate can therefore lead to changes in

chemical kinetics and aerosol dynamics and hence in concentrations. Then, the impacts of trees on

the street micro-meteo could also impact the concentrations. Above all, BVOC emissions, that are

computed with the weather data of the mesoscale model, should be impacted if the leaf temperature

and the effective radiation received by the tree inside the street are considered. Besides, with models

that compute urban soil and vegetation water budget, it is possible to add the effect of water stress

on isoprene emissions. Then, the shade created by buildings (and trees) modifies not only the

temperatures but can also affect photolysis in the street. Finally, a more detailed computation

of the fluxes between the surface and the atmosphere could have a significant effect on pollutant

concentrations. In fact, pollutant concentrations in the street are very sensitive to atmospheric

stability which determines the level of turbulence and hence the transport of pollutants. A better

estimate of temperatures and latent and sensible heat fluxes should improve the estimation of the

street concentrations. The objectives of this study are multiple. First, by coupling the air-quality

model MUNICH and the urban energy balance model TEB, we will try to improve the representation

of the street micro-meteorology and its impact on pollutant concentrations in MUNICH, initially

without trees, and then by adding trees. TEB is also coupled to the soil-plant-atmosphere model

(SPAC) to better simulate the water transfers in the trees and estimate tree water stress. The

energetic and hydraulic functioning of urban trees during the summer 2022 will be analyzed and

simulated by TEB-SPAC, whose output fields are used as forcing data for MUNICH simulations of

air quality. The biogenic emissions, previously calculated with the air temperature and incoming

solar radiation above the street, are estimated more accurately by taking the leaf surface temperature

and the effective radiation received by the leaves (accounting for reflections and shade effects).

Finally, the effect of tree water stress will be added in the isoprene emissions computation.

5.2 Materials & Methods

5.2.1 Presentation of TEB-Veg

In mesoscale atmospheric models, the impacts of cities on the boundary layer can be represented with

varying degrees of complexity, from simple parameterizations of rough bare soil to more complex

multi-layer urban modules such as Martilli et al. (2002). The Town Energy Balance (TEB) scheme

aims to simulate the local-scale urban surface energy balance by resolving the energy budget with

heat and water exchanges for each surface (road, wall and roof) (Masson, 2000; Lemonsu and

Masson, 2002). It is originally a single-layer module where the urban canopy is represented by an
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isotropic array of street canyons. To account for the vertical effects of buildings, a surface boundary

layer (SBL) scheme was developed by including a drag force approach (Hamdi and Masson, 2008;

Masson and Seity, 2009). It allows the model to simulate vertical profiles of momentum, turbulent

kinetic energy, air temperature, humidity and pressure in and above the street canyon. Then, the

effect of vegetation in the street was added in the model by coupling TEB to the Interaction between

Soil Biosphere and Atmosphere (ISBA) model (Noilhan and Planton, 1989). A fraction of vegetation

was firstly added on the same urban tile but located outside the street canyon without direct micro-

scale interactions (Lemonsu et al., 2004). Then Lemonsu et al. (2012) developed a model version

(TEB-Veg) in which the vegetation (lawn) is directly included inside the street canyon. It allows

a more accurate representation of the street canyon, its interactions with vegetation (computation

of shadow effect in the canyon and turbulent fluxes) and the micro-climatic fields. Then, a module

was developed in TEB to simulate the hydrological and energetic impacts of green roofs (De Munck

et al., 2013). Recently, TEB has been improved to include street trees and their impacts on radiative

transfers (Redon et al., 2017) and turbulent fluxes (Redon et al., 2020). The tree cover is represented

by its horizontal coverage fraction in the street and its vertical thickness between the tree trunk

and crown heights. The Leaf Area Index (LAI) is prescribed as input data and tree crowns are

considered to have a rectangular shape, so the Leaf Area Density (LAD) is constant over the

crown thickness. Tree foliage can intercept, reflect, transmit, and absorb incoming radiation and

participates in radiation inter-reflections so it can shade the wall, road, soil and low vegetation. The

tree foliage also modifies the vertical profiles of momentum, turbulent kinetic energy, air temperature

and humidity in the urban canopy. The fluxes are computed following the big-leaf approach used in

ISBA, so homogeneous fluxes are computed by square meters of foliage and there is no interaction

between the leaves within the tree cover (i.e. shade effects). The SBL scheme allows to reallocate

the turbulent fluxes computed with the big leaf approach in ISBA at the crown layer height. Finally,

the hydrological processes taking place in the urban subsoil are represented with the TEB-hydro

scheme (Stavropulos-Laffaille et al., 2018; Bernard, 2021), that allows to take into account, among

other things, the surface runoff going from the roofs and roads into the soil compartment.

TEB and ISBA are both integrated in the externalized land surface modeling system, SURFEX,

developed by Météo-France (Masson et al., 2013) and can be used offline with forcing data or coupled

online with atmospheric models such as Meso-NH (Lac et al., 2018) or AROME (Seity et al., 2011).

5.2.2 Presentation of SPAC

The soil-plant-atmosphere continuum (SPAC) model is a process-based model aiming to simulate

plant energy budget and water balance (Tuzet et al., 2003; Tuzet and Perrier, 2008; Tuzet et al.,

2017). It couples stomatal conductance, water transport through the soil and the plant, and leaf

energy balance. Stomatal conductance is regulated by photosynthesis, inter-cellular carbon dioxide

(CO2) concentration and leaf water status and is computed with a modified Leuning et al. (1995)

model. Stomatal opening is directly linked to the soil water availability via the different hydraulic

potentials of plants, allowing a fine representation of the impact of water stress on transpiration. An

empirical logistic function is used to describe the sensitivity of stomata to leaf hydraulic potential.

The model also includes a plant storage compartment with a capacitance discharge and recharge

(Tuzet and Perrier, 2008). It was applied to simulate the hydraulic functioning of a forest beech

stand (Tuzet et al., 2017) under various soil water conditions in Eastern France and was adapted

to model the hydraulic functioning of urban linden trees in a park of Strasbourg, France (Maison,
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2019). The tree evapotranspiration depends on the potential transpiration (function of the tree

energy balance), stomatal regulation, tree water status and radial diffusion of water from the soil

to the roots.

Figure 5.1: Resistive scheme of the SPAC hydraulic model (modified from Tuzet et al. (2017)).
Hydraulic resistances are in green, hydraulic potential in blue, water fluxes in red and capacitance
in purple.

As shown in Fig. 5.1, the leaf hydraulic potential is linked to the other plant and soil potentials

via a resistive scheme. Water is stored into the plant compartments: leaves for grasses (Tuzet and

Perrier, 2008) and leaves and woody organs (branches, trunk and large roots) for trees (Tuzet et al.,

2017). As the storage of water into the wood compartment is predominant compared to the leaves

(Tuzet et al., 2017), the version used here regroups all the compartments in a single reservoir called

”wood”, with the associated capacitance Cwood (Fig. 5.1). To model the water transport in the

soil and the root absorption, cylindrical geometry and the concept of effective soil volume per unit

root length have been used. The roots are taken to be long cylinders with uniform radius and

water absorbing properties, and water is assumed to move by diffusion only in the radial direction.

The two SPAC layers are themselves subdivided into several sublayers and water uptake by the

roots is then calculated dynamically by solving Richard’s equation at each time step. At root level,

a flux condition corresponding to the root uptake is imposed. In the last sublayer far from the

roots (external sublayer), the water flux is set zero and the water content of all soil sublayers is

homogenized during the night following rainy days. The values of the hydraulic resistances of the

upper and lower xylem (Rxylemup and Rxylem low), the wood reservoir (Rwood) and the two roots

(Rroot sup and Rroot inf ) are constant and must be specified (see Table 5.5).
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5.2.3 TEB-SPAC coupling

As the objective is to simulate the hydraulic functioning, and especially the effect of water stress,

of street trees, SPAC has to be adapted to the specificities of the urban environment. To this end,

the hydraulic model of SPAC is integrated into TEB-Veg, which computes the street tree radiation

exchanges and energy balance taking into account the urban environment, for example the solar

and infrared (IR) radiation exchanges between surfaces and the drag effect of buildings.

5.2.3.1 Coupling methodology

The hydraulic model of SPAC is directly added in the TEB-Veg code and the numerical resolution

of SPAC has been modified to limit the number of iterations. The methodology and the variable

connection are the following. At the beginning of the time step, TEB-Veg computes the energy

balance of street trees depending on the shortwave and long wave radiations absorbed by the leaves

and the air temperature, humidity and wind speed at the tree crown level. The tree latent heat

flux (LE) is calculated with the stomatal resistance that depends on the soil water content of

the previous time step. The empirical function used to represent the water stress in the stomatal

resistance computation (F2) is replaced by the f(ψleaf ) function computed by SPAC at the previous

time step. Here, the stomatal resistance (Rs) is computed using the Jarvis method (Jarvis, 1976)

as described by Noilhan and Planton (1989):

Rs =
Rsmin

LAI
× 1

F1(PAR)F2(Wg)F3(V PD)F4(Ta)
, (5.1)

where Rsmin is the minimum stomatal resistance, LAI is the Leaf Area Index, F1, F2, F3 and F4

are empirical functions representing respectively the effects of photosynthetically active radiation

(PAR), soil water content (Wg), vapor pressure deficit (V PD) and air temperature (Ta). The soil

water stress factor is computed in ISBA as:

F2 =

nlayer∑

i=1

(
Wgi −Wwilti

Wfci −Wwilti

frooti

)
=

nlayer∑

i=1

(SWIi frooti), (5.2)

where i is the soil layer number of ISBA, nlayer the total number of soil layer including roots, Wg

is the soil water content, Wwilt is the wilting point, Wfc is the field capacity, and froot is the root

fraction. This ratio is a normalized Soil Water Content (SWC) and is also called the Soil Water

Index (SWI). In the TEB-SPAC coupling, this F2 function is replaced by the f(ψleaf ) calculated

as:

f(ψleaf ) =
1 + exp

[
−λleaf ψrefleaf

]

1 + exp
[
λleaf

(
ψleaf − ψrefleaf

)] , (5.3)

where ψrefleaf is the reference potential (MPa) and λleaf is the stomatal sensitivity parameter to the

leaf hydraulic potential (-). These parameters depend on morphological adaptations. Photosynthesis

and CO2 fluxes are not included here, and the TEB-SPAC coupling has been only tested with this

simple stomatal resistance formulation but could become operational for use with more advanced

version of ISBA such as ISBA-A-gs.

The tree transpiration is provided to SPAC that computes the flux partition between the wood

reservoir and the root uptake from the two SPAC soil layers. In parallel, the water flux entering

each soil layer is computed as the variation in water content calculated by TEB-Veg that includes
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all the processes (precipitation, evaporation, vertical diffusion, drainage etc.) except root water

uptake. It is a major difference with the model version of Tuzet et al. (2017), because precipitation

and the other processes of the urban water budget are included at each time step by a flux condition

in the external sublayers. Then, knowing the two fluxes at the SPAC soil layer limits, the hydraulic

potential, hydraulic conductivity and water content of each sublayer is computed by resolving the

Richard’s diffusion equations in a radial direction. A coefficient of partition of the root uptake

between the superior and inferior soil layers is computed as a function of root and soil hydraulic

potentials, root hydraulic resistance and total root water uptake. The tree potentials are recalculated

for the next time step and the root uptake is given to TEB-Veg to compute the soil water budget

of the current time step. SPAC computes all the water fluxes per square meter of tree crown, and

then the fraction of each surface is used to weight the fluxes between the different surfaces.

5.2.3.2 Additional developments made in TEB-Veg

Independently of the coupling with SPAC, two developments were made to calculate the turbulent

transfer resistance and to include the water interception on tree leaves. In the TEB-Veg version with

SBL scheme, air temperature and humidity used to compute the leaf energy budget are computed

directly at the tree crown level. So the turbulent transfer resistance between the leaf and the level

where meteorological data are taken can be summarized here to a surface boundary layer resistance

(Rbl in s.m−1). It is computed as (Schuepp, 1972; Finnigan and Raupach, 1987; Maison, 2019):

Rbl =
η

LAI

√
Dl

U
, (5.4)

where η = 76.84 is a dimensionless constant, Dl = 0.07m is the characteristic length of individual

leaves and U is the average wind speed in the tree crown (m.s−1).

The water interception by leaves, that was already taken into account in TEB-Veg for low vegetation

(lawn), is added for trees. The same methodology as ISBA is used, where the leaf interception

reservoir is modeled as a single layer-bucket, with a surface equal to the leaf area. The fraction of leaf

covered by water depends on the precipitation rate and the bucket maximum capacity. Depending

on the climatic demand, water on leaves evaporates and transpiration occurs on the remaining

water-free leaf surface. So the tree evapotranspiration (ETR) is the sum of the transpiration (TR)

and the evaporation (EV ) (all in W.m−2):

ETR = TR+ EV (5.5)

When the maximum capacity is exceeded, water drips on the ground. The main difference with

ISBA is that depending on the tree, soil, lawn and road fractions, water can drip either on the road,

lawn or soil.
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5.2.4 TEB-SPAC-MUNICH coupling

5.2.4.1 Coupling methodology

To take the effects of urban micro-climate and trees into account in air-quality simulations, TEB-

SPAC is coupled to MUNICH. The two codes run independently and certain variables simulated

by TEB-SPAC are sent to MUNICH. Figure 5.2 presents the meteorological fields calculated and

exchanged between the mesoscale model Weather Research and Forecasting (WRF) and the street-

scale models TEB and MUNICH. The description of the WRF simulation set-up is done in Chapter

3. The middle and right canyons in Fig. 5.2 shows respectively the meteorological fields used and

calculated in MUNICH (alone) and exchanged when MUNICH is coupled to TEB. The variables are

also listed in Table 5.1. Note that in the figure, TEB refers both to the version with and without

trees, as SPAC is directly integrated into TEB, the coupling methodology is identical. The variables

exchanges are the same but there are computed differently with parameterizations including tree

effects.

First, SURFEX that includes TEB is used here offline, so WRF meteorological fields are given

as input data to TEB and there is no feedback from TEB to WRF (Fig. 5.2 left canyon). For

each street, the reference height is fixed to 25 m above the building height (see the left canyon in

Fig. 5.2). WRF meteorological fields are therefore extracted in the vertical layer containing this

reference height and in the horizontal cell containing the middle of the street. MUNICH recomputes

its vertical and horizontal transfer coefficients (as described in Chapter 2) even when it is coupled

to TEB. A comparison and development work described in Section 5.2.4.2 was therefore carried out

to ensure that pollutant, water and heat flows are transported at similar velocities.

Then, as shown in the MUNICH-TEB canyon in Fig. 5.2, the vertical gradients or air temperature

(T), specific humidity (Q) and pressure (P) simulated by TEB are averaged over the street height to

compute the street average micro-meteorological variables that are used in MUNICH simulations.

To try to improve calculations of atmospheric stability and instability, the Monin-Obukhov length

(MOL) computed from Soulhac et al. (2011) in MUNICH is also replaced by the MOL simulated

above the street by TEB and TEB-SPAC. The standard deviation of the vertical wind speed, σW

(see Chapter 2) computed from the two MOL is compared.

Table 5.1: MUNICH variables modified with the coupling to TEB-SPAC.

type variable taken from TEB-SPAC variable taken from WRF

meteo

- average air temperature in the street - 2 m air temperature

- average atmospheric pressure in the street - surface pressure

- average air specific humidity in the street - surface air specific humidity

- MOL above the street - MOL computed from Soulhac et al. (2011)

dry

deposition

- stomatal resistance - stomatal resistance from Wesely (1989)

(eq. (4.25))

biogenic

emissions

- leaf surface temperature - 2 m air temperature

- shortwave radiation received by vegetation with

shadow and reflection effects

- incident shortwave radiation reaching the

surface

- soil water content to compute tree water stress - not taken into account
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Figure 5.2: Scheme of meteorological fields calculated and exchanged by the 3 models WRF, MU-
NICH and TEB. The left and the middle street canyons illustrate the fields used as input data (from
WRF) and computed respectively in TEB and MUNICH. The right street canyon illustrates the
fields used as input data (from WRF and TEB) for the coupled MUNICH-TEB simulations. Dotted
lines represent the boundaries of the vertical layers and small circles the middle or the height where
fields are taken. Downwards arrows represent flows reaching the surface and black lines the vertical
profiles computed in MUNICH. φ is the wind speed direction, PBLH the planetary boundary layer
height and fcld the cloud fraction.

Finally, the computation of biogenic emissions is modified by taking the leaf temperature and the

solar radiation received by the tree leaves simulated by TEB-SPAC. The effect of water stress is

also included in biogenic emissions by testing three parameterizations of the activity factor function

of soil moisture, γSM (Guenther et al., 2012; Bonn et al., 2019; Otu-Larbi et al., 2020).

5.2.4.2 Calculation of consistent transfer velocities between MUNICH and TEB

A particular attention was paid to the calculation of the momentum and turbulent fluxes between

the two models. Indeed, the momentum, heat and water amounts simulated by TEB-Veg and the

pollutants concentrations simulated by MUNICH should be transported with the same transfer

velocities. To do this, the expressions of vertical profiles of wind speed and turbulent transfer

coefficient were first compared. The SBL scheme uses the turbulent kinetic energy scheme developed

by Cuxart et al. (2000) where the turbulent flux (u′w′) is calculated as:

u′w′ = −K ∂U

∂z
, (5.6)

where K is an eddy diffusivity coefficient (m2.s−1) computed as:

K = Cu lmE
1/2, (5.7)

where Cu = 0.126 is a dimensionless constant, lm is the mixing length (m) and E is the turbulent

kinetic energy (m2.s−2). Mixing and dissipative lengths are not equal and the mixing length can

be either computed as in Redelsperger et al. (2001) or in Santiago and Martilli (2010). The K

coefficient is comparable to the vertical transfer coefficient in MUNICH, qvert. To calculate the
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transfer between the vertical levels, K is estimated as the half-sum of the K coefficients calculated

at the middle of the levels. The full description of the SBL turbulent scheme is given in Masson

and Seity (2009).

Redon et al. (2020) added the drag effect of trees inside the canyon in the SBL scheme developed by

Hamdi and Masson (2008); Masson and Seity (2009), by including a drag term in the equations of

momentum and turbulent kinetic energy vertical profiles. This term depends on the drag coefficient

of trees (taken equal to 0.20 as in MUNICH) and of the tree canopy leaf area density (LAD) in each

vertical layer (which is considered vertically constant). Redon et al. (2020) showed that it reduces

the wind speed and allows a better comparison to measurements, but the wind speed was still

overestimated during the day. In this TEB-Veg version, the impact of the tree crown on the mixing

length is not considered. However, in Chapter 2, we showed that trees also modify the mixing

length in the street. So, to try to obtain close vertical and horizontal transfer velocities between

MUNICH and TEB, the mixing-length parameterization developed by Maison et al. (2022a,b) was

added in TEB. The comparison of the vertical profiles of the K coefficient and the horizontal wind

speed U between MUNICH and TEB-Veg with the mixing-length parameterization developed in

the Chapter 2 is presented in figures 5.3 and 5.4 for the same three street canyons as in Chapter

2 and for a neutral atmospheric stability. Figure 5.3 presents the K vertical profiles computed in

TEB-Veg and MUNICH mixing length. It is compared to the vertical transfer coefficient profile in

MUNICH, which is computed as a linear function of the vertical transfer coefficient between the

street and the background at z = H, qvert(H) (Maison et al., 2022b):

K(z) = qvert(z) = σW lm(z) = σW κ sH z, (5.8)

where σW is the standard deviation of the vertical wind speed (m.s−1) function of the friction

velocity above the street and the atmospheric stability (see eq. (2) in Section 2.2 and Soulhac et al.

(2011)). κ is the Von Kàrmàn constant (-) and sH is a dimensionless coefficient taken into account

the effect of rough soil, buildings and trees on the mixing length in the street.

Figure 5.3: Comparison of the vertical profiles of the turbulent transfer coefficient computed in
MUNICH and in TEB with the mixing-length parameterization of Maison et al. (2022a,b) (M22).
The profiles are compared in three street canyons of various aspect ratios as presented in Maison
et al. (2022a,b). The tree LAI varies but the tree height and crown volume fraction (CVF) are fixed
to hmax/H = 0.5 and CV F = 10%.
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Figure 5.3 shows that the K profiles computed in MUNICH and in TEB-Veg with the same mixing-

length parameterization and from the same friction velocity above the street are very close in the

three street canyons of various aspect ratio and for each tree LAI. This should result in close vertical

transfer velocities between the two models.

Similarly, the vertical profiles of horizontal velocities are compared in Fig. 5.4. The profiles are

computed from the same wind speed at the reference height above the street. The parameterizations

used to calculate the wind speed profile above the street being different, the wind speed at z = H is

slightly lower in MUNICH. In the street, the shape of profiles are similar but the wind attenuation

seems stronger in MUNICH.

Figure 5.4: Comparison of the vertical profiles of the horizontal wind speed computed in MUNICH
and in TEB with the mixing-length parameterization of Maison et al. (2022a,b) (M22). The profiles
are compared in three street canyons of various aspect ratios as presented in Maison et al. (2022a,b).
The tree LAI varies but the tree height and crown volume fraction (CVF) are fixed to hmax/H = 0.5
and CV F = 10%. The angle between the street orientation and wind direction is equal to 0°.

The average wind speed in the street (Ustreet) and the relative difference of wind speed between the

cases with trees and without are also compared in Fig. 5.4. It shows that the average wind speed is

higher in TEB than in MUNICH (Fig. 5.4a), the tree effect computed with the relative difference

is also a little higher in TEB than in MUNICH (Fig. 5.4b). However, the differences are acceptable

and should again enable us to obtain close transfer velocities for pollutants, water and heat between

the two models.
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Figure 5.5: Comparison of a) street average horizontal wind speed (Ustreet) and b) relative difference
(RD) of wind speed computed in MUNICH and in TEB with the mixing-length parameterization
of Maison et al. (2022a,b). The results are presented for the three street canyons studied in Maison
et al. (2022a,b): large, intermediate and narrow canyons (LC, IC and NC) and for each tree type
with various LAI, tree heights (h/H) and crown volume fractions (CVF). The angle between the
street orientation and wind direction is equal to 0°.

5.2.5 Simulation set-up and input data

5.2.5.1 Computation of the TEB grid

The spatial approach is different between MUNICH and TEB. MUNICH is a street network model

and the chemical species mass balance is computed for each street of known height, width and

length. Species are horizontally transported between the street segments and exchanged vertically

with the background. TEB-Veg computes the energy balance of a street canyon per square or

rectangular grid point. The canyon characteristics are then calculated as the average of the street

characteristics in each mesh. The minimum horizontal resolution is 250 × 250 m and there is no

horizontal transfer between grid points. In TEB-Veg, fluxes are computed per square meter and

there is no notion of street length. The methodology adopted here is to run TEB-Veg on grid points

corresponding to MUNICH streets. A grid point is therefore equal to a ”real” street and not to an

average street. Street coordinates cannot be used directly to define the TEB-Veg mesh because the

streets are too close compared to the minimum resolution. A regular mesh of 250× 250 m centered

on Paris city is used and the longitudes and latitudes of each grid point are recalculated. As the

study area is rather small, the offset between real and equivalent coordinates does not significantly

affect the results.

As MUNICH and TEB-Veg assume the street canyon hypothesis and require similar input data

(building height, street width, street angle, tree height, etc.), many street and tree characteris-

tics calculated in MUNICH are used directly in TEB-Veg. The computation of the additional tree

characteristics needed and the parameters fixed in TEB are presented in sections 5.2.5.2 and 5.2.5.5.
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5.2.5.2 Computation of additional street and tree characteristics

The parameters presented in the Table 5.2 are street dependent and are directly taken from MU-

NICH.

Table 5.2: Street and tree dependent parameters used directly from MUNICH to TEB-Veg.

Parameter Definition Unit

H building height m

W street width m

θ street orientation °
hmax top tree height m

DBH trunk diameter at breast height cm

Then, as in MUNICH, the building fraction is fixed to fbld = 0.5 (-) for all streets (De Munck, 2013).

The computation of the other surface fractions for TEB-Veg is presented bellow. A representation

of the TEB-Veg street canyon with the different heights, surface fractions and atmospheric vertical

levels of the SBL scheme is presented in Fig. 5.6.

Figure 5.6: Scheme of the TEB-Veg urban canyon with the atmospheric vertical levels of the surface
boundary layer (SBL) scheme (modified from Redon et al. (2020)).

The Fraction of high vegetation (tree) (-) is calculated as:

δt =
TF

1 − fbld
, (5.9)

where TF is the tree fraction per street area computed in equation (4.5). The tree fractions

computed in Paris street network are presented in Fig. 5.7.
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Figure 5.7: Map of the tree fraction (TF ) computed in Paris street network.

The fraction of bare soil, δs (-) is computed assuming that each tree has a pit of volume Vpit = 9

m3 and of maximum depth dmax = 1.5 m. The total soil volume in the street is therefore VpitNt,

where Nt is the number of trees in the street:

δs =
Ss

Sstreet
× 1

1 − fbld
, (5.10)

with Ss =
VpitNt

dmax
, (5.11)

and Sstreet = WL. (5.12)

Sstreet is the surface of the street ground (road + bare soil) in m2. No low vegetation (lawn) fraction

(δl) is considered, so the garden fraction is equal to the bare ground fraction: δg = δs. The soil

surface in the street is therefore computed assuming that each tree has the same soil volume of

9 m3 and same surface of 6 m2. Root uptake is computed per square meter of tree crown and is

then multiplied by the tree crown to soil surface ratio to computed the water drawn from the soil

volume. A very large tree surface compared to the soil volume can lead to numerical issues, so the

tree fraction is limited to 10 times the soil fraction, i.e. δt ≤ 10 δg. In those streets, the leaf surface

is conserved, so the crown width is reduced and the LAI is increased. This correction is made in

44% of the streets, underlying the fact that many trees might explore a soil volume greater than 9

m2.

The road fraction (-) is computed to ensure that the sum of the fractions is equal to 1:

δr = 1 − (fbld + δs) (5.13)

The wall surface density is:

δw =
2H

W
(1 − fbld). (5.14)
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Then, for the trees, the LAIstreet used in MUNICH (eq. 4.1) is converted to compute the leaf surface

per crown projected area (LAI) used in TEB-Veg that depends on the crown width, Wc (m):

LAI = LAIstreet
W

Wc
, (5.15)

Wc = TF ×W. (5.16)

The modeled trunk height (htkmod
) is estimated from the crown (hcrownmod

) and tree (htreemod
)

heights computed with McPherson et al. (2016) equations and is corrected by the ratio of the actual

tree height measured by the Paris municipality (htreeobs) to the modeled tree height (htreemod
):

htk = htkmod

htreeobs
htreemod

= (htreemod
− hcrownmod

)
htreeobs
htreemod

(5.17)

Note that in McPherson et al. (2016) equations, the tree crown can be an ellipsoid so the crown

diameter is different from the crown height.

The trunk volume per crown surface (m3.m−2) is needed in SPAC to compute the wood reservoir

volume, it is estimated assuming a cylindrical trunk as:

Vtrunk = π

(
DBH × 10−2

2

)2

htk ×
1

CPA
, (5.18)

where CPA is the crown projected area (m2) computed in eq. (4.5).

The trunk heights and volumes are simply averaged for trees belonging to the same street, to

compute the street average trunk height and volume.

The minimum and maximum volume of the wood reservoir, Vresmin and Vresmax (m3.m−2) are then

computed from the street average trunk volume (Vtrunk) as:

Vresmax = Pwood × Vtrunk, (5.19)

Vresmin = 0.4 × Vresmax , (5.20)

where Pwood is the wood porosity (-), that generally varies between 0.4 and 0.8 (Varivodina et al.,

2010) and depends on tree age and species. Here, the wood porosity is fixed to Pwood = 0.6 for all

trees, and should be tested in a sensitivity analysis.

5.2.5.3 Estimation of the reference leaf hydraulic potential

Physiological responses to drought vary according to tree species. Some tree species maintain a

constant midday leaf water potential when water is non-limited, as well as under drought condi-

tions, reducing stomatal conductance if necessary to limit transpiration (isohydric strategy). Other

tree species have a more variable midday leaf water potential and keep their stomata open and pho-

tosynthetic rates high longer, even in the presence of decreasing leaf water potential (anisohydric

strategy) (Sade et al., 2012). These different behaviors can be related to the hydraulic charac-

teristics of the tree, and in particular the type of xylem. To take account of this physiological

diversity, the reference hydraulic potential of the leaf sub-stomatal cavity, ψrefleaf involved in the

f(ψleaf ) function (eq. (5.3)) is expressed depending on the tree xylem type. Firstly, the xylem

type of each tree species found in Paris is determined using two databases: The Xylem Database

developed by the Swiss Federal Research Institute WSL and available at https://www.wsl.ch/
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dendropro/xylemdb/ and the Xylem Functional Traits Database from Choat et al. (2012) available

at https://xylemfunctionaltraits.org/. When several xylem types coexist on the same street,

the predominant xylem type is selected. Secondly, the Xylem Functional Traits Database also lists

many experimental measurements on tree hydraulic traits or anatomy. It especially includes min-

imum predawn and midday stem hydraulic potential measurements. The minimum midday stem

hydraulic potentials under drought conditions (ψmiddaymin
in MPa) are compared by xylem type in

Fig. 5.8, which shows lower potentials for ring porous and semi-ring porous xylem types.
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Figure 5.8: Minimum predawn stem hydraulic potential measurements available in the Xylem Func-
tional Traits Database depending on the xylem type (DP: diffuse porous, RP: ring porous, SRP:
semi-ring porous, VL: vesselless and NA: not available). n is the number of sample for each xylem
type.

ψrefleaf is then expressed for each xylem

type category as a function of the average

minimum predawn stem hydraulic poten-

tial (ψmiddaymin
):

ψrefleaf = a× ψmiddaymin
(5.21)

where a is a dimensionless constant esti-

mated to 0.65 with the data used. The

obtained f(ψleaf ) functions are presented

for each xylem type category in Fig. 5.9.

Figure 5.9: f(ψleaf ) functions depending on the
ψrefleaf that are computed from the xylem types
(DP: diffuse porous, RP: ring porous, SRP: semi-ring
porous, VL: vesselless and NA: not available).
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The value of ψrefleaf for each street is mapped for the Paris street network in Fig. 5.10. It shows a

predominance of streets with diffuse, ring and semi-ring porous xylem type.
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Figure 5.10: Map of the reference leaf hydraulic potential (ψrefleaf ) computed from the Paris street
network from the xylem types.

5.2.5.4 Computation of soil characteristics and root profile

Analyses of soil samples from 32 pits in Paris streets were carried out by the Paris City agronomy

laboratory (2019). The pits are located in different streets in Paris and contain various tree species,

as shown in the Table 5.3.

Table 5.3: Location of analyzed pits and tree species planted (Paris City agronomy laboratory,
2019).

Street Paris arr. pit nb. detailed tree number and species

avenue de Flandres 19 12 3 Celtis australis, 3 Sophora japonica, 3 Tilia cordata, 3 Ulmus

rue de Bretagne 3 3 3 Celtis australis

rue du Temple 3 6 3 Platanus x hispanica, 3 Quercus ilex

rue Ordener 18 2 2 Gledistia triacanthos

rue Franc Nohain 13 3 3 Quercus Cerris

boulevard Victor 15 6 3 Platanus x hispanica, 3 Zelkova carpinifolia

The average fraction of sand, silt and clay is calculated for each street with the associated standard

deviation (σ) and presented in Fig. 5.11a. This figure also shows the average texture computed on

the 32 pits, called ”all streets”.
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Figure 5.11: a) Measured soil texture with (b, c) soil hydrodynamic characteristics computed from
the textures and Clapp and Hornberger (1978) equations. The circles correspond to the average
values and the error bars to ±σ.

Figure 5.11a shows that the predominant texture of the soils studied is a sandy clay loam but

there is a certain heterogeneity both between pits on the same street and between streets. The soil

hydro-dynamic parameters used in the pedo-transfer functions (wilting point Wwilt, field capacity

Wfc, soil water content at saturation Wsat and b coefficient) are calculated for these different pits

using the Clapp and Hornberger (1978) equations. The results are presented in panels b) and c)

and show that despite the texture heterogeneities, the computed Wwilt, Wfc and Wsat are rather

homogeneous between the streets and have a smaller intra-street variability. The b coefficient is

sensitive to the clay fraction and slightly higher in the Flandre avenue. Overall, the hydro-dynamic

parameters calculated from the average texture on all streets (right column) are very close to the

parameters calculated for each street. The soil texture is therefore assumed to be homogeneous in

all the tree pits modeled in Paris and the average soil texture is used in TEB-SPAC simulations:

fsand = 0.376, fclay = 0.140 and fsilt = 0.484 (-). It gives the following hydro-dynamic parameters:

Wwilt = 0.139, Wfc = 0.323, Wsat = 0.454 m3.m−3 and b = 5.42 (-). A homogeneous texture is also

assumed vertically in the soil and there is no distinction of different soil horizons.
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The vertical transfers of water in the soil are

computed in TEB-Veg using the ISBA-DIF

model (Boone, 2000). The version with 12 ver-

tical soil layers is used here and a root fraction

profile is defined to weight the root water up-

take between the different ISBA-DIF soil layers.

Since urban trees are planted in a limited soil

volume, we assume that the roots explore the

soil volume with a constant density. The pro-

file is computed assuming a homogeneous root

density in each soil layer. As presented in Fig.

5.12, the root fraction is proportional to the soil

layer thickness and the cumulated root fraction

is therefore linear in the layers containing roots.

The maximum rooting depth (dmax) is set to

1.5 m, so there is no root in the two deep lay-

ers. Note that to avoid instability due to soil

evaporation in a very thin surface soil layer, the

layer thickness of the two first layers (near the

surface) have been increased (0.01 m instead of

0.001 m and 0.03 m instead of 0.01 m). We also

assume that there is no root in the first layer.

Figure 5.12: Vertical profile of root fraction per
soil layer and cumulated.

Then, the two SPAC layers are distributed on ISBA-DIF layers to get about 50% of the root fraction

in each SPAC soil layer. The two SPAC layers along with ISBA-DIF corresponding soil layers, root

fraction and normalized soil volume (containing roots) are presented in the Table 5.4.

Table 5.4: Description of the two SPAC layers.

SPAC soil layer ISBA-DIF layer root fraction (-) soil volume (m3
soil.m

−2
soil)

1 (sup) 2 - 8 0.396 0.59

2 (inf) 9 - 10 0.604 0.90

Each soil layer is divided into 15 sublayers. These sublayers are hollow cylinders through which the

water will circulate by radial diffusion. The thickness of these 15 sublayers is constant in each soil

layer and is calculated based on the radius of each cylinder and the radius of the roots. The radius

of the fine absorbing roots is fixed at 0.00035 m in both layer and for all tree canopies. The radius

of the two SPAC layers are computed from the normalized root length (Lrootl , in m.m−2) and soil

volume (Vsoll in m3.m−2), which is conserved between SPAC soil layers and ISBA-DIF equivalent

layers:

Rsoilcyll =

√
Vsoll
π Lrootl

, (5.22)

where l stand for the soil layer number. The root length is computed from the total surface of the

root envelope (Sroot in m2) and the root fraction in each soil layer (frootl (-)) in equation (5.25). Data

on tree roots in urban areas being quite rare, a simple parameterization is proposed to calculate

the root surface density (dSroot in m2.m−3) as a function of the DBH of trees. It is inspired by
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the values measured in Ermák et al. (2000); Grabosky et al. (2001). This simple parameterization

represents the fact that root surface density increases with tree growth.

dSroot = 0.10DBH (5.23)

Sroot = dSroot dmax × 1 × 1 (5.24)

Lrootl =

(
Sroot
2π r

)
× frootl (5.25)

Therefore, the fine root length and soil layer radius varies from a street to another.

5.2.5.5 Parameters fixed in all streets

SPAC needs additional parameters to compute the f(ψleaf ) function and the water transfers within

the tree. This parameters vary with tree species and could be fixed depending on the isohydric or

anisohydric behavior of trees. In the absence of measurements to determine these parameters, they

are considered constant and remain equal to those used by Tuzet et al. (2017) for beech trees. The

values prescribed in the simulation presented in Section 5.3.2 are shown in Table 5.5. The influence

of each parameter on the results should be tested in future sensitivity analyses.

Table 5.5: List of SPAC tree parameters fixed identical for every street.

Variable Definition Value Unit

Rsmin
Minimum stomatal resistance 150 s.m−1

λleaf Stomatal sensitivity parameter to f(ψleaf ) ln (0.003)/(−ψrefleaf
) -

ψrefwood
Reference potential for water transfer in the reservoir −1.4 MPa

λwood Model parameter for water transfer in the reservoir 0.9 -

Rxylem up Upper part xylem hydraulic resistance 3.0 × 10−6 MPa.m−3.m2.s

Rxylem low Lower part xylem hydraulic resistance 2.5 × 10−6 MPa.m−3.m2.s

Rwood Wood reservoir hydraulic resistance 60.0 × 10−6 MPa.m−3.m2.s

Rroot sup Root hydraulic resistance of soil layer 1 1.0 × 10−6 MPa.m−3.m2.s

Rroot inf Root hydraulic resistance of soil layer 2 2.5 × 10−6 MPa.m−3.m2.s

Finally, the roof and wall characteristics (albedo, conductivity, layer thickness, etc.) are fixed for

Haussmannian buildings following De Munck (2013). The roughness lengths of the different surfaces

are taken from Masson et al. (2002); Hamdi and Masson (2008) and the roughness length of the

walls is the same as used in MUNICH (z0s = 0.01 m). The TEB-HYDRO module is used to account

for the water runoff from the roofs and road into the soil, and the model parameters are taken from

Stavropulos-Laffaille et al. (2018); Bernard (2021). Note that the soil water content is initialized at

the field capacity in all streets.
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5.2.5.6 Description of simulations performed

• TEB and TEB-SPAC simulations

First, TEB simulations of two months are performed on the Paris street-network. One without

tree (on all streets), called TEB and one with trees called TEB-SPAC (only on streets with trees).

One additional simulation is performed with TEB-Veg and ISBA parameterizations to illustrate the

changes in stomatal resistance through the coupling with SPAC.

To evaluate the model, the simulated air temperature, humidity and pressure at 2 m height are

compared to WRF fields and to observations performed in Hôtel de Ville garden (HdV). The results

of these simulations are analyzed, firstly in terms of energetic and hydraulic tree functioning (Section

5.3.2).

• MUNICH simulations

MUNICH simulations are performed for 2 months on all streets with the street meteo computed

by WRF, TEB and TEB-SPAC. The list of simulations with the meteo fields taken is presented

in the Table 5.6. Two one-week simulations are also carried out, the first by just modifying the

temperature, humidity and pressure in the street (TEB street meteo), and the second by just

modifying the MOL (TEB MOL). In the simulation TEB-SPAC, the stomatal resistance computed

from Wesely (1989) parameterization in MUNICH is replaced by the stomatal resistance simulated

by TEB-SPAC. The REF and 3EFF simulations are fully described in Chapter 4.

Table 5.6: Description of the MUNICH simulations performed with the simulated period, the tree
effect(s) considered and the corresponding meteorological fields. W89: Wesely (1989)

Simulation

name

start and end

dates

tree aero.

effect

dry dep.

on leaves

urban tree

bio. emis.

meteorological fields

Tair Qair Patm MOL Rs

REF 06/06 - 31/07 - - - WRF -

3EFF 06/06 - 31/07 yes yes yes WRF W89

TEB 06/06 - 31/07 - - - TEB -

TEB-SPAC 06/06 - 31/07 yes yes yes TEB - SPAC

TEB MOL 13/06 - 20/06 - - - WRF TEB -

TEB street

meteo

13/06 - 20/06 - - - TEB WRF -
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5.3 Results

First, the meteorological fields simulated by WRF, TEB and TEB-SPAC at 2 m above ground layer

are compared to measurements performed in Paris HdV street.

5.3.1 Comparison of simulated and observed meteorological fields in HdV

As described in the Chapter 4, meteorological measurements were performed in the HdV street

between the 2nd of June and the 7th of July. The air temperature, specific humidity and pressure

at 2 m simulated by TEB and TEB-SPAC in the HdV street are compared to the measurements.

The fields simulated by WRF are also added in the comparison. The list of the street and tree

parameters used in the TEB and TEB-SPAC simulations are listed in Table 5.8.

Table 5.7: Comparison of observed and modeled air temperature, humidity and pressure in HdV
with statistical indicators. su: same unit as the variable.

Variable
Min Mean Max RMSE NAD Bias R

su su su su - su -

Tair (°C)

obs. 13.5 21.3 37.3

WRF 12.3 20.8 37.2 1.58 0.03 −0.54 0.94

TEB 12.2 21.5 38.2 1.28 0.02 0.16 0.96

TEB-SPAC 12.2 21.5 38.1 1.27 0.02 0.16 0.96

Qair (kg.kg−1)

obs. 0.0048 0.0084 0.0128

WRF 0.0039 0.0077 0.0130 0.0013 0.058 −0.0007 0.79

TEB 0.0047 0.0092 0.0156 0.0015 0.070 0.0008 0.78

TEB-SPAC 0.0047 0.0093 0.0157 0.0015 0.071 0.0009 0.78

Patm (hPa)

obs. 1001.6 1012.8 1023.4

WRF 1000.8 1011.7 1021.5 1.25 0.00 −1.11 0.99

TEB 1001.8 1012.8 1022.5 0.57 0.00 −0.07 0.99

TEB-SPAC 1001.8 1012.8 1022.5 0.57 0.00 −0.07 0.99

Figure 5.13 shows that the air temperatures at 2 m simulated by TEB are closer to the observations

compared to WRF, especially the daily maximum air temperatures that are higher. Compared to

WRF, TEB and TEB-SPAC simulations have lower RMSE and bias and a better correlation (R)

(Table 5.7).
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Figure 5.13: Comparison of observed and simulated air temperature at 2 m in HdV street.
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The comparison of the observed and modeled air specific humidity presented in Fig. 5.14 shows

that TEB and TEB-SPAC tend to overestimate the humidity some days (e.g. from 04/06 to 14/06)

but simulate it better on other days (e.g. from 15/06 to 22/06 and from 28/06 to 03/07). These

over-estimations seem to occur on rainy days (see Fig. 5.17), so they can be due to overestimation

of evaporation and therefore of the amount of water retained on roofs and roads after rainfall. The

maximum retention capacity of the road and roof surface reservoirs are respectively fixed to 3.0 and

1.5 mm and the infiltration rate through the road to 5.0 10−7 m.s−1 as suggested by Stavropulos-

Laffaille et al. (2018); Bernard (2021). The sensitivity of air humidity to these parameters has still

to be quantified in current simulations. Over the whole period, the RMSE, NAD and bias are higher

with TEB than with WRF but the specific humidity modeling remains satisfactory.
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Figure 5.14: Comparison of observed and simulated air specific humidity at 2 m in HdV street.

Then, the atmospheric pressure is well modeled in the three simulations (Fig. 5.15). Compared to

WRF, TEB simulates higher pressures that are closer to the observations, the RMSE and bias are

therefore improved (Table 5.7).
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Figure 5.15: Comparison of observed and simulated atmospheric pressure at 2 m in HdV street.

No large difference of temperature, humidity and pressure is observed when trees and soil are added

in the model (TEB-SPAC). This could be explained by the relatively low fraction of trees (16%)

and soil (1.6%) in this street (Table 5.8).
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5.3.2 Analysis of the tree energetic and hydraulic functioning

Key variables of the tree canopy energetic and hydraulic functioning modeled by TEB-SPAC are

presented in this section. The results are analyzed in the Haussmann street, a street canyon with

trees located in the center of Paris. The street and tree characteristics are presented in the Table

5.8. Note that a spin-up period of one day is considered in TEB, so the results are presented from

the 2nd of June.

Table 5.8: List of street and tree characteristics of Haussmann and HdV streets.

Parameter Definition Haussmann HdV Unit

lon longitude 2.329134 2.351848 °
lat latitude 48.87351 48.85556 °
H building height 20.9 10.9 m

W street width 26.0 29.4 m

L street length 316.0 158.9 m

H/W street aspect ratio 0.80 0.37 m

θ street orientation 281.8 122.4 °
δr road fraction 0.489 0.492 -

δs bare soil fraction 0.011 0.008 -

δt tree canopy fraction 0.11 0.08 -

hmax tree canyon height 14.5 10.9 m

htk tree trunk height 4.8 3.6 m

DBH tree trunk diameter 28.8 49.2 cm

Vtrunk tree trunk volume 0.00478 0.00724 m3.m−2
CPA

LAI leaf area index 2.95 3.35 m2
leaf .m−2

CPA

ψrefleaf
reference leaf hydraulic potential −1.74 −1.74 MPa

Nt number of trees in the street 30 13 -

First, the energy budget of the tree canopy is illustrated in Fig. 5.16. It shows that during the first

two weeks the latent heat flux (LE) of evapotranspiration reaches around 350 W.m2 in non rainy

days. On June 14, the LE starts to decrease up to low values around 50 W.m2. In parallel, the

sensible heat flux (H) increases because the net radiation (RN) remains around 650 W.m2. From

June 17 to July 31, the tree evapotranspiration stays low, except some increases during and after

rain. Trees greatly reduce their transpiration and most of the energy received is dissipated as heat,

signifying that the leaves are heating up. The heat storage by conductivity (G) in the leaf is low,

this is not surprising given the limited volume and thermal proprieties of the leaves. Disturbed

peaks in the LE curve correspond to rainy days when direct water evaporation from the leaves

occurs. Indeed, several rainfall episodes of varying intensities occur over the period, as presented in

Fig. 5.17. This figure also shows the fraction of the leaves covered by water. This fraction increases

with rainfall and decreases more or less rapidly depending on the intensity of evaporation. The

resulting LE partition between transpiration and evaporation is shown in Fig. 5.18.
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Figure 5.16: Energy budget of the tree canopy simulated with TEB-SPAC in Haussmann street.
RN: net radiation, G: conduction flux (storage), H: sensible heat flux, LE: latent heat flux.
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Figure 5.17: Precipitation and fraction of tree leaves covered by water simulated with TEB-SPAC
in Haussmann street.
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Figure 5.18: Partition of the latent heat flux of the tree canopy simulated with TEB-SPAC in
Haussmann street.

Then, it is also possible to distinguish the water flows and potentials in the tree modeled by SPAC

(Fig. 5.19 and 5.20). The drop in transpiration around the 14th of June is clearly visible, as are

the increases after the rains both on the water fluxes and potentials. The potential of the leaf

sub-stomatal cavity stabilizes at −2.3 MPa during water stress. This value is sensitive to ψrefleaf
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that depends on the tree xylem type (see Section 5.2.5.3). Root uptake occurs preferentially in the

SPAC soil layer with the highest water content. So, the trees draws water from both soil layers,

with a relative proportion depending on the water content of the layers. The reservoir contributes

to transpiration during the day and is recharged at night, but its contribution is very small and its

hydraulic potential is always very close to the xylem potential. The flux depends on the reservoir

volume and the value of hydraulic resistance connecting wood water storage to the main flow.
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Figure 5.19: Water fluxes in the tree canopy simulated with TEB-SPAC in Haussmann street.
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Figure 5.20: Hydraulic potentials of the tree canopy simulated with TEB-SPAC in Haussmann
street.

This temporal variations are also observed on the stomatal conductance presented in Fig. 5.21.

A fall in stomatal conductance and hence stomatal closure is observed around midday on almost

all days. TEB-ISBA also models the fall in stomatal conductance in the middle of June and the

stomatal conductance values are close. The main difference between ISBA and SPAC is that SPAC

represents a greater increase in stomatal conductance after rainfall events. This is due to the

f(ψleaf ) function (Fig. 5.22), which is more sensitive to soil water content through the tree’s series

of hydraulic potentials. With this sensibility, SPAC simulates also a greater daily variability in the

f(ψleaf ) function and the stomatal conductance.
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Figure 5.21: Stomatal conductance of the tree canopy simulated with TEB-SPAC and TEB-ISBA
in Haussmann street.

For comparison, the stomatal conductance calculated in MUNICH for gas deposition on leaves

(eq. (4.25)) is also shown in Fig. 5.21. This parameterization depends on temperature and solar

radiation, but not on water stress. The conductance is therefore more constant over the period,

with a decrease on cloudy days and high temperatures.
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Figure 5.22: Water stress function simulated with TEB-SPAC and TEB-ISBA in Haussmann street.

The SWC evolution is illustrated in Fig. 5.23. The figure represents the gradients in the 15 sublayers

of each SPAC soil layer but the SWC is rather homogeneous between the sublayers and the gradient

is not visible. This is due to the soil texture (sandy clay loam), which has rather good diffusive

properties. The curves are presented from the 1st of June here to illustrate that the initial condition

is the field capacity in both SPAC layers. Soil water is rapidly absorbed by trees due to the high

tree crown to soil surface ratio (10). During heavy rains at the beginning of June, the soil content

almost reaches saturation point, but quickly falls back down with root uptake. Small soil water

content increases occur during the night and are due to diffusive vertical flows between the bare soil

layers, and also to horizontal flows with the soil layers beneath the road.

202



5. IMPACT OF STREET MICRO-METEOROLOGY ON AIR QUALITY

02-06 09-06 16-06 23-06 30-06 07-07 14-07 21-07 28-07
Date

0.15

0.20

0.25

0.30

0.35

0.40

0.45

SW
C 

in
 th

e 
tw

o 
SP

AC
 la

ye
rs

 (m
.3 w

at
er

m
.

3
so

il)

1 3 5 7 9 11 13 15
Sublayers of soil layer sup.

1 3 5 7 9 11 13 15
Sublayers of soil layer inf.

Figure 5.23: Soil water content in the 15 sublayers of each SPAC soil layer simulated with TEB-
SPAC in Haussmann street.

Finally, the temperatures of the different surfaces in the street are compared in Fig. 5.24. During

daytime, the roof and road have larger surface temperatures following by the bare soil and the

south-facing wall (B). The north-facing wall (A) is more often in the shadow of trees and of the

other building due to the relatively high aspect ratio (0.8), so its temperature is lower. The leaf

surface temperature is most of the time comprised between the two walls temperature and it can

reach 40°C during heatwave. This value is rather high but coherent with the low evapotranspiration

and high sensible heat fluxes observed during these periods (Fig. 5.16).
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Figure 5.24: Surface temperature of the different street components simulated with TEB-SPAC in
Haussmann street.

To complete the temporal analysis of the tree energetic and hydraulic functioning done in one street,

maps of SWI and tree LE at three different dates are shown in figures 5.25 and 5.26.
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Figure 5.25: Soil water index (SWI) simulated with TEB-SPAC in Paris streets at three different
dates.
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Figure 5.26: Tree canopy latent heat flux (LE) simulated with TEB-SPAC in Paris streets at three
different dates.

After one week of simulation (Fig. 5.25a and 5.26a), the SWI is relatively high, between 0.5

and 1 with a certain heterogeneity between the streets. As the water content in all streets is

initialized to the field capacity, this heterogeneity depends on street and tree characteristics and

especially on the ψrefleaf value, the tree LAI and crown to soil surface ratio. On the same day

the tree evapotranspiration is around 300 W.m2 as in Haussmann street. Then after one month

of simulation (Fig. 5.25b and 5.26b) the SWI has decreased but the recent rainfall has raised the

water content. The LE is quite heterogeneous and seems correlated with the SWI. Finally, on

the 31st of July and after many days without rain, the SWI is very low (around 0.1) in almost all

streets. This induced a very low LE (around 50 W.m2) in all streets.

This spatial and temporal analysis of SWI and LE variations is consistent with the variations

observed in Haussmann street, with heterogeneities between streets due to their own characteristics.

The conclusions drawn from the analysis of one street can therefore be generalized to all Paris streets.

There is a rather humid period at the beginning of June when the trees are not suffering from water

stress and evapotranspiration will be quite high. SWC decreases rapidly due to high root uptakes.

Low rainfalls in July lead to low SWC close to the wilting point. As transpiration is very sensitive

to the SWC through the series of hydraulic potentials, trees transpiration is limited from June 15

to July 31. To analyze the impacts of the trees on street micro-climate in the next sections, the

results will be averaged on the ”no water stress” period from 02 or 06/06 to 15/06 (depending on

the variable due to spin-up time) and on the ”water stress” period from 16/06 to 31/07.
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5.3.3 Impacts of the MUNICH-TEB-SPAC coupling on the modeled urban

micro-climate

The meteorological fields simulated by TEB (without tree) and by TEB-SPAC (with trees) in the

street are compared to WRF surface meteorological fields that are used in the MUNICH REF

simulation. Note that some fields are different i.e. the air temperature at 2 m in WRF and

the average air temperature in the street volume in TEB, but they are both used in MUNICH

simulations, so they are compared in order to interpret the impacts on concentrations.

5.3.3.1 Comparison of meteorological fields simulated by WRF and TEB (without

tree) and used in MUNICH

In this section, the meteorological fields simulated by TEB without tree are compared to WRF.

Given the wide daily variation in weather data, the fields are averaged over day and nighttime. The

following figures present the WRF average fields along with the mean absolute difference of the

variables simulated by TEB. First, the comparison of the daytime and nighttime air temperatures

is presented in Fig. 5.27.
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Figure 5.27: a) Daytime and b) nighttime average air temperature at 2 m simulated by WRF and
c) daytime and d) nighttime mean absolute difference with the average air temperature in the street
simulated by TEB.
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Figure 5.27 shows that WRF simulates a quite homogeneous air temperature at 2 m during the day.

Temperature are lower in the cells containing vegetation as the Vincennes and Boulogne woods.

This difference is higher during the night with 18°C on average in these areas and 21°C in the urban

cells. TEB simulates higher air temperatures in the vegetated meshes (+1°C by day +4°C by night).

Indeed, TEB computes the temperature gradient from the WRF air temperature well above the

surface (H + 25 m), which is less impacted by the land-use type. In other streets, compared to

the WRF 2 m temperature, TEB simulates higher air temperatures, on average +1.2°C during day

and +0.5°C during night. This may be due to the ability of the TEB model to more accurately

represent thermo-radiative processes at street level, and in particular radiation reflection and heat

storage in street surfaces.

Figure 5.28 shows that the specific humidity is globally larger during the night than during the day

and that TEB induces a quite spatially homogeneous increase in Qair of 0.00145 kg.kg−1 during day

and 0.00142 kg.kg−1 during night. This could be due to the finer representation of the urban water

budget, and in particular the evaporation of water accumulated on roofs and walls after rainfall as

discussed in the Section 5.3.1.
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Figure 5.28: a) Daytime and b) nighttime average surface air specific humidity simulated by WRF
and c) daytime and d) nighttime mean absolute difference with the average air specific humidity in
the street simulated by TEB.
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Figure 5.29 presents the standard deviation of the vertical wind speed, σW . This variable is used to

parameterize the vertical exchange coefficient that regulates the vertical transfer of gas and particles

in the street, so the street concentrations of the chemical species are sensitive to this variable. This

variable depends on the friction velocity, boundary layer height, MOL and building height (see

chap. 2 and Soulhac et al. (2011)). In WRF, the friction velocity is particularly sensitive to the

anthropogenic sensible heat flux, which is prescribed in the urban canopy model depending on the

land-use. This sensible heat flux is larger in transport and commercial areas, than in the city center,

in the suburb and nil over natural areas, as described in the Chapter 3. On figures 5.29a and b,

the different areas are clearly visible and gives different average σW . In particular σW is lower both

during day and night in the Vincennes and Boulogne woods and near the Invalides. The impact

of the σW computed from TEB MOL is completely different during day and night. During day,

TEB simulates a greater stability and σW is on average −0.04 m.s−1 lower. During night, a greater

instability is simulated, and σW is on average 0.03 m.s−1 higher. Like the air temperature, TEB

does not simulate the impact of the vegetation in the cells containing woods.
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Figure 5.29: a) Daytime and b) nighttime average σW computed from MUNICH MOL and c)
daytime and d) nighttime mean absolute difference with the average σW simulated from TEB
MOL.
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5.3.3.2 Impacts of trees on urban micro-climate simulated by TEB-SPAC

This section presents the impact of street trees on air temperature, humidity and σW . The TEB-

SPAC simulation, that includes tree canopy and bare soil in the street, is compared to the TEB

simulation, that includes only urbanized artificial surfaces.

Figure 5.30 illustrates the street air temperatures simulated by TEB-SPAC and the absolute dif-

ference of temperature between TEB-SPAC and TEB. Because trees limit their transpiration from

June 15, the results are averaged on two periods: before the water stress period (from 02 to 15/06)

and during the water stress period (from 16/06 to 31/07).
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Figure 5.30: Street average air temperature simulated by TEB-SPAC averaged a) before the water
stress period (from 02/06 to 15/06) and b) during the water stress period (from 16/06 to 31/06)
and mean absolute difference with the street average air temperature simulated by TEB c) before
and d) during the water tress period.

Temperatures simulated by TEB-SPAC are higher during the second period because forcing tem-

perature are also higher. The tree and bare soil effect on temperature is contrasted between the

two periods. Indeed, when trees transpire and soils evaporate water, air temperatures in street with

trees are globally lower in TEB-SPAC simulations, −0.12°C on average and up to −0.77°C (Fig.

5.30c). The cooling intensity seems to correlate rather well with LAI (Fig. 4.4a). When trees suffer

from water stress (Fig. 4.4b), the tree cooling effect is much more reduced, −0.02°C on average

and up to −0.46°C. In some streets, the presence of trees even slightly increases temperatures (up
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to +0.17°C). This may be due to the tree aerodynamic effect that limits the street ventilation and

therefore heat dissipation. This effect is not compensated by tree transpiration, so temperatures

increase. The positive effect of shading on temperature reduction is less visible because it affects

mainly the temperatures under the tree crown and the effect on the average temperature in the

street is less strong. To confirm this, the same maps with the temperature at 2 m height in the

street are presented in Fig. 5.31.
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Figure 5.31: Air temperature at 2 m simulated by TEB-SPAC averaged a) before the water stress
period (from 02/06 to 15/06) and b) during the water stress period (from 16/06 to 31/06) and mean
absolute difference with the air temperature at 2 m simulated by TEB c) before and d) during the
water tress period.

Figure 5.31c shows that before the water stress period, the tree cooling effect is on average higher

on the 2 m air temperatures than on the street average temperatures (−0.19°C on average and

up to −0.81°C). During the water stress period (Fig. 5.31d), some streets with trees have a higher

temperature at 2 m than without (up to +0.26°C), but the cooling effect of trees on the temperature

under the crown at 2 m is still visible in many streets (−0.09°C on average and up to −0.67°C).

These are streets with high LAI (Fig. 4.4a) and large tree fractions (Fig. 5.7). This suggests

that the effects of shading can indeed reduce the air temperature under trees with wide crowns and

high LAI. It would be possible, with further development, to capture these vertical gradients in

MUNICH using the discretized version of the model developed by Sarica et al. (2023).
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Figure 5.32 presents the relative difference of air temperature between the TEB and TEB-SPAC

simulations for streets with trees and averaged over different periods. Note that to maintain the

visibility of the figures, outliers are not displayed on the box-plots for all simulations and periods.

They are, nevertheless, taken into account in the calculation of the statistics and in the other figures.

Figure 5.32 shows that compared to the TEB simulation without trees, the presence of trees and soil

in TEB-SPAC simulation induces on average in streets with trees a few percent (but significant)

temperature decrease during the all period, nighttime, and the period before water stress. The

temperature decrease is less significant during the water stress period.
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Figure 5.32: Box-plot of Mean Relative Difference (MRD) of street air temperature in streets with
trees during the whole period, daytime, nighttime, before water stress (from 06/06 to 12/06) and
during water stress (from 16/06 to 31/07). The mean is represented by a white triangle and the
result of a T-test between TEB and REF and TEB-SPAC and 3EFF is indicated at the top of
each box-plot. The result of a T-test between TEB and TEB-SPAC is indicated at bottom. ’∗ ∗ ∗’:
p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value ≥ 0.1.

Concerning the specific humidity (Fig. 5.33), an large increase from +17% to +31% is observed in

all streets containing trees and in all periods. This increase is larger during daytime than nighttime

and before water stress than during water stress. This can be explain by the evapotranspiration

of trees and the soil evaporation which are higher during the day than the night due to the higher

climatic demand and lower during the water stress due to limited soil water.
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Figure 5.33: Box-plot of Mean Relative Difference (MRD) of street air specific humidity in streets
with trees during the whole period, daytime, nighttime, before water stress (from 06/06 to 12/06)
and during water stress (from 16/06 to 31/07). The mean is represented by a white triangle and
the result of a T-test between TEB and REF and TEB-SPAC and 3EFF is indicated at the top of
each box-plot. The result of a T-test between TEB and TEB-SPAC is indicated at bottom. ’∗ ∗ ∗’:
p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value ≥ 0.1.

As shown previously, TEB tends to decrease σW during day and increase it during night. The MOL

above the street is modified by the presence of trees in the street, inducing a decrease in σW of a

few percent compared to the TEB simulation without trees during all different periods.
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Figure 5.34: Box-plot of Mean Relative Difference (MRD) of σW in streets with trees during the
whole period, daytime, nighttime, before water stress (from 06/06 to 12/06) and during water
stress (from 16/06 to 31/07). The mean is represented by a white triangle and the result of a T-test
between TEB and REF and TEB-SPAC and 3EFF is indicated at the top of each box-plot. The
result of a T-test between TEB and TEB-SPAC is indicated at bottom. ’∗ ∗ ∗’: p-value < 0.001,
’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value ≥ 0.1.
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5.3.4 Impacts of the urban micro-climate on street concentrations

After studying the impacts of trees on the street meteorology, this section presents the impacts

of the modification of meteorology by trees on NO2 and particle concentrations. The impacts of

modeling the local meteorology without trees are first assessed, before quantifying the impacts of

the tree modifications of local meteorology on the concentrations.

5.3.4.1 Impacts on NO2 concentrations

To illustrate the impact of modeling the local meteorology on NO2 concentrations, Fig. 5.35 shows

the NO2 concentrations in Haussmann street for one-week simulations with different assumptions:

MUNICH simulations are performed with TEB street meteorology (temperature, humidity, pres-

sure) only or MOL only and the two combined, and they are compared to the reference simulation

(REF).
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Figure 5.35: Comparison of a) NO2 concentrations simulated in Haussmann street with WRF meteo
(REF), TEB street meteo only, TEB MOL only and TEB street meteo and MOL (see Table 5.6)
and b) relative deviation (RD) of NO2 concentrations compared to the REF simulation.

Figure 5.35 shows that the street meteorology has a limited impact on NO2 concentrations, but

the change in MOL and therefore in σW and in the vertical transfer between the street and the

background induces large increases in concentrations during the day (up to +10%) and decreases

during the night (up to −7.5%). This is coherent with the variations of σW observed in Fig. 5.29

and 5.34. σW is lower during the day, inducing less dispersion of NO2, which is emitted in the

street, and so higher concentrations.

For all streets during this week, the minimum, average and maximum RD of NO2 concentrations

due to street meteorology changes are respectively equal to −0.1, 0.2 and 0.8%. The minimum,

average and maximum RD of NO2 concentrations due to MOL changes are respectively equal to
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−3.4, 1.1 and 15.6%. So NO2 concentrations are mainly influenced by the representation of the

vertical transfer between the street and the background (variation of σW ). The impact of the street

meteorology and in particular the temperature is lower.

Figure 5.36 presents the map of NO2 concentrations simulated in the REF simulation and the

relative difference of concentrations between TEB and REF simulations averaged over daytime and

nighttime. The variation of NO2 concentrations (average increase during the day of +2.2% and

average decrease during the night of −0.79%) is very well anti-correlated with the variation of σW

(Fig. 5.29). This is coherent with the results presented in Fig. 5.35.
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Figure 5.36: Comparison of average a) daytime and b) nighttime NO2 concentrations simulated by
MUNICH and WRF meteo and relative difference of c) daytime and d) nighttime NO2 concentra-
tions simulated by MUNICH with TEB street meteo and MOL.

To determine the impacts of the tree modifications of local meteorology on the concentrations,

Fig. 5.37 represents the mean relative difference of NO2 concentrations due to the global tree

effect without modification of street meteo (3EFF / REF) and with modification of street meteo by

MUNICH-TEB-SPAC coupling (TEB-SPAC / TEB). In Chapter 4, where the impact of trees on

the micro-meteorology was not taken into account, the trees induce a NO2 concentration increase

due to the aerodynamic effect in streets with trees. Figure 5.37 shows that on average over the two

months, the global tree effect is the same whether or not the street micro-meteorology is considered.

Small differences are observed when concentrations are averaged on shorter periods and could be

due to changes in the vertical transfer between the street and the background (σW ) and to a lesser

extend in air temperatures.
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Figure 5.37: Box-plot of Mean Relative Difference (MRD) of NO2 concentrations in streets with
trees averaged during the whole period, daytime, nighttime, before water stress (from 06/06 to
12/06) and during water stress (from 16/06 to 31/07). The mean is represented by a white triangle
and the result of a T-test between 3EFF and REF and TEB-SPAC and TEB is indicated at the
top of each box-plot. The result of a T-test between 3EFF and TEB-SPAC is indicated at bottom.
’∗ ∗ ∗’: p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value
≥ 0.1.

The same type of analysis is carried out for PM2.5 concentrations in the next section.

5.3.4.2 Impacts on PM2.5 concentrations

Figure 5.38 presents the results of the sensitivity analysis in Haussmann street for PM2.5.
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Figure 5.38: Comparison of a) PM2.5 concentrations simulated in Haussmann street with WRF
meteo (REF), TEB street meteo only, TEB MOL only and TEB street meteo and MOL (see Table
5.6) and b) relative deviation (RD) of PM2.5 concentrations compared to the REF simulation.

214



5. IMPACT OF STREET MICRO-METEOROLOGY ON AIR QUALITY

Fig. 5.38, shows that both changes in street meteo and MOL impact PM2.5 concentrations. As for

NO2, the decrease in vertical transfer (σW ) during the day leads to higher concentrations and the

increase during the night leads to slightly lower concentrations. The street meteorology leads to the

opposite effect, with generally a concentration increase during night and a decrease during day. The

increases due to both effects are larger than the decreases so the net effect on PM2.5 concentrations

is positive. Then, large RD peaks due to the change in street meteo are observed on the mornings of

June 13, 16, 19 and 20. To understand the origin of these sharp increases, the effect on the various

components of PM2.5 is now studied.

Figure 5.39 presents the RD of particle concentrations obtain a) in the TEB street meteo simulation

as a function of the RD of air temperature and b) in the TEB MOL simulation as a function of

the RD of σW . Each point represents a hourly concentration simulated in Haussmann street. The

different compounds of PM2.5 are represented: Black carbon (BC), a primary pollutant emitted in

the street by traffic and assumed to be inert in the model, organic aerosols separated into primary

organic aerosols (POAs) emitted in the street and secondary organic aerosols (SOAs), formed by

reactions involving POAs, atmospheric oxidants and VOCs (especially BVOCs as shown in the

previous chapters), secondary inorganic aerosols (SIAs), which in the urban environment of Paris,

are mainly ammonium nitrate.
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Figure 5.39: Relative difference of PM2.5 concentrations simulated by MUNICH with a) TEB street
meteo and b) TEB MOL compared to REF as a function of the relative difference of air temperature
and σW . The particle chemical composition is detailed, BC: Black Carbon, POA: Primary Organic
Aerosols, SOA: Secondary Organic Aerosols and SIA: Secondary Inorganic Aerosols (ammonium
nitrate).

Figure 5.39 shows that BC is not impacted by the change of temperature (Fig. 5.39a) and its

concentration decreases when σW increases and inversely (Fig. 5.39b). BC is a primary pollutant,

so like NOx, its concentrations are mainly impacted by atmospheric stability, via the transfer ve-

locity. Conversely, SOAs are not much impacted by the variation of σW (Fig. 5.39b) but SOA

concentrations increase when the RD of temperature are negative and inversely (Fig. 5.39a). Both

POA and SOA concentrations are sensitive to temperature through the processes of evaporation and

condensation. Indeed, higher temperature leads to evaporation of semi-volatile organic compounds

(SVOCs) absorbed on the aerosol, and therefore a decrease in POA and SOA concentrations. In-

versely, lower temperature leads to condensation of SVOCs on the aerosol, and therefore an increase
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in SOA concentrations. POAs concentrations are also impacted by σW changes (Fig. 5.39b). POAs

are primary particles emitted by traffic, so like BC, their dispersion is impacted by stability. The

large increases in PM2.5 concentrations observed on a few mornings are due to the formation of SIAs

(Fig. 5.39a). The formation of SIAs is also very sensitive to temperature through the evaporation

and condensation processes and the four RD peaks are observed when the RD of air temperature

is negative. SIAs are to a lesser extent also sensitive to stability. They are indeed formed from

ammonia (NH3) emitted into the street by traffic. Its dispersion is modified due to variation of σW .

In the TEB street meteo simulation, the effect of the change of specific humidity has also been

studied but its effect on concentrations is less significant than the temperature effect. The net

impact on PM2.5 concentrations is therefore the result of these different effects.

At the city scale over the 2-month period, the PM2.5 concentrations simulated by MUNICH with

TEB street meteo and MOL are on average 1.7% higher during day and 0.13% during night as

shown in Fig. 5.40 and 5.41.
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Figure 5.40: Comparison of average a) daytime and b) nighttime PM2.5 concentrations simulated
by MUNICH and WRF meteo and relative difference of c) daytime and d) nighttime PM2.5 concen-
trations simulated by MUNICH with TEB street meteo and MOL.

Figure 5.41 also shows that the tree effect on PM2.5 concentrations is slightly higher during all

periods when the street micro-meteo is considered, due to the changes of stability and temperatures

as shown previously. The average global tree effect on PM2.5 concentrations remains below 2%.
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Figure 5.41: Box-plot of Mean Relative Difference (MRD) of PM2.5 concentrations in streets with
trees averaged during the whole period, daytime, nighttime, before water stress (from 06/06 to
12/06) and during water stress (from 16/06 to 31/07). The mean is represented by a white triangle
and the result of a T-test between 3EFF and REF and TEB-SPAC and TEB is indicated at the
top of each box-plot. The result of a T-test between 3EFF and TEB-SPAC is indicated at bottom.
’∗ ∗ ∗’: p-value < 0.001, ’∗ ∗’: p-value < 0.01, ’∗’: p-value < 0.05 and ’ns’ (non-significant): p-value
≥ 0.1.

A change in the micro-meteo in the street simulated by TEB and TEB-SPAC, in particular tem-

perature and atmospheric stability, induces modifications in the physico-chemical processes and

therefore in the pollutant concentrations in the street. The use of the TEB-SPAC model also makes

it possible to refine the calculation of biogenic emissions. The impact on biogenic emissions is

detailed in the following section.

5.3.5 Impacts of the urban micro-climate and tree water stress simulated by

TEB-SPAC on BVOC emissions

To estimate the biogenic emissions in the chapters 3 and 4, it was assumed that the leaf surface

temperature is equal to the air temperature at 2 m. Furthermore, the incident solar radiation

used does not consider the complex radiative processes occurring in the street, with reflections and

shading effects. The TEB-SPAC model simulates the leaf surface temperature, which is the variable

that should be used in emission models (Guenther et al., 2012), as well as the solar radiation received

by the leaves computed from the street radiative budget (Redon et al., 2017). Note that this solar

radiation received by leaves includes reflections on the different street surfaces and shading effect

of buildings on leaves but no shading effect between leaves within the tree canopy is modeled. The

simulated leaf surface temperatures and received solar radiations are compared to WRF variables in

Fig. 5.42. It shows that on average over the two months, the leaf surface temperatures are largely

higher than the air temperature at 2 m, with an average increase of +1.2°C, that can reach +3.7°C.

The leaf surface temperature is closely linked to tree water status. Indeed, as long as the tree is

transpiring, its leaf temperature can be lower than the air temperature. However, when the tree

is under water stress and limits its transpiration (from June 16 in the simulation as shown in Fig.

5.16 and 5.21), the leaf surface temperature rises and becomes warmer than the air temperature.

The solar radiation received by the leaves is much more heterogeneous than the incoming solar

radiation because of the local effects of reflections and shading. The increase in solar radiation
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can reach +124 W.m−2 (+25.5%) and the decrease −272 W.m−2 (−50.6%). By comparison to the

street aspect ratio map shown in Fig. 4.1, the solar radiation received by the trees is generally lower

than the incoming solar radiation in the narrow streets and is larger in the more opened streets,

due to building shade.
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Figure 5.42: Comparison of the (a, b) temperatures and solar radiation (d, e) used to compute
BVOC emissions in MUNICH (a, d) and in MUNICH-TEB-SPAC (b, e) along with the relative
difference (RD) of c) temperature and f) solar radiation averaged on the two months.

Then, as TEB-SPAC also simulates a detailed street water balance it is possible to introduce the

water stress effect on isoprene emissions with the γSM activity factor. Three parameterizations,

in which γSM is function of the soil water content, are tested: Guenther et al. (2012); Otu-Larbi

et al. (2020) and Bonn et al. (2019). The γSM evolution as a function of the SWI is represented

in Fig. 5.43. For the soil texture considered in Paris (see Section 5.2.5.4), the parameterizations

simulate a decrease in isoprene emissions from around SWI = 0.38 for Otu-Larbi et al. (2020); Bonn

et al. (2019) and from SWI = 0.22 for Guenther et al. (2012). Then, γSM decrease at different

rates and for SWI = 0, it reaches γSM = 0 for Guenther et al. (2012); Otu-Larbi et al. (2020) and

γSM = 0.15 for Bonn et al. (2019). The Guenther et al. (2012) parameterization simulates a decrease

in emissions starting from a lower soil water content, but the decrease is then greater. These three

parameterizations simulate a decrease in isoprene emissions from June 15 as shown in Fig. 5.44.

This decrease is the lowest with Guenther et al. (2012) parameterization, followed by Otu-Larbi

et al. (2020) and Bonn et al. (2019). This figure also shows that the isoprene emissions computed

from the leaf surface temperature and solar radiation received by the trees are on average in all

streets higher than the emissions computed from the air temperature and the incoming radiation.
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Figure 5.43: Comparison of the γSM activity factor computed from Guenther et al. (2012); Otu-
Larbi et al. (2020); Bonn et al. (2019) as a function of the Soil Water Index (SWI) and from Wang
et al. (2022) as a function of the evapotranspiration to potential evapotranspiration ratio (fPET).

On average over the two months, the isoprene emissions computed from the leaf surface temperature

and solar radiation received by the trees are higher by +35.6% than when meteorological fields from

above the street are used. When γSM of Bonn et al. (2019) is considered, this increase is limited

to −2.2%, so the water stress effect partly offsets the increase due to temperature and radiation

changes in the street. With the γSM of Guenther et al. (2012), the emissions are even decreased

compared to the reference by −42.1% on average. The variation of emissions with the γSM of

Otu-Larbi et al. (2020) is between the two previous parameterizations with an average decrease of

−25.6%. The average net decrease in isoprene emissions due to the water stress is equal to −28.2%

for Bonn et al. (2019), −45.7% for Otu-Larbi et al. (2020) and −58.0% for Guenther et al. (2012).
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Figure 5.44: Temporal evolution of isoprene emissions computed with WRF and TEB-SPAC meteo
averaged on all streets and with or without water stress factor γSM (G12: Guenther et al. (2012),
B19: Bonn et al. (2019), O20: Otu-Larbi et al. (2020)).
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Figure 5.45 presents the 2-month average isoprene emissions computed from WRF meteo and the

MRD of emissions when leaf surface temperature and radiation received by the tree in the street,

as well as the γSM of Bonn et al. (2019) and Guenther et al. (2012) are considered. By comparing

the figures 5.42c and 5.45b, the increase in isoprene emissions seems to be mainly due to the rise

in temperature. In fact, above a certain radiation level (around 300 W.m−2), emissions no longer

increase when radiation levels rise as shown in Fig. 5 of Chapter 3. For high levels of solar radiation

such as those obtained during the simulation period, a variation in radiation causes only small

variations in emissions. On the other hand, over the temperature range obtained, an increase in

temperature leads to a larger increase in emissions (Fig. 5 of Chapter 3). The decrease in isoprene

emissions with the water stress effect offsets the increase due to temperature in many streets, as

shown in Fig. 5.45c and 5.45d. The emission decrease is heterogeneous and seems to be correlated

with the tree fraction in the street (Fig. 5.7). As shown previously, soil water content decreases

faster in streets with large crown fraction due to larger root uptake, inducing higher water stress

for trees.
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Figure 5.45: a) Average isoprene emissions computed with WRF meteo and mean relative difference
of isoprene emissions computed with TEB-SPAC meteo (leaf surface temperature Tsleaf and solar
radiation received by the leaves SWleaf ) b) without and with water stress factor γSM from c) Bonn
et al. (2019) and d) Guenther et al. (2012).
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The temporal and spatial variations of monoterpene emissions are also compared in Fig. 5.46 and

5.47. As for isoprene, using the leaf surface temperature increases the monoterpene emissions in

all streets, of +25.1% on average. Emissions of other biogenic species also increase, on average of

+48.5% for sesquiterpenes, +19.4% for nitrogen monoxide (NO), +25.1% for carbon monoxide (CO)

and +23.3% for other BVOCs (mainly oxygenated BVOCs). The effect of water stress on monoter-

pene and sesquiterpene emissions is more complex, because the effect can be different depending on

the isomer considered, and is not yet represented.
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Figure 5.46: a) Average monoterpene emissions computed with WRF meteo and b) mean relative
difference of isoprene emissions computed with TEB-SPAC meteo.
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Figure 5.47: Temporal evolution of monoterpene emissions computed with WRF and TEB-SPAC
meteo averaged over all streets.
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5.4 Conclusion

As shown in Chapter 4, urban trees significantly impact the gas and particle concentrations through

their aerodynamical effect and biogenic emissions at the street and city levels. However, this impact

was estimated without taking into account the effect of trees on the micro-meteorology. Trees also

modify the street radiative, thermal and water budgets. To estimate the global impact of trees on air

quality, taking into account the impact on micro-meteorology, this chapter presents the development

of a modeling chain based on the street-level air-quality model MUNICH, the urban surface model

TEB-Veg and the soil-plant-atmosphere continuum model SPAC. The hydraulic model of SPAC is

directly integrated into TEB-Veg, providing a detailed representation of the street tree hydraulic

functioning, and in particular of water stress. Meteorological data simulated by TEB (without tree)

and TEB-SPAC (with trees) at the street level are used as input data in MUNICH simulations. To

be consistent with the homogeneous street approach of MUNICH, street average air temperature,

humidity and pressure are computed from TEB simulations. The Monin-Obukhov length (MOL)

above the street, that represents atmospheric stability and has a strong impact on vertical pollutant

transfer, is also taken from TEB simulations. The vertical transfer coefficient and horizontal wind

speed are calculated by each model separately. In order to obtain close transfer velocities for water,

heat and pollutants, the mixing-length parameterization developed in Maison et al. (2022a,b) for

MUNICH is also integrated in the TEB-Veg model. The inclusion of this parameterization both

in TEB-Veg and MUNICH results in similar vertical and horizontal transfer velocities between the

two models.

To study the impact of micro-meteorology in streets without trees, a comparison of the meteorolog-

ical fields estimated in MUNICH from the mesoscale model (WRF) and of those computed by TEB

is carried out. Differences are observed between the variables, due to their nature (e.g. air tempera-

ture at 2 m vs. average street temperature), and the processes represented in the models. Compared

to the parameterized MUNICH meteorological fields, the explicit computation of micro-meteorology

in TEB leads to on average over the 2 months and all streets higher temperatures (+0.63°C), higher

humidity (+0.0014 kg.kg−1) and slightly higher pressure (+0.76 hPa). The atmospheric stability is

higher during the day (−4.7% in σW ) and lower during the night (+4.9% in σW ) compared to the

MOL computed in MUNICH.

The study of the trees hydraulic and energetic functioning over the 2 summer months showed that

due to the low volume of soil in which they are planted, the trees suffer from water stress quite

quickly from June 15. The effect of trees on street-average air temperature and humidity is different

before and during this period of water stress. From 02 to 15/06, in streets including trees and soil,

the air temperature is on average −0.12°C lower, this decrease can reach −0.77°C. The air specific

humidity is increased of +1.0% on average and up to +8.3%. From 16/06 to 31/07, transpiration is

limited and the effect of shade on street-average temperature is weak, so the cooling effect of trees is

reduced, with temperatures even rising in some streets due to the aerodynamic effect (−0.02°C on

average and from −0.46 to +0.17°C). The air specific humidity is also less increased with +0.40%

on average and up to +5.1%. The presence of trees in the street induces an average decrease in σW

of −2.5% over the all period. The atmospheric pressure is not significantly modified by trees.

The impact on pollutant concentrations depends on the nature of the chemical species, in par-

ticular on its origin (primary or secondary). The primary compounds emitted in the streets, for

example NO2 and black carbon are particularly sensitive to the stability that drives the vertical

transport between the street and the background. The secondary particles are sensitive to tem-
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perature through the oxidation, evaporation and condensation processes and to stability when the

precursors are emitted in the street. In the 2-month simulation performed, NO2 concentrations are

on average increased during the day by +2.2% and decreased during the night by −0.79%. PM2.5

concentrations are on average 1.7% higher during day and 0.13% higher during night. The average

global tree effect including aerodynamic effect, dry deposition on leaves and biogenic emissions on

NO2 concentration is the same whether street micro-meteo is considered or not. The effect on PM2.5

is slightly greater when micro-meteo is taken into account, but remains below the 2% increase in

concentrations.

Then, the MUNICH-TEB-SPAC coupling enables us to refine the calculation of biogenic emissions.

The emissions are computed from leaf-surface temperature instead of the air temperature, and from

the solar radiation received by the trees, which takes into account reflections and shading in the

street instead of the incoming solar radiation above the street. The detailed water budget in the

street gives the soil water content that is used to compute the water stress impact on isoprene

emissions with the γSM activity factor. The leaf surface temperature is largely higher than the air

temperature (+1.2°C on average) inducing higher biogenic emissions (+35.6% for isoprene, +25.1%

for monoterpenes and +48.5% for sesquiterpenes). The solar radiation received by the trees is much

more heterogeneous than the incoming radiation above the street (from −50.6% up to +25.5%),

because of local effects of reflections and shading. However, due to a plateau effect in the light ac-

tivity factor, this variation in radiation has a much less impact on emissions than the temperature.

Three parameterizations of the γSM depending of the soil water content are compared (Guenther

et al., 2012; Otu-Larbi et al., 2020; Bonn et al., 2019). They lead to a decrease in isoprene emissions

of varying intensity starting from June 15. With leaf surface temperature, radiation received by

trees and γSM taken into account, the net isoprene emission variation with respect to the reference

is −2.2% for γSM of Bonn et al. (2019), −25.6% for γSM of Otu-Larbi et al. (2020), and −42.1%

for γSM of Guenther (2013). A fourth parameterization (Wang et al., 2022) is also shown in Fig.

5.43. It depends not on soil water content but on the ratio of evapotranspiration to potential evap-

otranspiration (LE/PLE). It allows to represent the increase in isoprene emissions due to the heat

stress on leaf temperature under moderate water stress. This is an integrated ratio calculated at

the mesoscale and it is not directly applicable to the LE/PLE ratio computed by SPAC by each

time step. With further research, it could be adapted to the ratio of evapotranspiration to potential

evapotranspiration computed by TEB-SPAC.

The presented results depend on the soil water content and tree hydraulic functioning that are

known to be particularly sensitive to the value of the reference leaf hydraulic potential. This pa-

rameter depends on the trees adaptation to drought and therefore on the hydraulic characteristics

of the tree species. The reference leaf hydraulic potential has been expressed here as a function of

the xylem porosity (diffuse, ring-porous, etc.) by using xylem databases. Other parameters such

as the tree hydraulic resistances are known to be sensitive parameters (Tuzet et al., 2017). More

sensitivity analyses need to be carried out to identify other sensitive parameters. Tree physiological

measurements (sap flows, minimum leaf hydraulic potentials) and soil water contents could guide

us to set the hydraulic parameters of the trees, but given the number and diversity of trees in

Paris, it would be complicated to determine the parameters for each tree species. Here, many tree

parameters were therefore considered identical for all trees.

Besides, the TEB MOL was used in MUNICH as a first approach to test the model’s sensitivity to

this parameter. The street concentrations of pollutants emitted in the street or reacting with them

are sensitive to this value, as it is used to quantify the atmospheric stability above the street that
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impacts the vertical transport of compounds. To be more coherent, the other variables involved

in the computation of the vertical transport such as the friction velocity should be taken from the

same energy budget modeled by TEB.

The biogenic emissions are strongly dependent on temperature, solar radiation and water stress (for

isoprene), it is therefore important to estimate them accurately. Taking the leaf surface tempera-

ture, solar radiation with reflections and building shading and soil water content is an improvement

and strongly modify the simulated emissions. Other processes such as the shading effects between

leaves within the tree cover and the effect of past light conditions could also be taken into account.

In addition, the activity factor parameterizations have been developed in forests and fields so their

generalization for urban trees can be questioned. The effect of water stress was parameterized

only for isoprene emissions. However it could impact other biogenic emitted compounds, such as

monoterpenes, and more research is necessary to estimate its effect on other compounds.

Finally, CHIMERE/MUNICH simulations that take into account the effect of micro-meteorology

on biogenic emissions (in particular via effects on the leaf surface temperature, the radiation re-

ceived by trees and the water stress effect), and on the formation of secondary compounds should

be performed to estimate the global tree impacts on gas and particles concentrations at the street

and city scale. These simulations require new CHIMERE simulations to recompute the background

concentrations with the updated emissions from street trees. As micro-meteorology leads to an

increase of biogenic emissions by 19% to 49% depending on chemical species, the impact of urban

trees may be greater than that observed in chapters 3 and 4, in particular on secondary organic

aerosols and ozone concentrations.
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Chapter 6

Conclusions and perspectives

6.1 Conclusions

The main objective of this thesis was to quantify the impact of urban trees on concentrations of

chemical species at the street and city scales. To do so, the various effects of urban trees were

integrated in air-quality models at the street and regional scales. First, the three main effects of

trees (aerodynamic effect, dry deposition and biogenic emissions) on urban air quality were added

in the modeling chain CHIMERE/MUNICH. The tree aerodynamic effect in street canyons was pa-

rameterized in the street-network model MUNICH based on computational fluid dynamics (CFD)

simulations. It represents the impact of tree crowns on street air flow, by parameterizing the effect

of the crown size and Leaf Area Index (LAI) on horizontal and vertical transfer velocities. This pa-

rameterization was first developed for a treeless canyon. This is a generic parameterization function

of common street and tree characteristics. It can be applied to other street air-quality models but

also to urban surface-atmosphere models, as done in the Chapter 5.

Dry deposition of gas and particles on leaves was added to MUNICH, deposition velocities were

calculated using a resistive scheme adapted to trees in streets. The resistance and coefficient for-

mulations were taken from the literature, while ensuring consistency with the parameterizations

developed in the first chapter.

Biogenic emissions were estimated at the tree scale based on the empirical approach of the MEGAN

model (Guenther et al., 2012) that uses leaf dry biomass, tree species dependent emission factors

and activity factors representing the effect of meteorology on emissions. Location and characteri-

zation of urban trees were therefore required. The tree database of the Paris city, which includes

most of the city’s public trees (excluding woods), was used in this thesis (Municipality of Paris,

2023). It provides information about the tree coordinates, species, trunk circumference and tree

crown height. These information were crossed with a database of allometric equations, developed

for urban trees in the US (McPherson et al., 2016), to estimate the tree characteristics required as

model inputs such as the crown width, trunk height, leaf area and dry biomass. Based on the tree

location coordinates, this characteristics were then integrated at the street level in MUNICH and

at the cell level of CHIMERE to compute the biogenic emissions. They were also used to compute

the aerodynamical effect and the dry deposition on leaves in MUNICH.

The impact of biogenic emissions from urban trees on regional air quality was quantified using

CHIMERE-WRF simulations over the Île-de-France region and during June and July 2022. For

this purpose, simulations with emissions from urban trees were compared with reference simula-

tions without trees. Concentrations of biogenic species greatly increase in Paris when emissions

from urban trees are added, by more than a factor 10 for isoprene and monoterpenes. These com-

pounds induce a significant increase in particulate organic matter (OM) concentrations by 4.6% on
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average over the two months and 5.4% during the heatwave periods. As OM is a significant part

of PM2.5 in summer, PM2.5 concentrations also increase, but to a lesser extent (+0.6% on average

and +1.3% during the heat wave periods). Urban tree emissions also induce a slight increase in

O3 concentrations, by 1.0% on average over the 2 months and by 2.4% during the heat waves, this

increase can locally reach 2.4% on average over the two months and 5.7% during the heat waves.

The effects remain localized over the Paris city area, except for the increase in O3 concentrations

that can expand over Paris suburbs during heat waves.

To quantify the tree impacts at the street scale, MUNICH simulations were performed over the Paris

street network. The impacts of the different tree effects were quantified over a 2-week sensitivity

analysis and the global tree effect over 2-month simulations. The results show that the aerodynam-

ical effect induces an increase in the concentrations of primary compounds emitted in the street.

The aerodynamic effect increases with tree LAI and traffic emission rates. Compared to the 2-week

reference simulation, it increases the NO2 concentrations by 4.6% on average in streets with trees

and up to 37%. This increase in NO2 induces a titration of O3, whose concentrations decrease

on average by −2.7% in streets with trees. The aerodynamic effect also increases OM and PM2.5

concentrations (mainly through the primary compounds) by respectively 1.6 and 1.2% on average

in streets with trees and up to 29 and 22%. The aerodynamic effect also modifies the distribution

of pollutants between streets, increasing concentrations in streets with trees and reducing them in

adjacent streets. Based on these results, planting trees with wide crown and high LAI in streets

with heavy traffic should be avoided.

The impact of dry deposition of gas and particles is limited and reduces concentrations by up to

−3% only, for all species studied. It nevertheless induces a significant reduction in O3 concentra-

tions in streets with trees of −0.6% on average and up to −2.5%. Therefore, dry deposition on tree

leaves does not seem to be a very effective processes to reduce pollutant concentrations. However,

measurements of dry deposition on urban tree leaves would be useful to assess the parameterizations

used for the different pollutants.

The effect of biogenic emissions in the streets is similar to that observed at a regional scale. The

concentrations of biogenic species is largely higher, leading to an increase in concentrations of O3

(1% on average over the 2 weeks and 2.1% during the heat waves), OM (2.5% on average over the

2 weeks and 3.5% during the heat waves) and PM2.5 (0.5% on average over the 2 weeks and 1%

during the heat waves). Biogenic emissions have no significant impact on NO2 concentrations, and

affect mainly secondary compounds of particles.

The overall effect of the trees on concentrations corresponds to the sum of each individual effect.

Over the 2-month, the net variation of concentrations on average in all streets is equal to +1.5%

for NO2 (and varies from −16.6 to +35.6%), +0.03% for O3 (from −23.9 to +25.2%), +3.8% for

OM (from −10.4 to +33.2%) and +0.8% (from −8.2 to +21.7%) for PM2.5 concentrations.

The MUNICH simulations presented in Chapter 4 were performed using street meteorological fields

parameterized from the meso-scale meteorology. However, the urban micro-climate and the presence

of street trees modify the micro-meteorological conditions, which could influence pollutant concen-

trations. To better take this into account and to determine the impact on street concentrations,

MUNICH has been coupled to the TEB-SPAC model. The TEB-Veg model, which includes a repre-

sentation of the impact of trees on the thermo-radiative and water budgets of the street canyon was

first coupled to the soil-plant-atmosphere continuum model, SPAC. This provides a more refined

representation of water flows within trees and of the impact of water stress on tree functioning.
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The stomata opening that regulates transpiration is function of the leaf hydraulic potential. This

potential is closely connected to soil water content through the tree’s series of water potentials and

resistances. In the two simulated months of summer 2022, trees transpire without limitation by soil

water until June 15. As the crown surface area is large in comparison to the soil volume, soil water is

very quickly absorbed by trees, decreasing rapidly the soil water content. Rainfall in late June and

in July is fairly low, so water content remains close to the wilting point and trees suffer from water

stress. The impact of trees on the micro-meteorology depends on their water status. In the streets

with trees, the cooling effect of trees is greatly reduced when they stop transpiring (on average from

−0.12°C before water stress to −0.02°C during water stress). The average street temperature is

even slightly increased due to the aerodynamical effect that limits the heat dissipation in the street.

During the water stress period, the tree shading effect still participates to decrease the temperature

under the tree crown, but mainly in streets with high tree fraction and LAI. To maintain the benefit

effects of trees on thermal comfort, it is therefore important to find urban planning solutions to

ensure access to water and limit water stress (EPA, 2013).

The impact of micro-meteorology on concentrations was estimated without considering urban trees

by performing MUNICH simulations with and without the detailed micro-meteorology, i.e. with

or without coupling to TEB. The comparison of the meteorological fields simulated by WRF (used

in the MUNICH reference simulation) with those simulated by TEB shows that the street average

temperature simulated by TEB is on average +0.63°C higher that the temperature at 2 m given by

WRF. Locally, the temperature can decrease by −0.16°C and increase by +3.0°C when the micro-

meteorology is taken into account. These temperature variations mainly have an impact on the

concentrations of secondary species. Temperature governs in particular the processes of oxidation,

condensation and evaporation, and the formation of secondary particles are very sensitive to this

processes. Then, the transfer between the street and the background above strongly influences the

street concentrations, and it depends on the Monin-Obukhov length (MOL). Rather than using the

parameterization of the MOL available in MUNICH, simulations were carried out taking as input

data the MOL above the street simulated by TEB. TEB simulates more stable conditions during

the day and a slightly more unstable conditions during the night. This leads to a lower dispersion

of pollutants emitted in the street and therefore higher concentrations during the day (+2.2% on

average for NO2) and inversely at night (−0.79% on average for NO2). The variation of atmospheric

stability impacts directly the primary aerosols and indirectly the secondary aerosols when a precur-

sor is emitted by traffic.

Then, the impact of micro-meteorology on concentrations was estimated considering urban trees.

To do so, MUNICH simulations are performed with the three tree effects and the street meteo

provided by TEB-SPAC. The global effect of trees on NO2 and PM2.5 concentrations taking into

account or not the street meteo is generally similar with only a few tenths of a percent of difference.

Nevertheless, the biogenic emissions computed more precisely, from the leaf surface temperature

and the solar radiation received by the tree in the street (with reflections and shade), increase very

significantly. It is mainly due to the leaf surface temperature, which is on average 1.2°C higher

than the air temperature (up to +3.7°C) and which leads to an increase in emissions of 35.6% for

isoprene, 25.1% for monoterpenes and 48.5% for sesquiterpenes.

Finally, the effect of water stress on isoprene emissions was also investigated. Three parameteriza-

tions of the literature representing the decrease in isoprene emissions with the soil water content

were compared (Guenther et al., 2012; Bonn et al., 2019; Otu-Larbi et al., 2020). They all simulate

a decrease in isoprene emissions from the 15th of June, when the soil water content starts to be
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very low, but of varying intensity. They counterbalance the increase in emissions due to increased

temperatures with a net variation of −2.2% for Bonn et al. (2019), −25.6% for Otu-Larbi et al.

(2020) and −42.1% for Guenther et al. (2012). It is a very wide range of variation which contains

uncertainties due to the parameterizations themselves but also of the tree hydraulic parameters

fixed in SPAC.

6.2 Perspectives

In terms of development of the MUNICH model, the parametrizations of the vertical profiles of

horizontal wind speed and vertical transfer coefficient in Maison et al. (2022a) have enabled us

to develop a model version where the street is discretized into three vertical levels (Sarica et al.,

2023). The vertical gradients of concentrations are better represented in this version, which does

not currently include trees. It would be possible to add the trees by adding the different effects in

the levels where the crown is located. The aerodynamic effect and BVOC emissions would be better

localized in the street, and it would be possible to use directly the meteorological variables simulated

by TEB-SPAC at the different vertical levels. A work has already been initiated as part of a student

project to estimate the impact of the vertical discretization on the vertical exchange coefficient with

trees. In fact this coefficient represents the transfer between the street and the background, and

CFD simulations were also used to estimate the vertical transfer coefficient between the different

levels in the street. The results showed that the linear profile from the coefficient value at z = H

was overall a good approximation.

Then, the tree energetic and hydraulic functioning is sensitive to the tree parameters. To consider

the diversity of the tree hydraulic characteristics among species, the reference leaf hydraulic potential

was expressed depending on the xylem type. The model includes other parameters such as hydraulic

resistances that were considered constant. It is necessary to performed additional analyses to identify

the other sensitive parameters and try to improve their estimations for the different tree species

based on tree physiological measurements (sap flows, minimum leaf hydraulic potentials).

Since 2020, eco-physiological parameters and isoprene emissions have been measured on plate trees

under water stress conditions in the Paris suburb. These results were used to compare the biogenic

emissions algorithms and in particular the water stress factor (Puga Freitas et al., 2023). Difficulties

were encountered in modeling the soil texture (potting soil), so the analysis was not pursued further

but could be extended in order to better guide us in the isoprene emission parameterizations.

The effect of water stress on other BVOCs such as monoterpenes and sesquiterpene is more complex

than for isoprene, especially because the effect can be different depending on the isomer considered.

This was not considered here, but few studies based on measurements try to characterize this effect

(Yani et al., 1993; Ormeño et al., 2007; Lavoir et al., 2009), and parameterizations are developed

for certain tree species (Lavoir et al., 2011).

The results of this thesis showed that OM urban concentrations are very sensitive to monoterpene

and sesquiterpene emissions. Taking into account urban trees improve the modeling of OM con-

centrations compared to observations, but they are still underestimated, so to simulate them more

accurately, the urban vegetation should be better characterized. In particular the 30% of private

trees missing in the Paris city database but also the numerous suburban trees. Participatory science

actions could be implemented to list more trees in large parks and private residences (e.g. https://

www.tela-botanica.org/projets/streets-suivi-des-pieds-darbres-de-ma-rue/). Remote

sensing of vegetation based on aerial images is also a promising technique for identifying urban
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vegetation cover. This method is developed by APUR in the Greater Paris city (APUR, 2012) and

could be used to complete the inventory of both public and private trees, as long as the tree species

can be identified and at a sufficiently fine spatial resolution.

The street concentrations of compounds emitted into the street or reacting with them are sensitive to

wind speed over the street and atmospheric stability, so it is essential to estimate these parameters

accurately. The use of more detailed urban canopy models could improve the estimation of the

impact of surface roughness and fluxes on these variables (Martilli et al., 2002; Barlage et al.,

2016). Besides, this thesis focused mainly on representing the effects of trees at the street scale

and considered no feedback of the ground vegetation to the atmosphere. A bidirectional coupling

between the local and the mesoscale weather model could be set up to better represent the multi-

scale interactions between meteorology and air quality.
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E. Bernard. Réponse hydro-climatique de Paris et sa petite couronne. PhD thesis, Université
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A. Lemonsu, V. Viguié, M. Daniel, and V. Masson. Vulnerability to heat waves: Impact of urban
expansion scenarios on urban heat island and heat stress in paris (france). Urban Climate, 14:
586–605, 2015. doi: 10.1016/j.uclim.2015.10.007. URL https://linkinghub.elsevier.com/

retrieve/pii/S2212095515300316.

L. B. Leopold. Hydrology for urban land planning - A guidebook on the hydrologic effects of urban
land use. US. Geological Survey, 554(554):18, 1968.

D. Y. C. Leung, J. K. Y. Tsui, F. Chen, W.-K. Yip, L. L. P. Vrijmoed, and C.-H. Liu. Effects of
urban vegetation on urban air quality. Landscape Research, 36(2):173–188, 2011. doi: 10.1080/
01426397.2010.547570. URL 10.1080/01426397.2010.547570.

R. Leuning, F. M. Kelliher, D. G. G. De Pury, and E.-D. Schulze. Leaf nitrogen, photosynthesis,
conductance and transpiration: scaling from leaves to canopies. Plant, Cell & Environment, 18
(10):1183–1200, 1995. doi: 10.1111/j.1365-3040.1995.tb00628.x. URL https://onlinelibrary.

wiley.com/doi/abs/10.1111/j.1365-3040.1995.tb00628.x.

C. Li, Z. Wang, B. Li, Z.-R. Peng, and Q. Fu. Investigating the relationship between air pollution
variation and urban form. Build Environ., 147:559–568, 2019. doi: 10.1016/j.buildenv.2018.06.
038. URL https://www.sciencedirect.com/science/article/pii/S0360132318303810.

Z. Li, F. Niu, J. Fan, Y. Liu, D. Rosenfeld, and Y. Ding. Long-term impacts of aerosols on the
vertical development of clouds and precipitation. Nature Geoscience, 4(12):888–894, 2011. doi:
10.1038/ngeo1313. URL https://www.nature.com/articles/ngeo1313. Number: 12 Publisher:
Nature Publishing Group.

C. Lin, R. Ooka, H. Kikumoto, C. Flageul, Y. Kim, Y. Wang, A. Maison, Y. Zhang, and K. Sartelet.
Large-eddy simulations on pollutant reduction effects of road-center hedge and solid barriers in an
idealized street canyon. Build Environ., page 110464, 2023a. doi: 10.1016/j.buildenv.2023.110464.
URL https://www.sciencedirect.com/science/article/pii/S0360132323004912.

251

https://bg.copernicus.org/articles/6/1167/2009/
https://bg.copernicus.org/articles/6/1167/2009/
https://www.sciencedirect.com/science/article/pii/S1352231011001294
https://www.sciencedirect.com/science/article/pii/S1352231011001294
http://link.springer.com/10.1023/A:1016509614936
http://link.springer.com/10.1023/A:1016509614936
https://gmd.copernicus.org/articles/5/1377/2012/
https://gmd.copernicus.org/articles/5/1377/2012/
https://linkinghub.elsevier.com/retrieve/pii/S2212095515300316
https://linkinghub.elsevier.com/retrieve/pii/S2212095515300316
10.1080/01426397.2010.547570
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-3040.1995.tb00628.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-3040.1995.tb00628.x
https://www.sciencedirect.com/science/article/pii/S0360132318303810
https://www.nature.com/articles/ngeo1313
https://www.sciencedirect.com/science/article/pii/S0360132323004912


BIBLIOGRAPHY

C. Lin, Y. Wang, R. Ooka, C. Flageul, Y. Kim, H. Kikumoto, Z. Wang, and K. Sartelet. Modeling
of street-scale pollutant dispersion by coupled simulation of chemical reaction, aerosol dynamics,
and CFD. Atmos. Chem. Phys., 23(2):1421–1436, 2023b. doi: 10.5194/acp-23-1421-2023. URL
https://acp.copernicus.org/articles/23/1421/2023/.

F. Lindberg and C. S. B. Grimmond. The influence of vegetation and building morphology on shadow
patterns and mean radiant temperatures in urban areas: model development and evaluation.
Theoretical and Applied Climatology, 105(3):311–323, 2011. doi: 10.1007/s00704-010-0382-8.
URL 10.1007/s00704-010-0382-8.

F. Lindberg, B. Holmer, and S. Thorsson. SOLWEIG 1.0 – modelling spatial variations of 3d
radiant fluxes and mean radiant temperature in complex urban settings. Int. J. Biometeorol., 52
(7):697–713, 2008. doi: 10.1007/s00484-008-0162-7. URL 10.1007/s00484-008-0162-7.

J. Lindén, M. Gustafsson, J. Uddling, A. Watne, and H. Pleijel. Air pollution removal through
deposition on urban vegetation: The importance of vegetation characteristics. Urban For. Urban
Gree., 81:127843, 2023. doi: 10.1016/j.ufug.2023.127843. URL https://www.sciencedirect.

com/science/article/pii/S1618866723000146.

S. J. Livesley, E. G. McPherson, and C. Calfapietra. The Urban Forest and Ecosystem Services:
Impacts on Urban Water, Heat, and Pollution Cycles at the Tree, Street, and City Scale. Journal
of Environmental Quality, 45(1):119–124, 2016. doi: 10.2134/jeq2015.11.0567.

L. Lugon, K. Sartelet, Y. Kim, J. Vigneron, and O. Chrétien. Nonstationary modeling of NO2, NO
and NOx in paris using the street-in-grid model: coupling local and regional scales with a two-way
dynamic approach. Atmos. Chem. Phys., 20(13):7717–7740, 2020. doi: 10.5194/acp-20-7717-2020.
URL https://acp.copernicus.org/articles/20/7717/2020/.

L. Lugon, K. Sartelet, Y. Kim, J. Vigneron, and O. Chrétien. Simulation of primary and secondary
particles in the streets of paris using MUNICH. Faraday Discuss., 226(0):432–456, 2021a. doi:
10.1039/D0FD00092B. URL http://dx.doi.org/10.1039/D0FD00092B.

L. Lugon, J. Vigneron, C. Debert, O. Chrétien, and K. Sartelet. Black carbon modeling in urban
areas: investigating the influence of resuspension and non-exhaust emissions in streets using the
street-in-grid model for inert particles (sing-inert). Geosci. Model Dev., 14:7001–7019, 2021b. doi:
10.5194/gmd-14-7001-2021.

T. Lyons, J. Kenworthy, and P. Newman. Urban structure and air pollution. Atmospheric Environ-
ment. Part B. Urban Atmosphere, 24(1):43–48, 1990. doi: 10.1016/0957-1272(90)90008-I. URL
https://linkinghub.elsevier.com/retrieve/pii/095712729090008I.
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