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Abstract 

Cities host more than half of the world’s population and are responsible for 70% of total energy and 

greenhouses gas emissions. Cities and their inhabitants are thus drivers of global environmental change 

and, simultaneously, they are strongly affected by it. The high concentration of air pollutants or the large 

percentage of soil sealing are worsening the environmental quality of cities causing serious health issues. 

Increasing green spaces within the urban fabric can improve the air quality and the microclimate 

providing important environmental benefits and contributing to the development of “green cities”. The 

use of decision-making tools for urban greening such as models allows to maximize ecosystem services 

by selecting the suitable species and the most efficient tree density, based on current and future climate 

and emission scenarios. However, the reliability of such assessments is based on model accuracy which 

is seldom tested and validated. 

The most commonly used tool to evaluate ecosystem services provided by urban trees and forests is the 

i-Tree Eco model. It calculates carbon sequestration, pollutant removal, and the emission of biogenic 

volatile compounds (BVOCs) that affect various air quality issues. In this thesis, the i-Tree Eco model 

has been evaluated and its sensitivity to the definition of crown light exposure has been investigated, 

also suggesting a new automated method to determine light competition of trees. Furthermore, the 

impact of uncertain tree species classification has been tested by comparing simulations that were based 

on different parameterizations, considering a decreasing level of detail (species-specific, genus-specific, 

dominant species). For the case study park “Englischer Garten” in Munich, it showed that in particular 

regarding BVOC emissions, a species-specific parameterization is indispensable. In a second step, the 

pollution removal functionality itself was addressed, discussing improvements for PM2.5 deposition, 

resuspension, and removal. The study investigated the impacts of urban trees along a latitudinal gradient 

(Berlin, Munich, Rome) distinguishing deposition velocities between tree types (i.e. conifers and 

broadleaves). The different climatic conditions allowed to investigate the net removal capacity in 

dependence on the particular weather (wind speed, precipitation regimes), highlighting the importance 

of long-lasting dry spells. Finally, a new single-tree model has been developed and evaluated which uses 

the improved i-Tree Eco functionality and complements it with soil water balance and energy 

calculations. With this new development, it is possible to consistently quantify two major urban 

ecosystem services (temperature mitigation and gaseous pollutants uptake) in dependence on 

meteorology, site conditions, and tree properties. In combination, the thesis supplies considerable 

improvements for ecosystem service determination of urban trees and thus helps in the selection of 

resilient and suitable species to increase the environmental sustainability of cities. 
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Zusammenfassung 

Städte beherbergen mehr als die Hälfte der Weltbevölkerung und sind für 70% der gesamten Energie- 

und Treibhausgasemissionen verantwortlich. Städte und ihre Bewohner sind die treibenden Kräfte der 

globalen Umweltveränderungen und gleichzeitig sind sie stark von diesen Veränderungen betroffen. Die 

hohe Konzentration von Luftschadstoffen und der hohe Prozentsatz der Bodenversiegelung 

verschlechtern die Umweltqualität der Städte und verursachen ernsthafte Gesundheitsprobleme. Eine 

Vergrößerung der Grünflächen innerhalb des städtischen Gefüges kann die Luftqualität und das 

Mikroklima verbessern, was wichtige Umweltvorteile bietet und zur Entwicklung "grüner Städte" 

beiträgt. Der Einsatz von Entscheidungshilfen für die städtische Begrünung, wie z.B. Modellen, kann 

helfen, die Ökosystemleistungen durch die Auswahl von geeigneten Arten auf der Grundlage aktueller 

und zukünftiger Szenarien zu maximieren. Die Zuverlässigkeit solcher Bewertungen beruht jedoch auf 

der Modellgenauigkeit, die nur selten getestet und validiert wird.  

Das am häufigsten verwendete Werkzeug zur Bewertung von Ökosystemdienstleistungen, die von 

städtischen Bäumen und Wäldern erbracht werden, ist das Modell i-Tree Eco. Es berechnet 

Kohlenstoffbindung, Luft-Schadstoffentfernung, und die Emission von biogenen flüchtigen 

Komponenten (BVOCs) die wiederum die Luftqualität beeinträchtigen können. In dieser Arbeit wurde 

zunächst die Sensitivität des i-Tree Eco Modells auf die Bestimmung der Konkurrenzsituation von 

Bäumen untersucht, wobei eine neue automatisierte Methode zur Ableitung der Lichtexposition 

vorgeschlagen wurde. Darüber hinaus wurde der Einfluss der Methode zur Baumartenklassifikation 

untersucht, indem die Parametrisierung mit abnehmendem Detaillierungsgrad (artenspezifisch, 

gattungsspezifisch, dominante Arten) durchgeführt wurde. Für das Beispiel des Englischen Gartens in 

München zeigte sich dabei, dass eine artspezifische Parametrisierung insbesondere für die Abbildung 

der BVOC Emission unverzichtbar ist. In einem zweiten Schritt wurde die Funktionalität der 

Modellprozesse selbst bearbeitet und Verbesserungen im Bereich Deposition und Resuspension von 

Partikeln (PM2.5) vorgeschlagen. Die Untersuchung umfasste Stadtbäume entlang eines 

Breitengradienten (Berlin, München, Rom), wobei die Depositionsgeschwindigkeiten zwischen 

Baumtypen (d.h. Nadel- und Laubbäume) unterschieden wurden. Die verschiedenen klimatischen 

Bedingungen in den Städten erlaubten es, die Auswirkungen des Wetters (Windgeschwindigkeit, 

Niederschlagsregime) auf die Feinstaubabscheidung zu untersuchen, wobei sich insbesondere längere 

Trockenphasen als besonders bedeutend für die Resuspension von Schadstoffen herausstellten. 

Schließlich wurde ein neues Einzelbaummodell entwickelt und evaluiert, das auf den verbesserten 

Prozessen des i-Tree Eco Models beruht, diese aber mit Modulen zum Bodenwasserhaushalt zur 

Energiebilanz-Berechnung ergänzt. Mit dieser Neuentwicklung ist es möglich, zwei der wichtigsten 

Ökosystemleistungen von Stadtbäumen (Temperaturminderung und Aufnahme von gasförmigen 

Schadstoffen) in Abhängigkeit von Witterung, Standortbedingungen und Baumeigenschaften konsistent 
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zu quantifizieren. Damit liefert die Arbeit einen signifikanten Fortschritt bei der modell-gestützten 

Bewertung von Ökosystemleistungen und hilft so bei der Auswahl widerstandsfähiger und geeigneter 

Baumarten, um die ökologische Nachhaltigkeit von Städten zu erhöhen.
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I. Papers of the Cumulative Thesis 

This dissertation is based on investigations that were published and submitted in the following four 

original articles: 

Pace, R.; Biber, P.; Pretzsch, H.; Grote, R. (2018): Modeling Ecosystem Services for Park 

Trees: Sensitivity of i-Tree Eco Simulations to Light Exposure and Tree Species 

Classification. Forests 9 (2): 89-106, 10.3390/f9020089. 

Summary: 

Ecosystem modeling can help decision making regarding planting of urban trees for climate change 

mitigation and air pollution reduction. Algorithms and models that link the properties of plant functional 

types, species groups, or single species to their impact on specific ecosystem services have been 

developed. However, these models require a considerable effort for initialization that is inherently 

related to uncertainties originating from the high diversity of plant species in urban areas. We therefore 

suggest a new automated method to be used with the i-Tree Eco model to derive light competition for 

individual trees and investigate the importance of this property. Since competition depends also on the 

species, which is difficult to determine from increasingly used remote sensing methodologies, we also 

investigate the impact of uncertain tree species classification on the ecosystem services by comparing a 

species-specific inventory determined by field observation with a genus-specific categorization and a 

model initialization for the dominant deciduous and evergreen species only. Our results show how the 

simulation of competition affects the determination of carbon sequestration, leaf area, and related 

ecosystem services and that the proposed method provides a tool for improving estimations. 

Misclassifications of tree species can lead to large deviations in estimates of ecosystem impacts, 

particularly concerning biogenic volatile compound emissions. In our test case, monoterpene emissions 

almost doubled and isoprene emissions decreased to less than 10% when species were estimated to 

belong only to either two groups instead of being determined by species or genus. It is discussed that 

this uncertainty of emission estimates propagates further uncertainty in the estimation of potential ozone 

formation. Overall, we show the importance of using an individual light competition approach and 

explicitly parameterizing all ecosystem functions at the species-specific level. 
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Pace, R.; Grote, R. (2020): Deposition and resuspension mechanisms into and from tree 

canopies: A study modeling particle removal of conifers and broadleaves in different 

cities. Frontiers in Forest and Global Change 3 (26): 10.3389/ffgc.2020.00026. 

Summary: 

With increasing realization that particles in the air are a major health risk in urban areas, strengthening 

particle deposition is discussed as a means to air-pollution mitigation. Particles are deposited physically 

on leaves and thus the process depends on leaf area and surface properties, which change throughout the 

year. Current state-of-the-art modeling accounts for these changes only by altering leaf longevity, which 

may be selected by vegetation type and geographic location. Particle removal also depends on weather 

conditions, which determine deposition and resuspension but generally do not consider properties that 

are specific to species or plant type. In this study, we modeled < 2.5 μm-diameter particulate-matter 

(PM2.5) deposition, resuspension, and removal from urban trees along a latitudinal gradient (Berlin, 

Munich, Rome) while comparing coniferous with broadleaf (deciduous and evergreen) tree types. 

Accordingly, we re-implemented the removal functionality from the i-Tree Eco model, investigated the 

uncertainty connected with parameterizations, and evaluated the efficiency of pollution mitigation 

depending on city conditions. We found that distinguishing deposition velocities between conifers and 

broadleaves is important for model results, i.e., because the removal efficiency of conifers is larger. 

Because of the higher wind speed, modeled PM2.5 deposition from conifers is especially large in Berlin 

compared to Munich and Rome. Extended periods without significant precipitation decrease the amount 

of PM2.5 removal because particles that are not occasionally washed from the leaves or needles are 

increasingly resuspended into the air. The model predicted this effect particularly during the long 

summer periods in Rome with only very little precipitation and may be responsible for less-efficient net 

removal from urban trees under climate change. Our analysis shows that the range of uncertainty in 

particle removal is large and that parameters have to be adjusted at least for major tree types if not only 

the species level. Furthermore, evergreen trees (broadleaved as well as coniferous) are predicted to be 

more effective at particle removal in northern regions than in Mediterranean cities, which is unexpected 

given the higher number of evergreens in southern cities. We discuss to what degree the effect of current 

PM2.5 abundance can be mitigated by species selection and which model improvements are needed. 

  



I. Papers of the Cumulative Thesis 

19 
 

Pace, R; De Fino, F.; Rahman M. A.; Pauleit, S; Nowak, D; Grote, R. (2020): A single tree 

model to consistently simulate cooling, shading, and pollution uptake of urban trees. 

International Journal of Biometeorology, submitted. 

Summary: 

Extremely high temperatures, which negatively affect the human health and plant performances, are 

becoming more frequent in cities. Urban green infrastructure, particularly trees, can mitigate this issue 

through cooling due to transpiration, and shading. Temperature regulation by trees depends on feedbacks 

among the climate, water supply, and plant physiology. However, most current models still lack basic 

processes, such as the consideration of soil water limitation, or have not been evaluated sufficiently. In 

this study, we present a new model that couples the soil water balance with energy calculations to assess 

the physiological responses and microclimate effects of a common urban street-tree species (Tilia 

cordata Mill.) on temperature regulation. We contrast two urban sites in Munich, Germany with 

different degree of surface sealing at which micro-climate and transpiration had been measured. 

Simulations indicate that differences in wind speed and soil water supply can be made responsible for 

the differences in transpiration. Nevertheless, the calculation of the overall energy balance showed that 

the shading effect, which depends on the leaf area index and canopy cover, contribute the most to the 

temperature reduction at midday. Finally, we demonstrate that the consideration of soil water availability 

for stomatal conductance improves the calculation of gaseous pollutant uptake (e.g., ozone). In 

conclusion, the presented model has demonstrated its ability to quantify two major ecosystem services 

(temperature mitigation and air pollution removal) consistently in dependence on meteorological and 

site conditions. 
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The above listed articles are attached in the appendix. Hereinafter, reference to the original 

articles is made by citation. 

Authors contributions: 

For the above listed publications R. Pace designed and carried out the research, implemented the model 

code and wrote major parts of the text. For the publication I-II-III, R. Grote contributed significantly to 

the design, discussion and writing of the text and supervised the research. For the publication I, P. Biber 

and H. Pretzsch provided the competition algorithm, supported the implementation, and revised the text. 

For publication III, F. De Fino contributed to the implementation of the model, M. Rahman and S. 

Pauleit provided measurement data and revised the text, D. Nowak assisted simulations and revised the 

text. 
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II. Thesis: Modeling ecosystem services of urban trees to 

improve air quality and microclimate 

1) Introduction 

Cities play a crucial role in the mitigation of the climate change as more than half of the world’s 

population currently lives in cities and the share of urban population is expected to reach 75% by 2050 

(United Nations 2014). They represent 80% of global economic outputs and are responsible for 70% of 

total energy and greenhouses gas emissions (UN-Habitat 2016). Cities and their inhabitants are the 

drivers of global environmental change and at the same time they are affected by it (Pace and Churkina 

submitted). 

Indeed, the effects of climate change are particularly evident in cities where the high percentage of 

sealed surfaces contributes to the so-called heat island effect (Oke 2002; Wilby 2003). The increasing 

occurrence of heatwaves due to global warming (Perkins et al. 2012; Baldwin et al. 2019) presents a 

serious threat to human health (Watts et al. 2019).  For example, the 2003 heatwave in Europe caused 

more than 70,000 deaths (Robine et al. 2008) and the heatwave-related premature mortality is expected 

to increase at the global scale (Guo et al. 2018). 

Another relevant issue in urban areas is the high concentration of pollutants in the air (World Health 

Organization 2013). The major source of air pollution in cities is the combustion of fuels originated 

from fossil sources and biomass for domestic heating, power generation, and transportation (European 

Environment Agency 2018). Air pollutants are called “primary” if directly emitted to the atmosphere 

and “secondary” if formed in the atmosphere from precursor pollutants through chemical reactions and 

microphysical processes. Carbon monoxide (CO) and sulphur oxides (SOx) are examples of primary 

pollutants, while ozone (O3) is a secondary pollutant. Particulate matter (PM), nitrogen oxides (NOx), 

and several oxidized volatile organic compounds (VOCs) can be either emitted directly or formed in the 

atmosphere (European Environment Agency 2019). Because air pollution exposure may cause serious 

health effects – such as respiratory and cardiovascular diseases, leading to premature mortality and 

morbidity (World Health Organization 2016) – the European Union set concentration limits for different 

air pollutants.  

The average annual concentration of particulate matter with a diameter of 10 (PM10) and nitrogen 

dioxide (NO2) should not exceed 40 μg m−3 yr−1, while for particulate matter with a diameter of 2.5 

(PM2.5) is 25 μg m−3 yr−1. The limit value for CO and O3 is 120 μg/m3, considering the maximum daily 

8-hour mean, instead the concentration of sulphur dioxide (SO2) should be lower than 350 and 125 μg/m3 

for 1 or 24 hours, respectively (European Commission 2008). However, these values are often exceeded 

in many European cities, demanding considerable measures to improve air quality (European 

Environment Agency 2018). 
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The “Green City” concept was introduced as a model for the development of environmentally friendly 

cities which has its origin from the awareness in the late 1990s of reconciling economic development 

with the environmental conservation and social well-being, strengthened by the theory of sustainability 

and the emergence of a “sustainable city” vision (Brilhante and Klaas 2018). This concept suggests a 

responsible political and societal action of cities in order to achieve a high environmental quality, which 

contributes to enhanced human well-being (Pace et al. 2016). One of the environmental indicators to 

assess the degree of “greenness” of cities is the presence of green areas and their accessibility (Pace and 

Churkina submitted). 

Among European cities with a population over 2 million, Berlin shows the highest percentage of green 

areas and forests (26.8%). Considering smaller cities, however, another virtuous example is Stockholm 

(1,6 million inhabitants) with more than half of the area (56%) covered by green areas and forests 

(Poelman 2018). On the other hand, the amount of total green areas does not reflect the accessibility for 

citizens because these areas can be located outside the urban fabric. Considering the median surface of 

accessible green urban areas (ha), among the cities with a population above 2 million, Madrid shows the 

highest value (30.2 ha) while Helsinki (1 million inhabitants) has the highest accessibility to green areas 

(78.8 ha) of all investigated European cities in a recent study (Poelman 2018). 

Green areas and in particular trees provide many ecosystem services (ES) such as water purification, air 

quality improvement, space for recreation, and heat mitigation (Fig. 1). Recently, the European 

Commission has suggested the nature-based solutions concept, which includes preserving, managing, 

and restoring natural or modified ecosystems in order to respond to societal challenges and contribute 

to the human well-being and biodiversity (European Commission 2015). A recommendation for the 

practical implementation of nature based solutions is to design green infrastructures (Hansen et al. 2019), 

which are strategically planned networks of natural and semi-natural areas that are very efficient in 

providing ecosystem services for animals and people (Calfapietra and Cherubini 2019). 

 

Figure 1. Ecosystem services provided by urban trees. Source: (Pace 2019) 
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Among all ecosystem services, air pollution removal and heat mitigation are two of the most investigated 

(Brink et al. 2016) and also of particular importance for people's health (Livesley et al. 2016). In fact, 

planting trees has a greater impact on temperature reduction than other types of green infrastructure 

(Zölch et al. 2016) and the pollution removal reduces the incidence of human mortality and acute 

respiratory symptoms (Nowak et al. 2014). Therefore, the nature and dependencies of these two 

functions will be further explained. 

Trees reduce the air temperature in two ways: by preventing solar radiation from heating up surfaces 

below the canopy (shading) and by transpiring water through the stomata of leaves (cooling), which has 

previously been absorbed by roots in the soil (Rahman et al. 2020b). Both mechanisms are strongly 

related to climatic and soil conditions and depend on tree dimensions as well as on physiological 

processes (Rahman et al. 2018). LAI and crown width are the main tree traits affecting the tree shading, 

which is capable of reducing up to 20 °C the surface temperature at midday on sunny days (Speak et al. 

2020). Transpiration demand is triggered by low relative humidity (or high vapor pressure deficit), 

which is often closely related to temperature, but it is nevertheless limited by soil water availability. The 

reason is that insufficient water supply causes stomata closure decreasing the water uptake and thus the 

cooling effect of evaporation (Rötzer et al. 2019). Other meteorological factors that are positively related 

to transpiration are solar radiation, because stomata tend to open if the radiation is high, and wind speed, 

which reduces the boundary layer thickness and thus the resistance to water transport from the canopy 

(Kramer 1983). 

Air pollution can be removed by trees by two ways depending on the kind of pollution. Gaseous 

pollutants, such as ozone (O3), sulfur dioxide (SO2) or nitrogen dioxide (NO2), are taken up into the 

plant through the stomata (Hosker and Lindberg 1982). These molecules can be almost immediately 

metabolized as long as photosynthesis and membrane permeability are not severely damaged. In fact, 

leaves can activate defense mechanisms as the detoxification potential in the apoplast for O3 and nitrogen 

oxides (NOx) or the transport resistances within cells and the ability to tolerate pH changes for SO2 

(Tiwari et al. 2016). 

On the other hand, particulate matter is removed by physical deposition on plant surfaces such as leaf, 

bark, and branches and is later on washed off by rainfall or deposited on the ground with senescent tissue 

(Beckett et al. 1998; Janhäll 2015; Cai et al. 2017) (Fig. 2). 
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Figure 2. Dry deposition of gaseous and particles at canopy and leaf level. Source: (Lovett 1994) 

The capacity to remove fine PM depends primarily on the leaf area since this is the usually the largest 

and most exposed surface of a tree.  Thus, phenological transition phases (Wang et al. 2015) as well as 

leaf surface properties that are species-specific (Sæbø et al. 2012; Zhang et al. 2017; Shao et al. 2019) 

need to be considered. The actual deposition rate is then modified by weather conditions, such as wind 

speed or precipitation regime (Schaubroeck et al. 2014) as well as pollution concentration (Lu et al. 

2018). Needles of conifers are considered more efficient than broadleaves in removing fine PM because 

of their shape, abundance of waxes on their surfaces, and their surface structure (Chen et al. 2017; Zhang 

et al. 2017; Muhammad et al. 2019). Species-specific foliage properties also determine how strongly 

deposited particles are stuck to the leaf and how easily they are resuspended into the air (Blanusa et al. 

2015; Chen et al. 2017; Zhang et al. 2017). 

However, trees can also worsen the air quality through the emission of pollen and BVOCs. Pollen, or 

more generally “airborne biological particulate matter” (BPM) is emitted by flowering plants and 

besides species-specific traits, the emission intensity is also related to temperature and wind (Grote et 

al. 2016).  One of the important species-specific features is the allergenicity of pollen (Cariñanos et al. 

2016), which can be modified by air pollutants increasing the amount of allergenic proteins or altering 

the lipid composition (Beck et al. 2013). The BVOC release is another highly species-specific trait which 

is controlled by environmental conditions such as sunlight, temperature, and water availability (Grote 

2019). For example, poplar trees are high isoprene emitters and conifers generally emit monoterpenes 

but there are also genera such as Quercus which include species that are either isoprene, monoterpene 

or non-emitters (Loreto 2002). BVOCs reacting with anthropogenic emissions, especially nitrogen 

oxides (NOx), can contribute substantially to O3 formation in the atmosphere (Calfapietra et al. 2013). 
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Since there are so many species-specific traits that influence ecosystem services, species selection is 

important to achieve optimal results of city greening (Churkina et al. 2015) and models that can be 

particularly useful as decision-support tools for city planning, need to consider the species level (Maes 

et al. 2012; Endreny et al. 2017). Urban forest-specific models represent a group of models, most 

prominent in urban ecosystem research, which focus on the physical and physiological properties and 

processes of trees. The most commonly used model types are the i-Tree toolset, ENVI-met and 

computational fluid dynamic models (Lin et al. 2019). 

The i-Tree Eco model can be used to estimate a broad range of ecosystem functions such as the air 

pollution removal, carbon sequestration, as well as building energy conservation (Nowak et al. 2008a). 

The model needs a considerable effort for initialization: in addition to the species and the stem diameter 

at breast height (DBH) further input data are required, including land use criteria, total tree height, crown 

size (height to live top, height to the crown base, crown width, and percentage of crown missing), crown 

health (dieback or condition), and competition status. Also, meteorological data and pollution 

concentrations are used to calculate tree ecosystem services (Fig. 3). 

 

Figure 3. Input data and functions calculated by the i-Tree Eco model. Source: (i-Tree 2020) 

The i-Tree Eco is applied extensively worldwide and particularly in Europe but only few studies tested 

and evaluated the underlying model functions (Hirabayashi et al. 2011; Morani et al. 2014; Russo et al. 

2014). Since the model relies on a limited number of processes and is often parameterized on the genus 

level or coarser, results may be subjected to large uncertainties. The heterogeneity of urban areas 

characterized by a high number of tree species and different environmental conditions may be not 

appropriate to determine carbon sequestration, pollution removal, or the amount of BVOCs emitted by 

trees. 
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Also, the current version of the model does not allow to evaluate the temperature mitigation of urban 

trees and neglects drought stress on plant physiology by assuming always sufficient water availability. 

This is a crucial factor for the evaluation of the transpiration and deposition of the gaseous pollutants 

during the summer drought period which is particularly pronounced in the Mediterranean climate but 

also evident in Northern European cities (e.g. Brune 2016). 

In order to approach these issues, this thesis investigated the current i-Tree Eco model approach and 

developed a more comprehensive framework that addresses some of the previously outlined major 

deficits. The new development is still based on core functions of the i-Tree Eco model and don’t provide 

its extensive tool boxes and user guides. Also, climatic information is not provided automatically from 

the developer’s databases but are needed to be explicitly given for a particular site – which, however, 

increases the flexibility. 

First, I evaluated the sensitivity of the i-Tree Eco model processes to the crown light exposure (CLE), 

which is a means for characterizing the competition state of trees. A new automated method has been 

introduced to derive this variable. In addition, the impact that the kind of tree parameterization (either 

on the plant-type, genus or species level) has on the ecosystem services calculation has been evaluated, 

using the Englischer Garten park in Munich as an example. 

Then, I developed and applied new model functions regarding deposition and resuspension to assess 

particulate matter removal of conifers and broadleaves under a range of climatic conditions (using the 3 

European cities Berlin, Munich and Rome as case studies). Further model improvements consider 

dynamic stomatal conductance for estimating gaseous pollutant uptake and transpiration, as well as 

temperature mitigating effects (cooling and shading based on the calculation of the full energy balance). 

The development included the consideration of soil water availability using a newly implemented water 

balance model. The model has been evaluated with field measurements. 

The range of locations that has been used in this thesis include a wide range of climate and pollution 

levels, which give reason to hope that the new model development could be applied generally to 

investigate pollution removal, cooling and shading of urban trees. The new single-tree model 

(Tree4City) can thus be seen as a research-support tool to study plant-atmosphere interactions and 

possibly employed to maximize ecosystem service benefits based on current and future climate and 

environmental scenarios. 



II. Thesis: Aim of the thesis 

27 
 

2) Aims of the Study and Research Questions 

The aim of the thesis was to analyze and develop a modeling approach for the evaluation of tree 

ecosystem services to improve air quality and microclimate in urban areas. 

The first objective was to evaluate the impact of species classification and light exposure of urban trees 

on the assessment of carbon sequestration, pollution removal and biogenic emissions. To this purpose, 

the i-Tree Eco, a state of the art model for urban forestry analysis and benefits assessment, was initialized 

for the Englischer Garten park in Munich. 

The second objective was to analyze which weather conditions promote the net removal of particulate 

matter and how its deposition differs between conifer and broadleaf trees. Therefore, the pollution 

removal functionality for PM2.5 was tested in three European cities along a latitudinal gradient (Berlin, 

Munich, Rome) distinguishing deposition velocities between tree types (i.e. conifers and broadleaves). 

Finally, the last objective was to introduce and validate with physiological measurements a new single-

tree model able to quantify temperature mitigation and gaseous air pollution uptake consistently in 

dependence on meteorological and site conditions. 

The following research questions were posed and investigated in detail: 

- What is the current state of the art of modeling ecosystem services of urban trees? 

- How does a more detailed tree inventory and a different crown light exposure affect the carbon 

sequestration, pollution removal and biogenic emissions? 

- Which weather conditions promote particle removal? How does the deposition of particulate matter 

from conifers and broadleaf trees vary? 

- How can a more comprehensive and physiological model be developed to assess temperature 

mitigation and gaseous pollution uptake based on weather (e.g. wind speed, drought) and site conditions 

(e.g. porous or paved surface)? 
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3) Material and Methods 

3.1. Study areas 

In this thesis 3 European cities were investigated: Berlin, Munich and Rome (Fig. 4). These places are 

located on a latitudinal gradient and show different climate and environmental conditions (see paragraph 

below, Tab. 3). Also tree species diversity vary among these cities with evergreen trees more abundant 

in Rome, such as Pinus pinea L. and Quercus ilex L. (Caneva et al. 2020), compared to northern cities 

where deciduous trees as Tilia spp., Acer spp., and Fagus spp. are much more prominent (Tigges et al. 

2017; Tab. 1). 

 

Figure 4. Cities analyzed with a focus on the study cases of Munich. 

- Englischer Garten, Munich 

For the first task, we analyzed the south of “Englischer Garten” in the simulation performed by the i-

Tree Eco model, a 330-ha park located in Munich, Germany (Figure 4). The site is mainly comprised of 

a mix of deciduous trees dominated (≈77%) by the species Norway maple (Acer platanoides L.), 

European beech (Fagus sylvatica L.), small-leaved lime (Tilia cordata MILL.), sycamore maple (Acer 

pseudoplatanus L.), and European ash (Fraxinus excelsior L.). The park structure with large open spaces 

and areas with denser tree cover provides various degrees of light competition which have been 

considered in the model simulation. 
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Evergreen species contribute less than 1% to the total tree number (Tab. 1). The inventory comprises 

9391 trees growing within the “Englischer Garten”, which have been measured by the Bavarian 

Administration of State-Owned Palaces, Gardens and Lakes. The respective tree data (species, tree 

height, DBH, crown diameter, and height to the crown base) were used as input parameters in the model 

to calculate the ecosystem services provided by the park. 

Table 1. Species composition of the south part of Englischer Garten. Source: (Pace et al. 2018). 

Species 
Relative 

Number (%) 

Basal Area 

(m2) 

Norway maple (Acer platanoides L.) 32.9 453.6 

European beech (Fagus sylvatica L.) 12.6 447.4 

Small-leaved lime (Tilia cordata Mill.) 11.2 160.1 

Sycamore maple (Acer pseudoplatanus L.) 10.4 122.8 

European ash (Fraxinus excelsior L.) 10.1 223.2 

Field maple (Acer campestre L.) 3.7 35.8 

European hornbeam (Carpinus betulus L.) 3.6 43.6 

Horse-chestnut (Aesculus hippocastanum L.) 2.6 70.1 

English oak (Quercus robur L.) 2 32.4 

Scotch elm (Ulmus glabra Huds.) 1.8 28.8 

Black locust (Robinia pseudoacacia L.) 1.6 21.7 

London plane (Platanus × acerifolia Aiton) 1.3 19.4 

White willow (Salix alba L.) 1.0 43.3 

Willows (Salix spp.), poplars (Populus spp.), cherries (Prunus 

spp.), Caucasian wingnut (Pterocarya fraxinifolia), birches (Betula 

spp.), hazels (Corylus spp.), walnuts (Juglans spp.), common pear 

(Pyrus communis), honey locust Gleditsia triacanthos, tulip tree 

(Liriodendron tulipifera), hawthorns (Crataegus spp.), ginkgo 

(Ginkgo biloba), whitebeams (Sorbus spp.), grey alder (Alnus 

incana), tree of heaven (Ailanthus altissima), cornelian cherry 

(Cornus mas), Japanese pagoda tree (Sophora japonica), yew 

(Taxus baccata), pines (Pinus spp.), and spruce (Picea abies), 

magnolia (Magnolia spp.) 

5.2 (evergreen 

species <1%) 
82.6 

 

- Pariser Platz and Bordeaux Platz, Munich 

The study sites which were used for simulations of temperature mitigation using the Tree4City model 

are located in Munich (Germany) (Fig. 4) and have different topographical features: Bordeaux Platz is 

an open green square and Pariser Platz is a circular paved square (Fig. 5).  

The two sites share the same tree species Tilia cordata Mill. commonly present in European cities (Grote 

et al. 2016) and show contrasting features in terms of micro-meteorological conditions and surface 

cover. Furthermore, they are located close to the city center where UHI effect is more evident and thus 

the temperature reduction of urban trees is particularly demanded. 

Apart from differences in sealing and wind speed, the trees at Bordeaux Platz were a bit smaller than 

those at Pariser Platz (Table 2). 
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Figure 5. Bordeaux Platz (A) and Pariser Platz (B) in Munich. Source: (TUM 2016) – Google Maps 

Table 2. Average morphological characteristics of trees at the two study sites. Source: (Pace et al.) 

Sites DBH (cm) Height (m) Canopy cover (m2) LAI 

Bordeaux Platz 29.18 ± 0.52 15.12 ± 0.21 67.12 ± 3.37 2.41 ± 0.19 

Pariser Platz 44.68 ± 1.27 16.78 ± 0.29 81.7 ± 3.97 2.54 ± 0.18 

 

3.2. Weather and pollution data 

i-Tree Eco simulations were conducted for the year 2012 using hourly meteorological data registered at 

the Munich Airport (about 40 km north of the Englischer Garten). These are provided by the National 

Oceanic and Atmospheric Administration (NOAA) and directly accessed by the model. These are 

supplemented by precipitation data from the weather station “München Theresienstrasse”, which is 

located about 1 km away from the Englischer Garten (Fig. 6). The average hourly concentration data 

for O3, SO2, NO2, CO, and PM2.5 measured at the pollution stations of “München Stachus” and 

“Landshuter Allee” were provided from the Bavarian Environment Agency (LFU) (Fig. 7). 
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Figure 6. From top to bottom: temperature, PAR and precipitation of Munich in 2012. 

 

Figure 7. Pollutants concentration of Munich in 2012. 
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The simulations performed by the Tree4City model used air temperature, pressure, relative humidity, 

and wind speed data locally measured in August 2015 at the two study sites (Bordeaux and Pariser 

Platz, in Munich; Fig. 8).  Global radiation was measured at Bordeaux Platz and precipitation data were 

obtained from the Theresienstrasse weather station in Munich for the year 2015. 

 

Figure 8. Meteorological conditions at the two study sites. Source: (Pace et al.) 

For the comparison of PM pollution removal across a European gradient, hourly precipitation and wind-

speed data were obtained from airport-station records in Berlin (Tegel) and Munich (München-

Flughafen) and from the weather station in Castelporziano for Rome. These weather stations are all 

located at the city border, some distance from the city centers. Modeling simulations were performed 

for the years 2013–2015. 

In Rome, spring, and summer precipitation is considerably lower than that in the winter and autumn, 

while the situation is almost the opposite in Munich, where the highest rainfalls occur in spring. The 

overall precipitation in Berlin is less by about a third than that at the other two sites (Tab. 3). 
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Also, there is a clear gradient in wind speed from Berlin to Munich and Rome, with the highest air 

movements mostly in the autumn and winter and the lowest in the summer. In Rome, there is hardly any 

seasonal variation, unlike at the German sites, which show some differences throughout the year (Tab. 

3). 

PM2.5-concentration data for all cities were taken from the i-Tree Eco database, which contains pollution 

data from the European Environment Agency (EEA). The pollution level is similar in all cases, with 

Berlin having slightly higher concentrations, particularly in 2014 (Tab. 3). Seasonality of PM2.5 

concentration is not very expressed in either of the sites, but the pollution minimum is in the summer, 

while the highest PM2.5 concentrations occur in the winter (except in 2015 in Rome, which had the 

highest concentrations in autumn). The reason for the maximum in winter is the increased residential 

heating and the longer lifetime of PM precursors. 

Table 3. From top to bottom: precipitation, wind speed and PM2.5 data in Berlin, Munich and Rome 

from 2013 to 2015. Source: (Pace and Grote 2020) 
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3.3. Model developments 

3.3.1. Automated crown dimension and light exposure routine 

The i-Tree Eco model considers the average competition of a tree as the degree of crown exposure to 

sunlight, which is not supposed to change during the simulation. This competition is expressed as CLE 

(crown light exposure), which is an empirical index that reflects the number of sides of a tree receiving 

direct sunlight (Nowak et al. 2008a). Therefore, the tree crown is virtually divided into the four cardinal 

directions and an additional surface on top of the crown (Fig. 9) (Bechtold 2003). A classification can 

thus result in a CLE value between 0 (which would characterize a fully suppressed tree in the understorey 

of a closed canopy, only receiving diffuse light) and 5 (solitary tree not shaded by surrounding trees or 

other obstacles). CLE reflects broadly the capability for photosynthesis and is used to calculate LA and 

tree growth estimates. While growth directly determines carbon sequestration, LA influences various 

ecosystem services. 

 

Figure 9. Crown light exposure (CLE) classification (A) and calculation of the competition index CCS 

(crown competition for sunlight) based on Pretzsch et al. (B). In the bottom right corner of (A), the 

conversion of CCS is indicated in CLE values. Source: (Pace et al. 2018) 

Herein, I calculated CLE based on a routine introduced within the framework of the single-tree-based 

stand simulator SILVA (Pretzsch et al. 2002). This model calculates single-tree growth in relation to its 

surrounding three-dimensional space to produce the competition index CCS. 
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CCS aids in identifying the competitors of single trees by considering a virtual reverse cone with an axis 

equal to the tree axis and its vertex placed within the crown of the tree (Fig. 10). The model determines 

the angle β between the insertion point of the cone and the top of any competitor tree. This angle is 

multiplied by the crown cross-sectional areas (CCAs) of the competitors and the tree of interest 

considering a species-specific light transmission coefficient: 

𝐶𝐶𝑆𝑖 = ∑ (β𝑖 

𝐶𝐶𝐴𝑗

𝐶𝐶𝐴𝑖

 𝑇𝑀𝑗)

𝑛

𝑗=1

 (1) 

where CCSi is the competition index for tree i; βi is the angle between cone vertex and top of competitor 

j; CCAj and CCAi are the CCAs of trees j and i, respectively; TMj is the species-specific light transmission 

coefficient for tree j; n is the number of competitors of tree i (Pretzsch et al. 2002). 

The competition index CCS was calculated for each tree before converting the results into a CLE 

classification. Therefore, we assumed that the trees without competition (CCS = 0) correspond to the 

highest CLE value (CLE = 5), while other CLE classes are assigned to CCS values according to the 

relative abundance of trees (Figure 12). 

 

Figure 10. Relationship CCS-CLE and relative conversion classes determined from 100 sampled 

trees. 

The shading by buildings and other trees not included in our inventory has been evaluated considering 

a fixed buffer distance of 15 m around the trees using the open source Quantum GIS (QGIS) software. 

For all trees falling within this distance, we reduced the CLE by one unit (Fig. 11). 
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Figure 11. All trees in the south of Englischer Garten with relative crown light exposure (CLE) 

classes calculated by the CCS (crown competition for sunlight) competition index which is based on 

the algorithms provided in Pretzsch et al. (2002). In addition to competition between trees, shading by 

buildings has been considered as well. [CLE 0 = no direct light, CLE 1 = Top or one side, CLE 2 = 

Top and one side, CLE 3 = Top and two sides, CLE 4 = Top and 3 sides, CLE 5 = Top and 4 sides]. 

Source: (Pace et al. 2018) 

- CLE effects on leaf area 

The i-Tree Eco model calculates LA according to tree-specific CLE classes: the open-grown (CLE = 4–

5), park (CLE = 2–3), and closed forest (CLE = 0–1) conditions. Under the open-grown condition, LA 

is calculated either from DBH only or from crown length (H) and crown width (D) if available (Nowak 

1996): 
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• CLE = 4–5 (open-grown trees) 

ln(LA) = b0 + b1DBH + b2S (2) 

ln(LA) = b0 + b1H + b2D + b3S + b4C (3) 

In these calculations, S is a species-specific shading factor, which is defined as the percentage of light 

intensity intercepted by foliated tree crowns, and C is the outer surface area of the tree crown calculated 

from H and D as C = πD(H + D)/2. S varies with species for deciduous trees, and if it is not defined for 

individual species, the averages for the genus or general hardwoods are used. For conifer trees, the model 

applies a shading factor of 0.91 for all species, except for pines (0.83) (Nowak 1996; Nowak et al. 

2008a). For the closed forest condition, LA is calculated using the following equation based on the Beer-

Lambert law: 

• CLE = 0–1 (forest stand condition) 

LA = (ln(1 − S)/−k) × π × (D/2)2 (4) 

where k is a light extinction coefficient that is differentiated between conifers (0.52) and hardwoods 

(0.65) (Nowak et al. 2008a). For CLE = 2–3 (park condition), LA is calculated as the average value 

determined by the open-grown (CLE = 4–5) and closed canopy equations (CLE = 0–1). Leaf biomass is 

calculated by converting leaf area estimates using species-specific measurements of grams of leaf dry 

weight/m2 of leaf area (Nowak et al. 2008a). 

The CLE is influencing the leaf area of a tree and thus the deposition as well as emission surfaces. 

Deposition is explained later in chapters ii) for gaseous pollutants and iii) for particles, while emissions 

of isoprene (C5H8) and monoterpenes (C10 terpenoids) were estimated using an approach proposed by 

Guenther et al. 1993 and Geron et al. 1994. In this approach, emission is calculated by multiplying leaf 

biomass (derived from LA with species-specific conversion factors) with emission rates (Hirabayashi 

2012). These in turn depend on temperature and light (isoprene) or temperature only (monoterpenes) as 

well as on genus-specific parameters that represent emissions at 30 °C and 1000 μmol m−2 s−1 

photosynthetically active radiation (PAR) (Nowak et al. 2002). 

Median emissions values for the family, order, or superorder are used if genus-specific emission is not 

available (Nowak et al. 2008a). Incoming PAR is calculated as 46% of total solar radiation input 

(Monteith and Unsworth 2013). Because isoprene emission has a nonlinear dependence on light, PAR 

was estimated for 30 canopy levels using the sunfleck canopy environment model with the LAI of the 

analyzed structure (Nowak et al. 2008a). Hourly leaf temperature was calculated from air temperature 

while considering the again the LAI (Hirabayashi 2012). 
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- CLE effects on tree growth 

In addition, the CLE is also used to modify tree growth and thus carbon sequestration. Carbon 

sequestration or wood biomass increase is generally calculated based on tree dimensions using 

allometric equations (Nowak 1994; Nowak and Crane 2002), also considering a fixed root-to-shoot ratio 

of 0.26 to account for below ground growth (Cairns et al. 1997).  

Because the allometric equations are diameter-based and developed for closed canopies, biomass that 

has been calculated for open-grown trees (those with a small CLE value), which tend to be shorter and 

thus have less above-ground biomass at a given diameter, is reduced by an additional factor of 0.8 

(Nowak 1994).  

Total carbon storage is then calculated by multiplying tree dry weight biomass by an assumed carbon 

density of 0.5 (Nowak et al. 2008a). Hence, assuming that there is no change in soil carbon, annual 

carbon sequestration is directly calculated from tree growth (Nowak et al. 2008a). Average diameter 

growth is added to tree diameter (year x) to estimate the tree diameter in year x + 1 (Nowak and Crane 

2002). In i-Tree Eco, a standard diameter growth (SG) that can be reduced is defined for open-grown 

trees (CLE = 4–5) when the number of frost-free days is smaller than a defined value: 

Standard diameter growth (SG) = 0.83 cm/year × (number of frost-free days/153) (5) 

Park tree growth (CLE = 2–3) is calculated by dividing SG of open-grown trees by 1.78 and that of 

forest trees (CLE = 0–1) by 2.29. 

The new routine for estimating CLE compared to visual observations is objective and easily coupled 

with remote sensing inventories because based on tree position and crown dimension. Therefore, it does 

not require trained people for tree measurements saving time and efforts for big city inventories such as 

the London case demanded (Kenton Rogers et al. 2015). However, it is important to stress that tree 

crowns are often pruned in the city for safety reasons or to maintain their size assuming in some cases a 

singular shape and size (Peper et al. 2001a, b) that is hardly evaluable from the model. 
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3.3.2. A soil water balance module to affect stomatal conductance 

- The Berry-Ball stomatal conductance model 

The calculation of transpiration (Tf, g m−2 hr−1) is basically calculated using the i-Tree Eco model 

methodology (Hirabayashi et al. 2015). The amount of water evaporating through stomata is controlled 

by the leaf and boundary layer resistances (Kramer 1983): 

𝑇𝑓 =
𝐶𝑙𝑒𝑎𝑓 − 𝐶𝑎𝑖𝑟  

1
𝑔𝑠

+ 𝑅𝑎

∙  
3600

𝐿𝐴𝐼
 

(6) 

where Cleaf is the water vapor concentration of evaporating surfaces within the leaf (g m- 3), Cair is the 

water vapor concentration in the air (g m−3), 1/gs is the stomatal resistance (rs) (s m−1, gs = stomatal 

conductance), Ra is the aerodynamic resistance (s m−1), and LAI is the leaf area index. 

The parameters Cleaf and Cair can be calculated as follows (Monteith and Unsworth 2013): 

𝐶𝑙𝑒𝑎𝑓 =
𝑀𝑤  𝑒𝑠

𝑅 𝑇
 (7a) 

𝐶𝑎𝑖𝑟 =
𝑀𝑤 𝑒

𝑅 𝑇
 (7b) 

where MW is the molecular weight of water (18 g mol−1), R is the universal gas constant (8.314 J mol−1 

K−1), es is the saturation vapor pressure (kPa), e is the vapor pressure (kPa), and T is the temperature 

(K). 

The stomatal conductance of each layer of the canopy can be then calculated based on the methods 

presented in Baldocchi, 1994, Farquhar et al., 1980, Harley et al., 1992, summarized as: 

𝑔𝑠 =
𝑚 𝐴 𝑟ℎ

𝐶𝑠

+ 𝑔𝑚 (8) 

where A is the photosynthetic carbon flux into the leaf, m is the Ball–Berry coefficient (or slope of the 

relationship between stomatal conductance and A), rh is the relative humidity, Cs is the CO2 

concentration at the leaf surface, and gm is the minimum conductance (0.02 mol m−2 s−1) when the 

stomata are closed (A = 0). The model calculates stomatal resistance (rs) as the inverse of stomatal 

conductance. 

The aerodynamic resistance (Ra) is calculated as follows: 

𝑅𝑎 =  
𝑢(𝑧)

𝑢∗
2

 (9) 
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where u(z) is the mean wind speed at the height of the weather station z (m s−1) and u* is the friction 

velocity (m s−1). 

This calculation routine does not include any consideration of soil water limitation, which however, is 

very well known to affect stomatal behavior (e.g. Medrano et al. 2002). Applying the model without soil 

water constraints, implicitly assumes that there is always sufficient rainfall, the vegetation has 

groundwater access, or trees are continuously watered during dry periods. Since this is not realistic, a 

soil water balance model that is suitable for application under urban conditions has been developed and 

coupled to the stomatal routines. 

- Soil water balance module 

The new module is based on the DeNitrification and DeComposition (DNDC) model (Li et al. 1992). 

The following water fluxes are considered: 

𝑃 = 𝑇 + 𝐼 + 𝐸 + 𝑅 + 𝑆 (10) 

where P is the precipitation, T is the transpiration, I is the interception, E is the evaporation, R is the 

runoff, and S is the seepage (percolation below the last considered soil layer). 

The model determines the daily potential evapotranspiration from the daily temperature based on a 

modified Thornthwaite equation  (Thornthwaite and Mather 1957) considering a dependency on latitude 

(Camargo et al. 1999; Pereira and Pruitt 2004). The potential demand for hourly evaporation was 

determined by dividing the daily evaporation by 24. The interception is assumed to be linearly related 

to LAI and retained water evaporates from leaves according to the evaporation demand. Water drawn 

from the soil by evaporation and transpiration can be calculated as the minimum of either the remaining 

potential evapotranspiration or water demand, which in turn depends on photosynthesis and the species-

specific water-use efficiency (3 μmol CO2 per mmol H2O; Gillner et al., 2015). The soil evaporation 

was determined from the residual evaporation demand and soil water available below a predefined depth 

(0.3 m). 

The water movement within the soil depends on the difference between the relative water contents of 

the three adjacent soil layers and is regulated by the soil hydraulic conductivity. For the evaluation at 

the sites in Munich, we assumed a runoff of 40% for Pariser Platz because of its impervious surface and 

lower soil depth (0.1, 0.2, and 0.4 m for the three layers, respectively, compared with 0.2, 0.3, and 0.5 

m, respectively, at Bordeaux Platz). A drought index (DI) was defined to limit the stomatal conductance 

and reduce the Ball–Berry constant (m) from 10 to 3 according to the soil water availability: 

𝐷𝐼 =  
(𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 −  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡)

(𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 −  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡)
 (11) 
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where: 

• 𝑖𝑓 𝐷𝐼 ≤ 0.3 → 𝑚 = 3 

• 0.3 < 𝐷𝐼 < 0.5 → 𝑚 = 3 +  35 × (𝐷𝐼 −  0.3) 

• 𝐷𝐼 ≥ 0.5 → 𝑚 = 10 

- Gaseous pollutant uptake affected by stomatal conductance 

The dry deposition of O3, SO2, NO2, CO, and PM2.5 is hourly determined throughout the year 

(Hirabayashi et al. 2011; Nowak et al. 2014). During precipitation events, deposition is assumed to be 

zero. Using the following equation, for other periods, the pollutant flux into the biosphere (F; in g m−2 

s−1) is calculated as the product of deposition velocity (Vd; in m s−1) and pollutant concentration (C; in 

g m−3) (Nowak et al. 2006): 

F = Vd C (12) 

Using the following equation, the deposition velocities of CO, NO2, SO2, and O3 are calculated as the 

inverse of the sum of the aerodynamic resistance Ra, a quasi-laminar boundary layer (Rb), and the canopy 

resistance Rc expressed in s m−1 (Baldocchi et al. 1987): 

Vd = (Ra + Rb + Rc)−1 (13) 

where Ra is determined from meteorological data (wind speed and atmospheric stability) and it is 

assumed to be independent of air pollution type or plant species (see equation 9). 

Rb is based on a value defined in a study by Pederson et al., 1995 using a specific Schmidt number (Sc) 

for each air pollutant (Hirabayashi et al. 2015): 

𝑅𝑏 = 2(𝑆𝑐)
2
3 (Pr)−

2
3 (𝑘𝑢∗)−1 (14) 

where Sc is the Schmidt number (1), Pr is the Prandtl number (0.72), k is the von Karman constant 

(0.41), and u* is the friction velocity (m s−1). 

Rc is calculated using the following equation: 

1/−Rc = 1/(rs + rm) + 1/rsoil + 1/rt (15) 

where rs is the stomatal resistance (s m−1), rm is the mesophyll resistance (s m−1), rsoil is the soil resistance 

(2941 s m−1 in growing season and 2000 otherwise), and rt is the cuticular resistance (s m−1). 

Hourly canopy resistance values for O3, SO2, and NO2 were calculated based on a modified hybrid of 

big leaf and multilayer canopy deposition models (Baldocchi et al. 1987; Baldocchi 1988).  

The mesophyll and cuticular resistance values are set based on those reported in the literature: for NO2, 

rm = 100 s m−1 (Hosker and Lindberg 1982) and rt = 20,000 s m−1 (Wesley 1989); for O3, rm = 10 s m−1 
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(Hosker and Lindberg 1982) and rt = 10,000 s m−1 (Taylor et al. 1988; Lovett 1994); and for SO2, rm = 

0 (Wesley 1989) and rt = 8000 s m−1. As CO reduction is assumed to be independent of photosynthesis 

and transpiration, the resistance value for CO is set to 50,000 s m−1 in the in-leaf season and 1,000,000 

s m−1 in the out-leaf season for all trees (Bidwell and Fraser 1972). 

The new soil water routine enables to consider the drought effects on stomatal conductance and thus on 

transpiration and gaseous uptake of trees based on a simple parametrization of boundary conditions. 

This integration compared to the i-Tree model, which instead assumes a sufficient level of water in all 

conditions, not only allows a more realistic evaluation of the actual contribution of trees to the 

improvement of air quality and microclimate, but also helps to define the irrigation demand to ensure 

the health of trees and the provision of ecosystem services. However, cities are often characterized by a 

mixture of soil types combined with impermeable surfaces (Rossiter 2007) with properties difficult to 

derive which might increase uncertainties of the assessments. 

3.3.3. Consideration of specific leaf properties to determine PM deposition 

The deposition flux of PM2.5 is generally calculated according to the method used in the i-Tree Eco 

model (Hirabayashi et al. 2015): 

ft = Vd t × C × LAI × 3600 (16) 

Rt = (At−1 + ft) ×
𝑟𝑟𝑡

100
 (17) 

At = (At−1 + ft) − Rt (18) 

Ft = 𝑓𝑡 − Rt (19) 

where ft is the PM2.5 flux at time t (g m−2 hour−1), C is pollutant concentration (g m-3), and Vdt is the 

deposition velocity at time t (m s−1) that is calculated from wind speed (windSp) as vds × windSpx, with 

vds being the ‘specific deposition velocity’. Rt is the PM2.5 flux resuspended in the atmosphere at time t 

(g m−2 h−1), At−1 is the PM2.5 accumulated on leaves at time t (g m−2 h−1) depending on previous deposition 

as well as precipitation, rrt is the relative amount deposited PM2.5 that is resuspended at a specific wind 

speed at time t (%) which has been defined according to the i-tree model standards, and Ft is the net 

PM2.5 removal at time t after considering resuspension. 

Resuspension depends on wind speed considering a specific resuspension rate for each of 13 specific 

wind speed classes (rrt) (Hirabayashi et al. 2015). Finally, washing from the leaves (and thus final 

pollution removal) is calculated when precipitation events are higher than the maximum water storage 

capacity of the canopy, which is defined by potential leaf water storage plws (mm m-2) (leaf water storage 
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= plws × LAI). If such an event occurs, all PM2.5 accumulated on leaves is assumed to be washed off 

and At−1 is set to 0 (Hirabayashi et al. 2015). Additional information on the site-specific parametrization 

has been described in Pace and Grote, 2020. 

 

Figure 12. Deposition velocities (vd) of coniferous and broadleaved tree types in dependence on 

wind-speed (windSp). Red diamonds indicate the relationship as implemented in the original i-Tree 

model. Source: (Pace and Grote 2020) 

Deposition velocity determined only from wind speed and one general parameter doesn’t account for 

the multitude of real surface influences such as leaf orientation, morphology and structure (Hicks et al. 

2016). Therefore, a literature survey has been carried out about for species-specific deposition velocities 

as a function of wind speed (Beckett et al. 2000; Freer-Smith et al. 2004; Pullman 2009). According to 

these data, regression functions separately for the coniferous and broadleaf tree type have been 

developed (Pace and Grote 2020) (Fig. 12). 

For broadleaf evergreen trees (mostly species originating from southern Europe), the same deposition 

velocity as that of broadleaf deciduous trees was assumed because the deposition process seems to 

depend more on leaf shape (needle vs. flat leaf) than on other differences that might characterize 

evergreen vs. deciduous broadleaves and literature information does not provide sufficient information 

to derive a separate function for evergreen broadleaves. With this differentiation, the suggested model 

improvement accounts for the most obvious and simple differences in surface properties only. A more 

comprehensive approach would certainly be desirable but lacks the necessary database. 
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3.3.4. A new energy balance routine to calculate temperature changes 

Many concepts of energy balance calculations exist that are implemented in various models of different 

degree of complexity, however these require a considerable parametrization based on information hardly 

to get in a city environment (e.g. lateral energy transport). The proposed approach instead allows to 

evaluate the cooling and shading effect of trees using the physiological calculation of transpiration (see 

Eq. 6) and an energy balance routine with a simple parametrization, respectively. 

The total energy reduction E (W m−2) was calculated as the sum of two effects, shading from the canopy 

(Eshading, W m−2) and cooling by water evaporation (Ecooling, W m−2). Cooling is described based on 

average hourly transpiration rate T (ml hr−1 m−2), which is converted into energy loss (W m−2) by 

multiplication with the latent heat of vaporization LV, which is 2450 J kg−1 and division by 3600 s: 

𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑇 ×  𝐿𝑣

3600
 (20) 

The energy reduction due to shading is based on calculations for concrete surfaces that was assessed by 

determining the equilibrium temperature of the pavement surface based on the heat transfer and energy 

balance according to Solaimanian and Kennedy (Solaimanian and Kennedy 1993): 

𝑞𝑎 + 𝑞𝑠 − 𝑞𝑐 − 𝑞𝑘 − 𝑞𝑟 = 0 (21) 

where qa is the absorbed energy, qs is the Longwave radiation, qc is the convection energy, qk is the 

conduction energy, and qr is the surface emission. 

𝑞𝑎 = (1 − 𝑎)  × 𝑅 (22) 

where a is the albedo (0.3) and R is the direct radiation (determined from the global radiation as 

described in Spitters et al. 1986). 

𝑞𝑠 = 𝜀𝑎𝜎 𝑇𝑎𝑖𝑟
4 (23) 

𝜀𝑎 = 0.77 − 0.28 × 10(−𝑉𝑝 × 0.074) (Geiger 1959) 

Vp = vapor pressure (mmHg) 

σ = Stefan–Boltzmann constant (= 5.68 x 10−8 W m−2 K−4) 

Tair = air temperature (K) 

𝑞𝑐 = ℎ𝑐(𝑇𝑠 − 𝑇𝑎𝑖𝑟) (24) 

hc = surface coefficient of heat transfer = 698.24[0.00144 𝑇𝑚
0.3𝑈0.7 + 0.00097(𝑇𝑠 − 𝑇𝑎𝑖𝑟)0.3] 

Ts = surface temperature (K) 

Tm = average of the surface and air temperature (K) 

U = average daily wind speed (m s−1) 
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𝑞𝑘 = −𝑘
𝑇𝑑 − 𝑇𝑠

𝑑
 (25) 

k = thermal conductivity (1.65 W m−1 K−1) 

d = depth (0.5 m) 

Td = temperature at depth d (20 °C) 

𝑞𝑟 = 𝜀𝑏𝜎 𝑇𝑠
4 (26) 

𝜀𝑏= 1.24 × (10 × 𝑉𝑝/𝑇𝑎𝑖𝑟)
1

7 (Brutsaert 1982). 

The reduction of the direct radiation through the tree crown was calculated using a modified Beer–

Lambert law considering a uniform leaf arrangement in the canopy: 

𝑅𝑖𝑛  =  𝑅 × 𝑒−𝑘×𝐿𝐴𝐼 (27) 

where Rin is the irradiance under the tree canopy (W m−2) and k is the extinction coefficient (see Eq. 4). 

Finally, the energy reduction by shading (Eshading; W m−2) can be calculated as the absolute difference 

between the energy balance outside and inside the tree canopy: 

𝐸𝑠ℎ𝑎𝑑𝑖𝑛𝑔 = |𝑞𝑎,𝑜𝑢𝑡 − 𝑞𝑎,𝑖𝑛| + |𝑞𝑠,𝑜𝑢𝑡 − 𝑞𝑠,𝑖𝑛| + |𝑞𝑐,𝑜𝑢𝑡 − 𝑞𝑐,𝑖𝑛| + |𝑞𝑘,𝑜𝑢𝑡 − 𝑞𝑘,𝑖𝑛| + |𝑞𝑟,𝑜𝑢𝑡 − 𝑞𝑟,𝑖𝑛|   (29) 

 The new energy balance routine is thus directly coupled to the water balance model including stomatal 

responses to drought. It is easy to parametrize and many parameters and variables are used in other 

modules too. Thus, it seems to be able for consistent application to estimate ecosystem services related 

to temperature mitigation. In the example calculations carried out within this thesis, energy reduction is 

based on cooling and shading and was evaluated for midday hours only (12:00–15:00, CET). 
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4) Results 

4.1. Sensitivity of i-Tree Eco simulations to parameterization and competition 

determination 

The tree crowns of Englischer Garten based on calculations with individual determination of CLE and 

species-specific parameterization, were estimated to cover an area of 73.2 ha and have a total LA of 

467.5 ha with a leaf biomass of 301.7 tons. The most dominant species in terms of number and basal 

area were A. platanoides and F. sylvatica (Tab. 1). Overall, carbon stored in the trees was estimated to 

be 6225 tons. In accordance with their fraction of basal area, F. sylvatica and A. platanoides stored the 

most carbon (31.4% and 29.1% of the total, respectively). The amount of carbon sequestered in 2012 

was calculated to be 214 tons (Fig. 13). The model further indicates that the trees in Englischer Garten 

removed 2610 kg of O3, 845 kg of NO2, 186 kg of PM2.5, 171 kg of SO2, and 62 kg of CO (Fig. 14). In 

addition, the trees emitted an estimated BVOC amount of 550 kg (158 kg isoprene and 392 kg 

monoterpenes; Fig. 15). 

 

Figure 13. Leaf area (LA), leaf biomass, and carbon sequestration comparison between the “species-

specific”, “genus-specific”, and “dominant species” simulations considering the crown light exposure 

(CLE) value for each tree (CLE individual) and the average CLE values (CLE average). Source: (Pace 

et al. 2018) 
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Simulation with average CLE values (CLE average) resulted in a 14% reduction in LA and leaf biomass 

(379.9 vs. 443 ha year−1; 224.9 vs. 262 t year−1) compared to the run with individually determined CLE 

(Fig. 13). This directly affected BVOC emissions (494 vs. 550 kg year−1; Fig. 15) as well as pollution 

removal (Fig. 14). Except for CO (in both cases, 62 kg year−1), more pollutants were removed in the 

“CLE individual” simulation compared to the “CLE average” simulation (2610 vs. 2482 kg year−1 for 

O3, 845 vs. 794 kg year−1 for NO2, 186 vs. 165 kg year−1 for PM2.5, and 171 vs. 164 kg year−1 for SO2). 

Carbon sequestration was also affected by individual light exposure (Fig. 13): 214 tons of carbon (784 

CO2 equivalent) removed in the “CLE individual” simulation compared to 155 tons of carbon (567 CO2 

equivalent) removed in the “CLE average” simulation, indicating that the trees in Englischer Garten 

were more open grown than expressed by the average CLE value. 

 

Figure 14. Air pollution removal comparison between the “species-specific”, “genus-specific”, and 

“dominant species” simulations considering the crown light exposure (CLE) for each tree (CLE 

individual) and the average CLE values (CLE average). Source: (Pace et al. 2018) 

Compared to simulations with species-specific parameterization, the results obtained with the genus-

specific simulation showed lower LA (−5%; 443.7 ha) and leaf biomass (−13%; 262 t). The dominant 

species simulation demonstrated higher LA values (511.3 ha; 9% higher than the species-specific 

parameterization), but leaf biomass results were lower (−8%; 278.4 t) (Fig. 13). 

According to the lower LA, pollutants removed with genus-specific parameterization were fewer than 

those removed with species-specific parameterization (−2% of O3, −2% of NO2, −5% of PM2.5, and −1% 

of SO2), except for CO (62 kg year−1), as shown in Fig. 14. The effects of species differentiation were 

small. LA also had a minor effect on BVOC emissions, which are otherwise driven by marginally 

different parameters for the species- and genus-specific simulations. However, when the parameters 

were set according to the dominant species approach, monoterpene emissions were considerably higher 

(+93%) and isoprene emissions tended to be zero (−89%) compared to the species-specific simulation 

(Fig. 15). 

Carbon sequestration (214 t) was not altered by the species- and genus-specific parameterizations 

because biomass growth was found to solely depend on the tree size and competition state (Fig. 13). 
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Instead, the dominant species simulation showed higher carbon sequestration (+5.7%; 226 t) because a 

larger number of trees fell into class 4–5 due to the smaller transmission coefficients for maples in 

comparison with the species average (Pace et al. 2018). 

 

Figure 15. Comparison of monoterpene and isoprene emissions between the “species-specific”, 

“genus-specific”, and “dominant species” simulations considering the crown light exposure (CLE) 

for each tree (CLE individual) and the average CLE values (CLE average). Source: (Pace et al. 2018) 

4.2. Particulate matter removal in dependence on plant-type specific deposition velocities 

In general, the highest PM2.5 deposition into urban tree canopies was calculated for Berlin, followed by 

Munich and Rome. Applying the new deposition velocity differentiation for conifers, deciduous and 

evergreen broadleaves, the simulations show that the difference is particularly large for conifers, which 

remove seven times more air pollutants than the broadleaf deciduous trees in Berlin, and about five times 

more than in Munich and Rome, respectively (Tab. 4). In relative terms, the broadleaf evergreen trees 

remove twice as much air pollutants as broadleaf deciduous trees. The difference is smallest in Munich 

(factor 1.8) and largest in Rome (factor 2.5) with Berlin close to Munich (factor 2.1). Also, the data 

show inter-annual differences of ±24% over the 3 years for conifers, ±7% broadleaf evergreens, and 

±2% broadleaf deciduous, indicating that not only plant type properties but also air-pollution distribution 

and seasonal weather conditions are influencing PM removal (Tab. 4). 

Table 4. Annual PM2.5 removal by different tree types in three cities. Source: (Pace and Grote 2020). 
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Since bark and branch deposition is not considered, deciduous trees do not deposit particles outside the 

vegetation period, i.e., in the winter (the deposition in Rome during this time occurs because the 

vegetation period here prolongs into the winter period) (Fig. 16). For the other two tree types, the 

seasonal pattern is similar for Berlin and Rome, with the highest deposition rates in the autumn and 

winter, but different for Munich, where these months are often those with the lowest deposition rates 

(with some exceptions, e.g., high removal rate for Berlin in summer 2015, for Rome in spring 2013, and 

for Munich in autumn 2013) (Figure 16). 

 

Figure 16. Seasonal PM2.5 deposition, removal, and resuspension for three cities, 2013–2015 

[seasons: W, winter; SP, spring; S, summer; A, autumn]. Source: (Pace and Grote 2020) 

The calculated deposition increases during the day with a peak at mid-day, closely following the 

development of wind speed. In parallel also resuspension rises because it depends on deposition. In the 

absence of rainfall, as in the case of Rome in summer, particulate matter is not washed off from leaves 

which leads to large accumulation, increased resuspension, and thus to negative values of net removal 

in particular during the middle hours of the day since it is more sensitive to higher wind speeds than 

deposition (Fig. 17). 
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Figure 17. Sensitivity of deposition (blue lines), net removal (orange), and resuspension (green) to 

parameter changes of leaf area index (LAI, left), specific deposition velocity (vds, middle), and 

resuspension percentages (rr, right).  All simulations were run with half, normal and double values 

relative to standard parameters and carried out for selected periods for Rome in 2014-205. Source: 

(Pace and Grote 2020) 

The higher PM2.5 concentration and wind speed promote a larger dry deposition in Berlin compared to 

the other cities. The effect is particularly expressed in winter and autumn, when repeated rainfall events 

also provide a regular washing of the leaves, increasing the overall effectiveness of conifers. Thus, the 

highest seasonal net removal rates calculated was for conifers in Berlin during the winter of 2014/2015 

(Fig. 16). Although pollution and wind speed are somewhat smaller, the overall net removal for 

broadleaf deciduous trees in Munich is almost as high in Berlin (Tab. 4). Here, the reason is that summer 

precipitation in Munich is much higher and thus resuspension in summer is smaller. In Rome, 

resuspension during summer is particular high and wind speed is relatively low, both resulting a smaller 

PM2.5 removal compared to that in the other cities (Fig. 16). In addition, the vegetation period in Rome 

is longer, starting early in spring and sometimes reaching into the winter period. Therefore, the spring 

removal rates in Rome are more similar for broadleaf deciduous and evergreen trees than those in the 

other two cities where leaves were not fully developed at the time (Fig. 16). 
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4.3. Gaseous pollutants uptake as a function of dynamic stomatal regulation 

The two squares in Munich are not significantly different in terms of air temperature, relative humidity, 

and vapor pressure deficit. However, the wind speed at Bordeaux Platz (mean = 0.9 m s−1) is much 

higher than that at Pariser Platz (mean = 0.5 m s−1; Fig. 9). Consequently, the resistances of the 

aerodynamic and quasi-laminar boundary layer were considerably lower at Bordeaux Platz (on average 

105.9 and 60 s m−1, respectively) than at Pariser Platz (222.4 and 125.9 s m−1, respectively; Fig. 18), 

which explains the higher transpiration demand at the former location. 

 

Figure 18. Model resistances at the two sites. The quasi-laminar boundary layer is referred to as O3. 

Source: (Pace et al. submitted) 

During the observation period (August 2015), the negative soil water potential in Munich increased until 

mid-month when several precipitation events occurred, leading to the replenishment of the soil water 

and increase in soil moisture potential. This trend could be represented using the newly implemented 

soil water balance module, considering differences in the soil depth and surface sealing. It should be 

noted that the recovery of the relative water content at Pariser Platz is considerably slower than that at 

Bordeaux Platz because the water supply is reduced due to larger runoff (Fig. 19). 
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Figure 19. Upper panels: Relative water content in each soil layer and measured soil moisture 

potential. Lower panels: Average daily temperature and rain events in the study period. Source: (Pace 

et al. submitted) 

 

Figure 20. Stomatal conductance (gs) at two sites. Source: (Pace et al. submitted) 
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The calculated differences in stomatal conductance due to both, the different wind conditions and the 

different soil water availability at the two places (Fig. 20) result in remarkable differences in vd, as 

indicated in Fig. 21. Thus, it can be assumed that the conditions at Bordeaux Platz lead to a higher 

removal of gaseous pollutants than at Pariser Platz. For sites with comparable ozone formation and 

transport, this may ultimately lead to a relatively better air quality. 

 

Figure 21. Dry deposition velocity (vd) of O3 at the two sites. Missing values correspond to hours with 

precipitation. Source: (Pace et al. submitted) 

4.4. Temperature mitigation by cooling and shading 

The impact of drought on stomatal conductance adds to the differences between the two study sites in 

Munich (Fig. 20) leading to a lower transpiration at Pariser Platz than at Bordeaux Platz. This should 

affect not only the deposition, but also the transpiration and thus the energy balance around the 

investigated trees. Indeed, the modeled and measured transpiration values at the two sites overall agree, 

highlighting the ability of the model to cope with the differences between the two sites (Fig. 22). 
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Figure 22. Comparison of modeled transpiration and values measured using the sap flow for the two 

sites. Source: (Pace et al. submitted) 

For the whole temperature mitigation effect, however, the shading effect has also to be considered. 

Based on the new energy balance calculations, the simulated surface temperature was much lower under 

the tree canopy at the hottest days (up to 20.6 °C in Pariser Platz and 17.2 °C in Bordeaux Platz), while 

during the cool period without much direct radiation, the shading effect is negligible (Pace et al.). The 

differences between the places originate again from the lower wind speed at Pariser Platz, which limits 

the heat flow by convection to the surrounding air and thus leads to higher temperatures in the sun. On 

the other hand, the surface temperature under shaded conditions at this site is slightly lower because of 

the slightly higher leaf area index of the trees.  

The transpiration performance particularly influences the cooling effect at Pariser Platz (mean = 0.03; 

max = 0.04 kW/m2) compared with Bordeaux Platz (mean = 0.05; max = 0.075 kW/m2). Instead, the 

energy reduction by shading is similar at the two locations (mean = 0.3; max = 0.6 kW/m2), indicating 

that the largest energy reduction occurs at midday (Fig. 23).
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Figure 23. Energy reduction by concrete shading and cooling by transpiration at the two sites at 

midday. Source: (Pace et al. submitted) 

5) Discussion 

5.1. i-Tree Eco model sensitivity to species composition and light exposure 

The Englischer Garten park provides a considerable amount of environmental services, i.e., air pollution 

reduction and carbon sequestration. Simulated removals of O3 and NO2 were at the highest rates (3.6 

and 1.1 g m−2, respectively). A comparison with the estimates for other European cities showed that the 

total pollutant (combining CO, O3, NO2, SO2, and PM2.5) removal rate, which was 5.3 g m−2 of tree cover 

per year, was similar to that for the city of Strasbourg (5.1 g m−2) (Selmi et al. 2016) but lower than that 

for London (8.7 g m−2) (Kenton Rogers et al. 2015). The simulated PM2.5 removal rate for the park (0.25 

g m−2) was of the same magnitude as that determined for U.S. cities (0.25 g m−2) (Nowak et al. 2013), 

but the total removal rate (considering PM2.5 instead of PM10) was lower than the average value 

calculated for the U.S. cities (7.5 g m−2) (Nowak et al. 2006). 

The total LA in the “genus-specific” simulation was approximately 5% lower than that in the “species-

specific” simulation, which slightly reduced pollution removal. This reflects the similarity between 

species- and genus-based parameters, exhibiting the almost linear scaling of LA and deposition in i-Tree 

Eco. The differences are more comprehensively expressed with BVOC emissions that are higher for 

isoprene (+10%) and lower for monoterpene (−7%) using only genus-specific parameterization. This 

highlights the additional influence of species-specific conversion factors between LA and leaf biomass. 
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However, there were no differences between the two simulations concerning carbon sequestration 

because it is based on a fixed diameter growth rate and allometric equations from the literature that are 

used to calculate biomass change from the dimensional change (Nowak 1994; Nowak et al. 2002). Such 

allometric equations are usually derived from forest trees and, although they have been adjusted for 

urban conditions, they might not exactly reflect the actual tree forms and wood density. For example, 

various investigations show that high ozone concentration can cause a reduction in the root/shoot ratios 

of trees (Grantz et al. 2006), especially for deciduous species (Landolt et al. 2000). 

This approach might be improved by introducing a dependency on climate and soil type, particularly by 

encompassing drought stress events (Moser et al. 2016)  and other stress factors that might depend on 

the degree of air pollution or salt application. Pretzsch et al. (2017) showed that the urban trees in Europe 

have accelerated their growth since 1960 because of the effects of climate change, with considerable 

differences in different climate regions. Currently, the i-Tree Eco model only considers the limited 

number of frost-free days but representing the growth demands the introduction of direct sensitivity to 

temperature, competition, and possibly other factors that will vary from those of the city of interest. In 

addition, wood density and growth form might require parameterization that is regionally adapted to 

European species (McHale et al. 2009; Russo et al. 2014). 

The dominant species parameterization assumes all deciduous trees (99.4% of total population) to be 

Norway maple (A. platanoides) and uses the parameters of spruce (P. abies) for all the evergreen trees 

(0.6%). Although the effects were found to strongly depend on the species composition and the dominant 

species used for representation, the results showed that tree species misclassification particularly affects 

BVOC emission estimates. Additionally, important information concerning LA and related air pollution 

reduction rates was derived. The effect of parameterization on emissions was expressed because 

emissions factors change strongly between species. For example, high monoterpene emissions resulted 

from A. platanoides—a dominant species having one of the highest monoterpene emission factors (1.6) 

of all species in the inventory (0.6 for Fagus, 0.1 for Fraxinus, and 0 for Tilia). In contrast, maples had 

a considerably lower isoprene emission factor (0.1) compared to that of a number of species that were 

neglected in the dominant species runs, reducing the overall emission estimate for this compound. For 

example, Quercus robur, Robinia pseudoacacia, Platanus × Acerifolia, and Salix alba were all assumed 

to be high isoprene emitters (with emission factor equal to 70) (Nowak et al. 2002).  

However, it is worth noting that emission parameters are uncertain. For subtropical street trees, Dunn-

Johnston et al. (2016) showed that a considerable difference exists between species-derived isoprene 

emission rates and those assumed (genus-specific emission rates) in i-Tree Eco. Additionally, the 

potential effects of air pollution (Ghirardo et al. 2016) or drought (Grote et al. 2009; Bourtsoukidis et 

al. 2014), which might increase or decrease emissions, have been neglected. Since emissions are 

supposed to trigger aerosol production and ozone formation (Derwent et al. 1996), these deficits may 
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need consideration in order to be appropriately used in combination with regional air chemistry and 

climate models (Cabaraban et al. 2013). 

Another form of influential information is the determination of competition, which represents the light 

that an individual tree is able to utilize during photosynthesis. Neglecting an individual CLE 

determination (CLE average) can strongly affect LA and thus pollution reduction (except for CO), 

carbon sequestration, and BVOC emissions. The intensity of this effect depended on the degree to which 

tree size and position differed from a homogeneous distribution with medium tree distances. Free-

standing trees requiring more sunlight are therefore underrepresented in terms of LA and growth when 

only using average CLE determination (McPherson and Peper 2012). Since Englischer Garten is 

characterized by many open spaces and areas where trees are found to clump together, the divergence 

from the mean conditions is relatively large. However, this is not an exception, since parks are often 

characterized by a complex tree distribution pattern in order to optimize recreational activities. 

Therefore, the structure of the Englischer Garten is representative for urban forests highlighting the 

significance of considering individual crown exposure to proper evaluate ecosystem services. Finally, 

the new automated method to calculate CLE in the light of new advances in tree classification from 

remote sensing data (Fassnacht et al. 2016) allows to considerably increase the time and accuracy of the 

urban forests assessments which are time-consuming and required trained people (Nowak et al. 2008b).  

5.2. Effect of tree species properties and weather conditions on PM removal 

The PM2.5-deposition difference for leaves from conifers and broadleaf trees that has been obtained from 

the model is quite similar to that reported by Chen et al. (2017), who found an accumulation of particles 

on conifers that was up to six times the amount of that on broadleaf trees measured in summer through 

autumn (with no distinction between evergreen and deciduous broadleaves). This result is related to leaf 

size, with smaller leaves being more effective per m2 leaf surface (Weerakkody et al. 2018) and surface 

properties such as the occurrence of waxes, which are prominent in conifers, increasing the deposition 

capacity due to their lipophilic properties that are able to bind particles composed of organic pollutants 

(Dzierzanowski et al. 2011). 

Furthermore, their crown shape, as cone-shaped conifers are commonly more exposed to turbulent air 

movements than spherical broadleaved trees and narrow conifer needles are more efficient capturing 

particles compared to flat leaves as expressed by the Stoke number, which describes the ability of 

stopping a particle in dependence on the specific foliage traits of conifers vs. broadleaved (Beckett et al. 

2000).  

Other leaf characteristics that affect deposition and that are specific to species rather than to coarsely 

lumped tree types include in particular surface roughness and trichomes (Sæbø et al. 2012; Räsänen et 

al. 2013; Chen et al. 2017; Muhammad et al. 2019). This is the most important reason for the large 
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variation that can be found in the literature regarding leaf deposition. Chen et al. (2017) indicate that the 

accumulated PM2.5 for conifers is in the range of 10–30 μg cm−2 and for broadleaf trees it is 3–17 μg 

cm−2. Similar values are also found for the broadleaf-evergreen Holm oak (Quercus ilex L.) (Sgrigna et 

al. 2015), which accumulated 4, 13, and 2 μg cm−2 in January, August, and October, respectively. 

The deposition of particles on tree leaves changes during the year because not only PM concentration 

but also weather conditions such as precipitation and wind speed affect the deposition and resuspension 

of particles on and from leaves (Mori et al. 2015). Thus, although the PM concentration is higher in all 

cities in the winter and autumn, the deposition does not always follow the same pattern. The models 

assume that sufficient rainfall resets the potential deposition storage to zero, and thus precipitation 

events are a precondition to enable particle removal over a prolonged period. For example, the effect 

dominated the simulations for the summer 2014 in Munich, as high precipitation continuously increased 

cumulative deposition. In contrast, long dry periods such as those that frequently occur in Rome lead to 

a high resuspension rate, decreasing the actual net PM removal. 

Another aspect that needs to be considered is that wind speed and PM concentration are generally 

negatively correlated diurnally, which may even lead to a net emission during mid-day when wind speed 

is highest (Fig. 17). This highlights the importance of including more mechanistic processes into the PM 

removal calculation that account for species-specific and rainfall-intensity dependent variation. For 

example, it might be favorable to consider that rainfall intensities differ within a canopy, with upper-

canopy layers wetted first and lower layers affected only after prolonged precipitation. For example, Xu 

et al. (2017) found that PM wash-off rates increase with cumulative rainfall up to a maximum amount 

of 12.5 mm of rain removing 51 to 70% of PM accumulation, with a small amount of particles still 

retained on the leaf surface. Also, the removal of deposited PM from leaves depends on species-specific 

properties, as trichomes, or rough surfaces hold PM much more tightly, requiring more water for 

washing off (Hofman et al. 2014; Blanusa et al. 2015; Xu et al. 2017). 

5.3. Physiological effects on temperature mitigation and pollution uptake 

The implemented and tested model allows to calculate heat mitigation in terms of energy reduction due 

to cooling and shading but also to consider the impact of drought stress on evaporation and the stomatal 

uptake. Environmental conditions include direct influences of local climate and indirect influences, 

particularly the soil water availability (Livesley et al. 2016). Increased drought can be expected to affect 

the plant properties and thus the ecosystem services that are related to water evaporation (cooling) and 

pollution uptake (Stratópoulos et al. 2019; Zhang et al. 2020). 

The test simulations demonstrate that the energy reduction of urban trees is particularly high at midday 

on sunny and warm days due to the shading provided by tree crowns. The effectiveness of this process 

scales with LAI, crown depth, and width (Sanusi et al. 2017). For example, in a recent study in which a 
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thermal camera was used to determine the surface temperature change of asphalt, porphyry, and grass 

based on shading of different tree species, median average cooling values of 16.4, 12.9, and 8.5 °C were 

reported, respectively (Speak et al. 2020), which confirm the results of shading simulation (Pace et al. 

submitted). 

The transpiration effect depends on the meteorological conditions (wind speed, vapor pressure deficit) 

and soil water availability (pervious or impervious surfaces) and represents on average 12% of the total 

energy reduction (15% at Bordeaux Platz and 9% at Pariser Platz). The differences between the 

investigated sites have highlighted the importance of considering impervious surfaces, which 

characterize the urban fabric, enhances the water runoff and reduces soil water infiltration (Wang et al. 

2008). A limited water availability reduces the potential for evaporative cooling, in particular because 

of transpiration reduction (Gillner et al. 2015a). This effect might significantly affect the immediate 

environment. For example, the results of experimental studies showed that evaporative cooling alone 

contributes to an air temperature reduction up to 3˚ within the canopies (Rahman et al. 2017a, 2020a) 

and the canopy-to-air temperature difference depends on meteorological conditions, tree species and, 

urban site-specific characteristics (Meier and Scherer 2012).  

The cooling effect by transpiration depends to a large extent on stomatal conductance (Tan et al. 2018) 

and our results are in agreement with measured values at midday on Tilia europaea in Sweden (0.1 – 

0.2 mol m-2 s-1) (Konarska et al. 2016). The energy loss due to tree transpiration for commonly planted 

species in Central Europe including T. cordata range between 0.059 and 0.075 kW m-2 (Rötzer et al. 

2019) which are similar to results in Bordeaux Platz. 

The new model introduced in this thesis can capture the effect of drought on gaseous pollution uptake, 

as previously suggested by Wang et al. (2017). This may be of particular importance for future studies 

in Mediterranean cities characterized by climate with pronounced drought events; neglecting the effects 

of stomatal conductance may result in a significant overestimation of gaseous pollutant deposition 

(Morani et al. 2014). However, long periods of heat and drought exacerbated by the high percentage of 

sealed surfaces have also been recorded in cities at higher latitudes, which affected transpiration and 

reduced cooling (Gillner et al. 2015b; Rahman et al. 2017b). Furthermore, the gaseous pollution 

deposition also depends on species and considering a single deposition velocity, as currently used in the 

i-Tree Eco model, can produce uncertain estimates and does not allow to proper evaluate suitable plants 

for urban greenery. 
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6) Conclusions and Prospects 

Trees and forests play an important role in improving the urban sustainability of cities ensuring essential 

ecosystem services for citizens. However, cities are also hot-spots of pollution and climate stressors 

indicated by the common ‘urban heat island’ effect. These stressors are going to increase in the future 

with ongoing climate change so that adaptation measures in particular to higher temperatures are 

urgently needed. Designing high-quality green spaces with nature-based solutions and in particular 

green infrastructure as parks, urban forests, tree-lined streets by selecting the appropriate species should 

and can improve the urban environment and contribute to the development of green cities.  

Models are useful decision-support tools for city planning and to evaluate or optimize the impacts of 

urban greening but they need to be properly validated to provide accurate estimates. In fact, modeling 

ecosystem services of urban trees requires a species-specific consideration to accurately estimate the 

temperature mitigation effect as well as air quality impacts due to either BVOC emissions or pollution 

removal. The efficiency of these ecosystem services, however, depend on plant physiology, in particular 

leaf surface properties and stomatal conductance, which in turn is determined by local pollution as well 

as meteorological conditions such as the soil water content, wind speed and light exposure. 

The current functions and parameters implemented in the i-Tree Eco model, the most commonly used 

model for environmental services in urban areas, do not adequately represent species-specific properties 

or plant physiology. For example, deposition velocity for gaseous pollutants and particles, which clearly 

depends on foliage properties is not differentiated. Furthermore, the model neglects the effect of drought 

stress on stomatal uptake assuming sufficient water availability or irrigation for the street and park trees 

even in dry summer periods. This is unreasonable for many regions and represents a major limitation 

for the application of the model in Mediterranean climates or for global warming scenarios. 

In this thesis, model improvements have been suggested and tested that 1) improve the determination of 

environmental conditions of the individual trees so that physiological responses can be better considered, 

2) encourage a better differentiation of parameterization between species or plant types, and 3) establish 

a consistent link between (gaseous) air pollution removal and temperature mitigation effects by 

introducing a model approach that links stomatal conductance to water supply. 

Specifically, the work consists of an automated determination method to derive light competition for 

individual trees that allows to objectively determine the dimensions and leaf surface of urban trees and 

forests based on basic tree information such as that available from city or park management 

administration. Furthermore, the importance to account for basic leaf properties when calculating 

particle deposition has been demonstrated by model calculations in three European cities, Berlin, 

Munich and Rome. Based on these simulations, a differentiation of specific deposition velocity for 

conifers and broadleaved trees has been suggested. Finally, a new single-tree model coupled with a 

water balance routine has been introduced that is able to consistently calculate temperature mitigation 
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effects as well as the removal of various pollutants depending on environmental conditions. Species-

specific responses can be considered by parameters that determine water use strategies as well as 

morphological and anatomical properties. The physiological basis of the model facilitates in particular 

the simultaneous and consistent consideration of cooling effects by transpiration, and uptake of gaseous 

pollutants taking into account the drought effect on stomatal conductance. The negative relationship 

between pollutant removal and drought is particularly important for tree species selection and 

management of urban greens in the light of global warming. Here, the model may be applied for example 

to determine the irrigation demand of urban trees given some targets for pollution removal and 

microclimate improvement. 

This work, however, can only represent a step forward into the direction of a fully climate sensitive tool 

to evaluate various ecosystem services. Considerable potential for improving the suggested model exists 

in defining more parameters as species-specific properties, introducing climate sensitive processes such 

as phenology (bud burst, leaf shedding) or stomatal regulation in dependence on environment. In 

addition, also tree growth and thus carbon sequestration may be consistently described in dependence 

on carbon gain (that is also computed to estimate stomatal conduction) and allocation. Since urban trees 

are often different from their forest counterparts, an urban-tree-specific data base for parametrization of 

such processes would be highly useful. Considering that urban environments are also a stressful place 

for trees, it is also important to consider negative environmental impacts (soil sealing, drought, de-icing 

salt in winter, high pollution levels) on growth and physiology. In particular, the consideration of air 

pollution and drought-stress effects on gas exchange and foliage phenology (and eventually tree 

mortality) would principally enable the representation of important long-term feedbacks between 

environment and ecosystem service delivery. In the following paragraphs, some specific suggestions are 

presented that are derived from the investigation within the thesis.    

Based on the investigated uncertainties related to the calculation of PM removal from the air, it can be 

deduced that it would be beneficial to consider species-specific deposition velocities, resuspension, and 

washing threshold that are defined from leaf characteristics. For example, the dependence of 

resuspension rates on wind speed might be possibly defined by various foliage traits such as trichome 

or wax abundance. Also, washing of deposited PM from leaves should principally depend on such leaf 

properties but may is also likely to depend on leaf distribution within a canopy since upper-canopy 

layers are wetted first while lower layers are only affected after prolonged precipitation. Considering a 

vertically distributed leaf area and thus a differentiation into fractions of leaves subjected to specific 

wind speeds would also increase the accuracy of deposition calculation. 

A considerable part of this thesis aims to improve the mechanistic representation of stomatal 

conductance in order to better describe gaseous air pollution uptake. This enables also to consider a still 

neglected effect, namely the damages that these pollutants do to the physiological mechanisms of trees. 

In particular, the effects of ozone on stomata might be introduced, which are usually reflected by a short-
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term stomatal closure (less conductance) and a long-term loss of the stomatal control (higher 

conductance) under high ozone concentrations. The introduction of such a feature would also provide 

the means for considering the potential positive effects of reduced ozone concentrations on the water 

balances. In addition, seasonal responses of trees, such as leaf shedding, xylem embolism, and higher 

root turnover or the death of trees might be introduced in response to pollution or drought stress. 

However, the stomatal conductance also interacts with particle deposition and the heavy particle 

absorption can affect the stomatal functionality. Finally, not only direct temperature effects but also 

changes in the air humidity might be simulated based on evaporation, which also improves the human 

thermal comfort and thus may add to the benefit of urban tree abundance. 

Overall, the introduction of models that quantify ecosystem services based on physiologically-oriented 

models may in particular serve to select tree species best suited for specific environmental conditions. 

A model can find an appropriated species selection to maximize specific ecosystem services but cannot 

overall evaluate which ecosystems are most urgently needed or which mixture of ecosystem services is 

desired. Also, other services that cannot objectively be quantified such as beauty or suitability for 

insects, mammals or birds might play additional roles. For example, it may be desired to plant native 

trees together with exotic species in order to make the city environment unique or more biodiverse. 

Consideration for species selection that can be guided by models are, however, manifold. In the past, 

the choice of species was mostly based on aesthetic, cultural or practical reasons such as the availability 

of plants in local nurseries or the survival rate of newly planted trees. As a result, tree species were often 

planted outside their climatic optimum range, possibly increasing their vulnerability under further 

climate changes. For this reason, the consideration of projected climate changes may be the first 

important aspect for the planning of future green areas. In particular, heat waves accompanied with 

severe drought conditions might increase and require the selection of drought-tolerant tree species. 

Secondly, ecosystem services that can be quantified can be supplied by models in order to improve the 

basis for decisions. For example, if CO2 sequestration should be maximized, species that combine rapid 

growth and longevity must be preferred. Fast-growing species initially fix larger amounts of carbon 

dioxide but can be more susceptible to environmental stresses that are usually more pronounced in urban 

than natural areas.  

Another important issue is the amount of air pollution that the trees are able to remove, which requires 

to account for uptake capacity but also for phenological criteria. For example, high levels of particulate 

matter mainly occur in winter where only evergreen species provide foliage as deposition surface. 

Nevertheless, particle deposition is also strongly related to leaf characteristics (e.g. trichomes, waxes, 

roughness) and weather conditions (e.g. regular rainfall throughout the year better than long dry 

periods). For the uptake of gaseous pollutant such as ozone, it is additionally important to ensure an 

adequate light exposure of the canopy as well as a sufficient water supply to support photosynthesis and 

stomatal opening. Models that quantify this uptake need to consider that tree species can have different 
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water-use strategies (anisohydric vs. isohydric), which are suited to maximize stomatal uptake under 

either short- or long periods of drought. 

Apart from pollution removal, temperature mitigation is arguably the most important quantifiable 

service of urban trees. In general, a higher leaf area that also promotes pollution deposition enhances 

the shading effect, indicating a double impact of the same property. For example, it is desirable to ensure 

a year-round canopy in Mediterranean cities by planting evergreen trees to mitigate high temperatures 

during autumn and to remove particulate matter from the air. However, the decrease of light during 

cooler periods in the year reverse the benefit of shading during winter in northern latitudes leading to a 

preference for deciduous species. In addition, cooling also appears by means of transpiration although 

this effect is usually more pronounced on a larger scale instead in the immediate environment. In order 

to have an optimized mitigation of the urban heat island effect, tree selection is therefore bound to the 

same criteria as indicated for the gaseous pollutant uptake.  

Apart from climate changes, socio-economic developments might also impact the importance of specific 

ecosystem and thus the criteria for the selection of particular species. For example, an increase in electric 

mobility will significantly reduce NOx emission and thus pollution concentration in urban areas. This 

not only reduces the need for species with high pollution removal but also demands for low BVOC 

emitters, since in a limited NOx condition, BVOCs do increasingly promote O3 formation. 

Overall, it is an established fact that urban green spaces provide many environmental benefits and will 

play a key role in ensuring and possibly enhancing the life quality in cities in the future. In this regard, 

urban forestry, which deals with the management of urban trees, is bound to consider biosphere-

atmosphere interactions in particular to improve air quality and microclimate of urban areas. This can 

only be guided with adequate models that account for changing environmental conditions as well as for 

species-specific properties that can be used as decision criteria by urban planners. In this sense, the thesis 

will hopefully help to develop such models in order to provide this kind of support. 
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