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Abstract

Cities aiming for carbon neutrality encounter considerable challenges, as urban areas are

major contributors of carbon dioxide (CO2) to the atmosphere. Besides reducing emissions,

cities are determined to increase their CO2 sinks. Urban emissions can be estimated based on

fossil fuel consumption or atmospheric observations, where the role of urban vegetation has

remained unclear. This knowledge gap arises from the lack of suitable assessment methods.

This thesis aims to improve the modelling capabilities and assess the role of biogenic CO2

exchange in relation to anthropogenic emissions for two key reasons: 1) Biogenic components

introduce uncertainties in monitoring anthropogenic emissions, and 2) urban vegetation and

soil can offset a part of these emissions.

This thesis focuses on estimating biogenic CO2 components in urban areas at various scales

using the urban land surface model SUEWS and the soil carbon model Yasso. For this

purpose, both biogenic and anthropogenic CO2 exchanges are implemented into SUEWS. The

developed CO2 module, particularly its biogenic part, is evaluated against eddy covariance

observations in Helsinki and Beijing, and, together with the Yasso model, against street

tree measurements in Helsinki. This thesis extends the use of the CO2 module to city-wide

simulations in Helsinki and projects CO2 exchange with the RCP8.5 scenario for the 2050s.

The thesis extends the application of biogenic CO2 components from individual street trees

to neighbourhood and city-wide simulations. The main findings of the thesis are as follows:

1) SUEWS effectively simulates CO2 exchange at both neighbourhood and street tree scales.

2) When estimating CO2 exchange of urban vegetation, it is critical to also consider soil.

3) The biogenic CO2 sinks in Helsinki are almost equally divided between extensive urban

forests and neighbourhoods, and are projected to increase by 11% in response to climate

change, due to an extended growing season, even though CO2 uptake decreases during the

summer months. 4) The proportion of net CO2 exchange attributed to biogenic components

varies at the neighbourhood and city scales, being approximately 7% in Helsinki.

This thesis not only advances our understanding of urban CO2 dynamics but also emphasizes

the vital role of urban green in offsetting anthropogenic emissions. The findings have broad

implications for urban planning, stressing the importance of incorporating green infrastruc-

ture for sustainable and resilient cities in the face of a changing climate.

Keywords: urban, carbon dioxide, land surface model, soil carbon, vegetation, climate change
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1 Introduction

The anthropogenic greenhouse gas emissions have increased steadily over the recent

decades, posing a pressing need for immediate reductions to limit global warming to

2◦C by 2100 (Canadell et al., 2021). Simultaneously, urbanization is a global trend,

with over 55% of the world’s population residing in cities, with projections indicating

for it to increase to 68% by mid-century (UN, 2019). Urban areas currently contribute

to 67–72% of global emissions (Lwasa et al., 2022), and the ongoing urbanization trend

is set to amplify this contribution, emphasizing the vital role of cities in achieving

carbon neutrality goals. An increasing number of cities are establishing their own cli-

mate targets, with varying levels of ambition in comparison to national goals (Salvia

et al., 2021). To attain these targets, cities must concurrently transition towards more

sustainable production methods, adopt low-carbon energy sources, electrify their in-

frastructure, and enhance carbon uptake and storage within urban green areas (Lwasa

et al., 2022). While the contribution of urban green has often been overlooked, recent

studies have increasingly highlighted the importance of vegetation and soil in the urban

carbon cycle as they offset part of the emissions (Weissert et al., 2014). In addition,

urban vegetation offers other co-benefits such as cooling (Rahman et al., 2020; Win-

bourne et al., 2020), improved water management (Berland et al., 2017), and enhanced

well-being (Wolf et al., 2020). On the contrary, street trees have the potential to di-

minish air quality within street canyons by hindering pollutant dispersion (Karttunen

et al., 2020).

Assessing the carbon uptake of urban vegetation is also critical for urban observational

networks (Christen, 2014). Numerous observation methods to estimate cities’ emis-

sions have been explored globally, such as eddy covariance (EC) measurements (e.g.

Crawford et al., 2011; Järvi et al., 2012; Ward et al., 2015), tall-tower inversion systems

(Lian et al., 2023), and remote sensing (Kiel et al., 2021; Schuh et al., 2021; Dietrich

et al., 2021), while several ongoing projects aim to develop a comprehensive method

for measuring emissions in cities (Mitchell et al., 2022; Christen et al., 2023). How-

ever, these measurement methods typically capture the net exchange of carbon dioxide

(CO2), including both anthropogenic and biogenic sources and sinks. This introduces

uncertainties of unknown magnitude into the estimation of anthropogenic emissions.

To distinguish between CO2 components, each having their own diurnal and seasonal

cycles, requires methods that assess CO2 exchanges from urban vegetation and soil

with high temporal resolution. Progress has been made in measurement techniques,
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for instance using carbonyl sulfide (COS) as a proxy for estimating biogenic sinks

(Karl et al., 2020), as well as using radiocarbon measurements to distinguish between

anthropogenic and biogenic sources (Weissert et al., 2016b). Nevertheless, as these

empirical methods have varying source areas, further refinement is required to reduce

uncertainties, underscoring the need for modelling tools for partitioning different CO2

components in the net exchange.

The biogenic sources and sinks can be further divided into CO2 uptake by photosyn-

thesis, along with plant and soil respiration. Commonly, assessments of carbon sinks

and stocks in urban green primarily focus on above-ground vegetation, overlooking

the substantial carbon reservoirs within the soil. The CO2 exchange components ex-

hibit significant variability based on meteorological conditions such as air temperature,

radiation, and humidity, as well as environmental conditions like soil moisture and

temperature. In contrast to a natural ecosystem, CO2 exchange in urban areas can be

influenced by factors such as elevated local temperatures resulting from the urban heat

island effect (Oke, 1982), soil water availability impacted by excess runoff or additional

water inputs from irrigation (Nielsen et al., 2007), and various management practices

such as mowing (Velasco et al., 2021) or fertilization (Livesley et al., 2010).

Models that simulate different components of biogenic CO2 exchange complement mea-

surement methods and enable high-resolution quantification of CO2 cycles across entire

cities. Models are particularly valuable when measurements are not available or when

future projections are required. These models rely on accurate measurements for cal-

ibration and have been explored in urban areas using various approaches, including

tree biomass growth models such as i-Tree (Nowak and Crane, 2000), satellite-based

models e.g. VPRM (Hardiman et al., 2017; Wang et al., 2021; Wei et al., 2022; Lian

et al., 2023) and diFUME (Stagakis et al., 2023b), as well as urban land surface models

(e.g. SURFEX, Goret et al., 2019). i-Tree, widely used for assessing carbon seques-

tration by trees to support urban climate initiatives, heavily relies on measurements

and climate data from the US. It provides only annual estimates and does not account

for soil contributions. While satellite-based models are proficient at capturing vege-

tation phenology, they may face challenges when translating vegetative indices into

the underlying physiological processes like photosynthesis and respiration. Thus, these

models need to be calibrated either using EC observations from regions with similar

climate as the city (e.g., VPRM) or by using urban EC observations (e.g., diFUME).

However, these models are not suitable for projecting future conditions as they rely on
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satellite measurements. On the other hand, urban land surface models require calibra-

tion to estimate vegetation phenology. Still, they possess the advantage of being able

to integrate the physiological processes and stresses experienced by urban vegetation.

Furthermore, they can be adjusted to account for future climate scenarios.

This thesis aims to advance our understanding of urban CO2 exchange across various

scales, from street tree plantings to neighbourhood and city levels (see Fig. 1). As part

of the thesis, the CO2 module is implemented within the urban land surface model

SUEWS (Surface Urban Energy and Water Balance Scheme, Järvi et al., 2011; Ward

et al., 2016), allowing integrated research with urban water and energy balances. The

following main research questions will be addressed:

1. Is the urban land surface model SUEWS applicable to simulate urban

CO2 exchange?

The research incorporates CO2 exchange into the urban land surface model

SUEWS (Paper I) and assesses its performance against EC measurements con-

ducted in Helsinki (Paper I) and Beijing (Paper III), as well as against street

tree measurements in Helsinki (Paper II).

2. What is the role of soil in CO2 exchange of newly planted street trees?

In Paper II, the developed CO2 module in SUEWS and the soil carbon model

Yasso are utilized to examine the role of soils on urban CO2 exchange of street

tree plantings over the following 30 years after the street construction.

3. How does biogenic CO2 exchange vary with different surface covers in

Helsinki, and how will this be changed by climate change?

Paper IV employs the SUEWS model across the entirety of Helsinki, categoriz-

ing CO2 exchange based on local climate zones (LCZs). The results simulated

with the current climate (2015–2019) are compared against conditions in the

2050s using the RCP8.5 scenario.

4. To what extent can biogenic CO2 exchange offset anthropogenic emis-

sions in different scales?

Papers I and III examine the role of biogenic CO2 exchange in comparison to

anthropogenic emissions at neighbourhood scale (i.e the scale of eddy covariance

measurements), while Paper IV focuses on estimating the city-level offset.
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Figure 1: Schematic illustration of the different scopes of the papers included in this

thesis.
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2 Surface-atmosphere interactions

2.1 Urban boundary layer

The lowest part of the atmosphere is referred to as atmospheric boundary layer (BL),

where turbulent processes dominate the air flow (Stull, 1988). In urban areas, an

internal boundary layer known as the urban boundary layer (UBL) develops due to the

presence of buildings, roads, and other infrastructure that disrupt the natural airflow

and alter the local climate (Oke et al., 2017). Figure 2 depicts the structure of the

UBL and its different sublayers. This alteration in the urban environment leads to

notable changes, including variations in turbulence intensity, significant shifts in the

urban water balance, and the development of the urban heat island effect (UHI, Oke,

1982). The magnitudes of these changes can vary considerably within urban areas.

Figure 2: Schematic illustration of simplified urban boundary layer (UBL) divided

into urban canopy layer (UCL), roughness sublayer (RSL), inertial sublayer (ISL), and

mixed layer (ML). (Modified after Oke et al., 2017.)

The urban environment significantly alters the water balance compared to natural

ecosystems (Grimmond et al., 1986). Urban landscapes consist of various surface cover

types, with impervious surfaces sealing the soil beneath, limiting soil-atmosphere inter-

actions. Irrigation is commonly used to sustain vegetation, while impervious surfaces

contribute to increased surface runoff (Kokkonen et al., 2018). In addition, urban

vegetation, or its lack, plays a crucial role in surface-atmosphere interactions by con-
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tributing to the exchange of water vapour (Grimmond and Oke, 1991), and CO2.

A prominent phenomenon observed within the UBL is the urban heat island effect

(UHI, Oke, 1982). UHI results from the influence of built surfaces and human ac-

tivities, which lead to elevated temperatures within cities, surpassing those observed

in corresponding rural regions. Particularly, UHI is influenced by a range of factors,

including reduced vegetation, alterations in radiation patterns caused by shading and

variations in surface albedo, as well as heat emissions originating from transportation,

energy consumption, and humans. UHI can be categorized into various scales (Oke

et al., 2017), with the canopy layer heat island (UHIUCL) being the most significant

concerning its impact on turbulent exchanges. UHIUCL involves differences between

temperatures within the urban canopy layer (UCL, Fig. 2) compared to correspond-

ing heights in rural locations. Research on UHIUCL has mostly relied on traditional

air temperature measurements or modelling approaches (Mirzaei and Haghighat, 2010;

Mirzaei, 2015; Paper IV). In European cities, UHI has been documented to exhibit

significant variability (Santamouris, 2007). Estimates of UHI intensity span a wide

range, from 1.6◦C in Vienna, Austria (Böhm, 1998), to as high as 12◦C in Lodz, Poland

(K lysik and Fortuniak, 1999).

UHI strongly depends on the surface cover and human activities which can be described

using Local Climate Zone (LCZ, Stewart and Oke, 2012) classification. LCZ catego-

rizes cities and their neighbourhoods into different classes based on their built and land

cover characteristics. Originally designed to help understand urban heat studies, LCZ

research has grown to include a wide range of application (Huang et al., 2023). In ad-

dition to studying UHI (Stewart et al., 2014; Bechtel et al., 2019) and thermal comfort

(Aminipouri et al., 2019), LCZs have been used in various spatial analyses, including

urban meteorology (Tse et al., 2018), air pollution (Shi et al., 2019), anthropogenic

heat (Rathnayake et al., 2020), and CO2 emission (Wu et al., 2018; Mouzourides et al.,

2019) studies. Moreover, the heat-related risk between LCZs has been studied using

different Representative Concentration Pathway (RCP) scenarios and urban planning

strategies (Verdonck et al., 2019; Aminipouri et al., 2019; Gál et al., 2021). In this

thesis, Paper IV extends LCZ analysis to include the assessment of biogenic CO2

exchange components.
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2.2 Urban net CO2 exchange

The CO2 exchange between natural ecosystems and the atmosphere includes physio-

logical processes such as plant photosynthesis (Fpho), and plant and soil respiration

(Fres). Beyond biogenic CO2 exchange, urban areas are a great source of CO2 due

to anthropogenic activities (Fig. 3). Anthropogenic CO2 (FC,ant) is locally emitted

from combustion of varying sources such as vehicles and building heating, and from

the respiration of humans and animals. This balance for the urban net CO2 exchange

(FC) can be expressed as (adobted from Christen, 2014):

FC = FC,ant + Fpho + Fres. (1)

In this thesis, the main focus is on the biogenic components Fpho and Fres.

Figure 3: Schematic illustration of simplified urban CO2 exchange components. (Mod-

ified after Christen, 2014.)
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Photosynthesis is the biological process in which vascular plants assimilate atmospheric

CO2 through small leaf openings known as stomata, and produce carbohydrates within

their chlorophyll-containing tissues (Hari and Kulmala, 2008). The rate of CO2 uptake

by photosynthesis depends on various factors, including light, water availability, as well

as air temperature, humidity, and the concentration of CO2 in the air.

Light is a fundamental requirement for photosynthesis. As the intensity of photosyn-

thetically active radiation (PAR) increases, photosynthesis rates also rise, although

this response eventually saturates. Furthermore, hydrologic stress in plants influences

photosynthesis. This stress results from the connection between photosynthesis and

transpiration processes, both of which occur simultaneously but in opposite directions

through stomatal openings. When plants need to conserve water, they frequently

respond by closing their stomata, which consequently restricts the process of photo-

synthesis. Hydrologic stress is determined by the combined influence of soil moisture

supply and atmospheric water demand (Novick et al., 2016). Soil moisture is gen-

erally sufficient until the point where soil water content approaches the permanent

wilting point, beyond which photosynthesis capability is severely diminished (Reich

et al., 2018). Additionally, dry air conditions, particularly when vapour pressure deficit

(VPD) is high, contribute to hydrologic stress. Under such conditions, increased tran-

spiration occurs, but to conserve water, plants tend to close their stomata. The air

humidity can also be expressed with specific humidity deficit (Ogink-Hendriks, 1995).

Photosynthesis is also temperature dependant, as elevated temperatures generally lead

to increased photosynthesis rates, but excessively high temperatures can cause dam-

age and reduce the efficiency of photosynthesis (Sage et al., 2008; Niu et al., 2012;

Chang et al., 2021; Kunert et al., 2022). The optimal temperature for photosynthesis

is typically associated with leaf temperature, and the optimal temperature usually falls

within the range of 20 to 35◦C (Sage et al., 2008). However, the optimal temperature

range can shift. For instance, higher CO2 concentrations (Sage et al., 2008) or elevated

growth temperatures (Hikosaka et al., 2006), can both influence the optimum temper-

ature range, potentially leading to an increase in optimal temperature. In addition,

elevated concentration of CO2 in the atmosphere can result in higher photosynthesis

rates (Nowak et al., 2004; Taylor et al., 2008).

Organisms break down carbohydrates and other organic carbon compounds to acquire

energy for their vital processes and growth. This process releases CO2, which can be

further divided into autotrophic or heterotrophic respiration (Hari and Kulmala, 2008).
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Autotrophic respiration refers to the process of respiration carried out by vegetation,

whereas heterotrophic respiration refers to the metabolism of other species. Here, it

mainly refers to the decomposition of organic matter by microorganisms. The rate

of CO2 resulting from autotrophic respiration depends on plant biomass and activity.

Usually, the plant activity increases with increasing temperature and hence autotrophic

respiration is often estimated as a function of biomass and temperature (Ryan et al.,

1997; Gibelin et al., 2008; Launiainen et al., 2015; Stagakis et al., 2023b). Heterotrophic

respiration in soil depends on the physical conditions (soil temperature and moisture),

and the amount and quality of organic carbon (Ise and Moorcroft, 2006).

Photosynthesis per leaf area is expected to be higher in urban environments compared

to natural ecosystems (Hardiman et al., 2017), due to elevated temperatures caused

by UHI. This phenomenon extends the growing season and subsequently enhances the

rate of photosynthesis (Melaas et al., 2016; Briber et al., 2015; Zhao et al., 2016). On

the other hand, excessively high temperatures can cause stomatal closure, reducing

photosynthesis rates (Wang et al., 2021). In addition, urban areas often benefit from

irrigation, which helps alleviate water stress (Nielsen et al., 2007). Urban areas may

also experience higher soil respiration rates due to management practices such as fertil-

ization or the use of mulch around plants (Decina et al., 2016). Moreover, the elevated

temperatures caused by UHI can lead to higher respiration rates (Wang et al., 2021).

In contrast, photosynthesis and respiration per land area tend to be lower in urban ar-

eas due to the greater proportion of impervious surfaces (Nordbo et al., 2012a; Briber

et al., 2015; Ward et al., 2015; Paper IV). The rising temperatures associated with

climate change can also impact UHI and local environmental conditions, consequently

influencing both photosynthesis and respiration processes (Wang et al., 2021; Paper

IV).

2.3 Empirical quantification of CO2 and water exchanges

Biogenic net CO2 exchange can be assessed across various urban scales through the

application of diverse measurement techniques. Each of these methods comes with

its unique set of challenges and advantages. Some measurements capture signals from

both biogenic and anthropogenic sources over a large area (e.g. eddy covariance, Pa-

pers I and III), while others focus on specific aspects of the urban environment (e.g.

chamber measurements, Papers II and IV), necessitating scaling for broader applica-

13



tion. Additionally, heterotrophic respiration rates can be indirectly assessed through

low-frequency carbon storage measurements. Besides measurements of actual CO2 ex-

change, transpiration measurements such as sap flow (Paper II) can provide valuable

insights into vegetation behaviour and stomatal opening.

Measurements have a vital role in calibrating models to align with the complexities of

urban dynamics (Grimmond, 2006; Decina et al., 2016; Paper I–III; Stagakis et al.,

2023b). Furthermore, models serve as valuable tools for extending measurements ob-

tained at the plot level to provide city-wide estimates (Decina et al., 2016; Paper IV).

They also play a crucial role in making projections related to future climate scenarios

(Wang et al., 2021; Paper IV).

The following measurement techniques utilized in this thesis are instrumental in the

calibration and evaluation of biogenic CO2 models employed in urban areas:

Eddy covariance technique (EC) is a widely adopted technique for quantifying the

vertical exchange of CO2 (or any mass, energy, and momentum) between the Earth’s

surface and the atmosphere (Aubinet et al., 2012). To accurately capture the vertical

exchange or transport caused also by the smallest eddies, EC measurements require

a high measurement frequency, typically 10 Hz. For EC measurements, an ultra-

sonic anemometer and an infrared gas analyzer (IRGA) are employed. The ultrasonic

anemometer measures the three wind components (u, v, w) and sonic temperature,

determining the time it takes for an ultrasonic pulse to travel between sensors with

known distances, dependent on the speed of sound and air velocity along the path.

The IRGA measures gas concentrations, such as CO2 and water vapor (H2O) mole

fractions, detecting light absorption within an absorption band.

EC measurements should be made at a considerable height within the boundary layer,

ensuring they fall within the inertial sublayer (ISL), where turbulence can be assumed

to be constant with height and horizontally homogeneous. In practice, the height of

the roughness sublayer (RSL) can be substantial in urban areas, sometimes resulting

in measurements being located within the RSL. However, it has been observed that

the flux-gradient relationship effectively models turbulent exchanges near the upper

boundary of the RSL (Vogt et al., 2006). Although making measurements within the

RSL might be unavoidable, it introduces additional uncertainties into the EC method.

EC measurements represent a certain surface area upwind of the EC measurement

point called source area or footprint (Kljun et al., 2004; Aubinet et al., 2012). The
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footprint of EC measurements relies on various factors, including the measurement

height, topography, wind speed, and atmospheric stability. In urban areas, commonly

used analytical footprint models do not adequately consider the complexity of the ur-

ban surface (Vesala et al., 2008). Thus, observations are often examined based on

different wind sectors (Järvi et al., 2012; Karsisto et al., 2016; Papers I, III). EC

measurements capture signals from both biogenic and anthropogenic sources across a

wide spatial extent and are unable to distinguish between them. Although EC measure-

ments are the most direct mean to measure the net CO2 exchange between the surface

and the atmosphere, they encounter several challenges that necessitate post-processing

(Sabbatini et al., 2018). For instance, under stable nighttime conditions, horizontal

advection and storage effects can introduce complexities to the representativeness of

the measurements. Given the diverse conditions under which EC measurements may

encounter limitations, it becomes crucial to filter data to remove unrepresentative ob-

servations. These data gaps can be substantial, and if annual estimations of fluxes are

required, appropriate gap-filling methods must be employed to ensure comprehensive

coverage (Menzer et al., 2015).

Chamber measurements serve as a valuable tool for studying gas fluxes arising

from soil and vegetation interactions with the atmosphere by enclosing specific plant

parts (Papers II and IV) or soils areas (Järvi et al., 2012; Weissert et al., 2016a;

Paper IV) within a chamber (Livingston and Hutchinson, 1995). These measurements

focus on quantifying the responses of gas fluxes in these specific parts to changing

environmental conditions by analysing changes in gas concentration over time within

the chamber. Chamber measurements can be classified into two main categories: closed

and open systems. Closed systems estimate gas fluxes by observing the temporal change

in gas concentration within the sealed chamber, while open systems calculate fluxes

by comparing gas concentrations between the inflowing and outflowing air. These

chambers can be operated either manually or automatically. Moreover, the chambers

can be categorized based on their transparency or coverage. Transparent chambers are

utilized when studying photosynthesis, as they allow light to penetrate the chamber and

the light response of photosynthesis can be determined by repeating the measurements

in different light intensities. On the other hand, covered chambers, referred to as

dark chambers, serve to investigate respiration by blocking light. Within the chamber,

the gas fluxes are quantified using a gas analyzer, coupled with sensors for measuring

radiation, temperature, and humidity.
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Chamber measurements provide valuable insights into the relationship between com-

ponent fluxes and environmental factors in urban green areas (Vesala et al., 2008;

Järvi et al., 2012; Weissert et al., 2016a; Decina et al., 2016; Paper II). Neverthe-

less, chamber measurements have their own limitations. The chamber is not always

airtight, manual measurements provide only momentary data so multiple repetitions

are required, and the measurements could potentially disrupt the measured vegetation.

Moreover, when scaling up these chamber measurements to represent larger areas or

ecosystems, it becomes necessary to employ models that consider various environmental

factors and microclimatic conditions.

Carbon stock measurements are one method for assessing net exchange by tracking

alterations in carbon storage throughout the study period. This method can provide

insights into urban carbon stock variations on an annual or less frequent basis (Riiko-

nen et al., 2017; Paper II). These measurements encompass the estimation of both

vegetation carbon and soil carbon stocks. Vegetation carbon estimation relies on quan-

tifying biomass, tracking changes therein, and estimating the carbon content within

it. Soil carbon, often described as soil organic carbon (SOC) stocks, is determined

through soil sampling. Quantification is typically achieved using the loss-on-ignition

(LOI) method, which involves the removal of organic matter through heat applica-

tion and then assessing the resulting mass alteration. Subsequently, an assumption is

made regarding the proportion of carbon within the LOI. The method is limited by the

necessity for long-term monitoring of stock changes, especially in the context of soil

where alterations occur gradually. Consequently, the approach is demanding in terms

of labor, and time-consuming.

Sap flow sensors are instruments designed to quantify transpiration flow (Paper II) by

monitoring the upward movement of sap within xylem tissue (Granier, 1987). These

sensors can be strategically deployed in different regions of the tree, such as stems,

trunks, branches, or tillers. The process of sap flow is influenced by the regulation of

stomatal opening.

Various techniques are available for measuring sap flow, but they all share a common

principle: the utilization of heat as a tracer (Hölttä et al., 2015; Flo et al., 2019; Poy-

atos et al., 2020). In one approach, specific sections of the plant are heated, and the

subsequent measurement involves tracking heat loss and dissipation. Alternatively, a

heat pulse is generated and sent through the plant, with the flow rate calculated based

on the time required for this heat pulse to traverse a specific distance. Using sap flow
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measurements to estimate transpiration has inherent limitations. These measurements

often lag behind canopy transpiration (Schulze et al., 1985), and to scale these mea-

surements to estimate whole-plant sap flow rates, it is essential to have at least an

estimate of the sapwood area (Poyatos et al., 2020).
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3 Materials and methods

3.1 Sites and measurements

InPapers I and II, the model evaluation and examination of CO2 exchanges took place

at three distinct locations within Helsinki, Finland: the suburban site Kumpula (I),

the city centre Torni (I), and the street tree site Viikki (II). The evaluation extended to

Beijing, China, in Paper III. Lastly, Paper IV entailed city-wide application within

Helsinki to calculate CO2 exchanges and their dependency on land cover.

Figure 4: Aerial photo of Helsinki (©Kaupunkimittausosasto, 2017) with the three

study sites: Kumpula (blue circle, I), Torni (red square, I), and Viikki (yellow triangle,

II). The city is divided into 250 x 250 m2 grids used in Paper IV and the rectangular

white box indicating the area used in Paper I.
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3.1.1 Helsinki

Helsinki, the capital of Finland (60◦10’N, 24◦56’E, Fig. 4), is situated along the coast

of the Baltic Sea. The climate of Helsinki falls under the classification of humid conti-

nental with warm summers (Dfb), with the mean annual temperature of 6.5◦C and an

annual precipitation of 656 mm (Jokinen et al., 2021). The temperatures in Helsinki

are projected to be 2◦C warmer, with approximately 70 mm more precipitation due to

climate change in the 2050s (Saranko et al., 2020; Paper IV). The total land area of

the city spans 214.19 km2. In Papers I and IV, the city centre and further the whole

city were divided into 250 x 250 m2 size grids (Fig. 4).

Figure 5: Aerial photos of the study areas with 1-km radius around (a)

Kumpula with its three sectors (©Kaupunkimittausosasto, 2017), (b) Torni

(©Kaupunkimittausosasto, 2017), and (c) Beijing EC stations (Google Earth, im-

age ©2022 Maxar Technologies).

Kumpula suburban site

The SMEAR III station (Station of Measuring Ecosystem-Atmosphere Relationships)

is situated in the semiurban area of Kumpula, located 4 km northeast of the city

centre (LCZ = 6) (Järvi et al., 2009; Paper I). Within a radius of 1 km surrounding

the 31-m measurement mast (Fig. 5a), approximately half of the area is covered by

vegetation. The northern region of the tower (320–40◦, referred to as Ku1) encompasses

the university campus, while further away, there are suburban low-height apartment

buildings with small gardens. Moving eastward (40–180◦, Ku2), emissions originate

from one of the main roads leading to the Helsinki city centre. The zone between
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the road and the mast is covered by a broadleaf forest. Towards the southwest (180–

320◦, Ku3), there are parks, the University Botanical Garden, and allotment gardens,

vegetation covering 59% of the sector. In this direction, the nearest road is situated

800 m away from the measurement mast. EC measurements were initiated in 2005 and

are ongoing (Vesala et al., 2008).

Torni city centre site

The measurement site Torni is situated in the highly built-up city centre (LCZ = 2)

(Nordbo et al., 2013; Karsisto et al., 2016; Paper I). Within a 1-km radius circle

surrounding the site (Fig. 5b), the average building height reaches 18 m, while the

proportion of vegetated cover is 20%, comprising mainly street trees and a few parks.

The measurement station is situated atop Hotel Torni, at an elevation of 60 m. The

EC measurements were established in 2010 and continue to be operational (Nordbo

et al., 2012b).

Viikki street tree site

The street tree study site is located in Viikki, Helsinki (N60◦15’, E25◦03’), approxi-

mately 9 km northeast of the Helsinki city centre (Paper II). Two streets were inten-

sively studied from 2002 to 2016, focusing on either Tilia x vulgaris Hayne or Alnus

glutinosa (L.) Gaertn. f. pyramidalis ’Sakari’ tree species (Riikonen et al., 2011, 2016,

2017). Three different soil types were studied at both streets. Soil 1 primarily consisted

of sand, clay, and peat; Soil 2 comprised composted sewage sludge mixed with sand,

pine bark, and peat; and Soil 3 was a blend of fine gravel, sand, clay, leaf compost,

and pine bark. Throughout the study period, comprehensive monitoring of tree char-

acteristics, gas exchange processes, sap flow, and soil carbon content was conducted.

The street with Tilia trees corresponds to LCZ 9 and the one with Alnus trees to LCZ

6. For the purpose of this study, the combined entities of trees and their underlying

growing media (i.e., soil) are collectively referred to as street tree plantings.

3.1.2 Beijing

Beijing, the capital of China, exhibits a monsoon-driven continental climate (Dwa),

with the mean annual temperature of 12.5◦C and an annual precipitation of 592 mm

(Liu et al., 2023). The EC measurement setup (Fig. 5c) is positioned at an elevation

of 47 m on the Institute of Atmospheric Physics (IAP) meteorological tower (N39◦58’,

E116◦22’) (Liu et al., 2012; Paper III). This tower is 325 m tall and is located in
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the northwest region of Beijing. The immediate vicinity of the tower is primarily

characterized by impervious surfaces, constituting about two-thirds of the surrounding

area, while the remaining portions (29%) are covered with vegetation. The site aligns

with LCZs 1 and 2, featuring an average building height of 19.1 m. There is significant

vehicular traffic in the vicinity, particularly to the east and north of the tower. The

flux measurements commenced in 2012.
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3.2 CO2 modelling

The thesis focuses on the development (Paper I), evaluation (Papers I, II, III), and

application (Papers I–IV) of the CO2 module within the urban land surface model

SUEWS. Moreover, the investigation into the dynamics of soil carbon decomposition

in urban soils is extended through the application of the Yasso model in Paper II.

3.2.1 SUEWS

Model description

The Surface Urban Energy and Water Balance Scheme (SUEWS) is an urban land

surface model originally designed to operate at the neighbourhood-scale, simulating

the energy and water balances of urban surfaces (Järvi et al., 2011; Ward et al., 2016).

Within the SUEWS model, several submodels are incorporated to account for diverse

factors, including net all-wave radiation (Offerle et al., 2003), storage processes (Grim-

mond and Oke, 1991; Sun et al., 2017), anthropogenic heat fluxes, snow, and irrigation

(Järvi et al., 2014). In addition, it can simulate the local 2 m air temperature and

relative humidity in the roughness sublayer (Tang et al., 2021).

SUEWS distinguishes between seven surface types: paved surfaces, buildings, evergreen

trees and shrubs, deciduous trees and shrubs, grass, bare soil, and water. To effectively

model each of these surface types, specific input parameters are necessitated. These in-

clude details such as plan area fractions, albedo, emissivity, moisture storage capacity,

building height, and tree height. Moreover, the model is driven by various meteorolog-

ical variables, including wind speed, relative humidity, air temperature, air pressure,

precipitation, and short-wave radiation. These meteorological inputs are fundamental

in shaping the model’s performance and outcomes.

In Paper I, a new CO2 module was introduced to the SUEWS model to compute the

total CO2 exchange (FC , µmol m−2s−1), while accounting for both local-scale anthro-

pogenic emissions (FC,ant) and biogenic components (FC,bio) of CO2 exchange. The

anthropogenic components include CO2 emissions from human metabolism (FM), ve-

hicles (FV ), building energy and heating/cooling combustion (involving natural gas,

coal, and wood) (FB), and local-scale point sources (FP ). The biogenic components

encompass CO2 uptake by photosynthesis (Fpho) and release through respiration (Fres).
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The net exchange is as follows:

FC = FC,ant + FC,bio = FM + FV + FB + FP + Fpho + Fres, (2)

where positive values denote CO2 sources and negative values indicate CO2 sinks with

respect to the atmosphere.

The simulation of biogenic CO2 components Fpho and Fres is based on their connection

to meteorological conditions. The estimation of Fpho is based on how sensitive the

stomatal opening is to the different environmental factors that control it. The estima-

tion of Fpho connects it to the surface resistance, or its inverse, the surface conductance

that is required to model the latent heat flux (QE), using the Penman-Monteith equa-

tion (Penman, 1948; Monteith, 1965) modified for urban environments (Grimmond

and Oke, 1991). The surface conductance (gs, mm s−1) is estimated with modified

Jarvis-Stewart formulation (Jarvis, 1976; Stewart, 1988):

gs = G1

∑

i

(frigi,max

LAId,i
LAIm,i

)gKgqgT gθ, (3)

where gs is calculated separately for each vegetation type i (evergreen, deciduous, or

grass) and then summed together. Parameter G1 (mm s−1) is connecting the leaf level

opening to canopy level, fri is the fraction of each vegetation cover, gi,max (mm s−1)

is the maximum conductance, LAId,i (m
2 m−2) is the daily leaf area index, which is

divided with the maximum value of LAI (LAIm,i). The four g-functions are the environ-

mental response functions gK , gq, gT , and gθ on shortwave radiation, specific humidity

deficit, air temperature, and soil moisture deficit, respectively. These functions vary

between 0 and 1. The same environmental response functions are now included into

the Fpho (µmol m−2s−1) simulation, where the maximum photosynthesis per leaf area

Fpho,max,i (µmol m−2s−1 LAI−1) for each vegetation type i obtained from measurements,

is scaled with these response functions together with the simulated LAId,i (Paper I):

Fpho =
∑

i

(friFpho,max,iLAId,i)gKgqgT gθ. (4)

Here, the g-functions use slightly different notations compared to Papers I–IV. The

functions have the following forms (Fig. 6, Ward et al., 2016). The function form

relating to shortwave radiation follows Stewart (1988):

gK =
K↓/(G2 +K↓)

K↓,max/(G2 +K↓,max)
, (5)
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where K↓,max is the maximum shortwave radiation.

The function for specific humidity deficit can be described with linear (Jarvis, 1976;

Stewart, 1988) or nonlinear response to increasing deficit (Ogink-Hendriks, 1995). Fol-

lowing Ward et al. (2016), the nonlinear responses are used for specific humidity re-

sponse:

gq = G3 + (1−G3)G
∆q
4
, (6)

The function for air temperature is based on optimal temperatures for photosynthesis

(Tair = G5) by Stewart (1988):

gT =
(Tair − TL)(TH − Tair)

TC

(G5 − TL)(TH −G5)TC

, (7)

where TL and TH are the lowest and highest hourly air temperatures where stomata

can be open, and where

TC =
(TH −G5)

(G5 − TL)
. (8)

The function for soil moisture (θ) depends on when the wilting point (WP) is reached

and no more water is available for plants (Ward et al., 2015; Stewart, 1988):

gθ =
1− exp(G6(∆θ −∆θWP ))

1− exp(−G6∆θWP )
. (9)

The simulation of Fres (µmol m−2s−1) is based on its exponential relation to air tem-

perature:

Fres =
∑

i

frimax(ai · exp(Tairbi), 0.6), (10)

where the rate of respiration is simulated with empirical constants a and b, which rep-

resent the flux rate at 0◦C and the temperature sensitivity, respectively. The function

is given a minimum value of 0.6 µmol m−2s−1, based on wintertime respiration rates

(Pumpanen et al., 2015).

Biogenic model parameterization

The parameters for equations (3)–(10) can be obtained from existing literature or

determined through measurements (Järvi et al., 2011; Ward et al., 2016; Papers I–

IV). These equations are fitted against either measured photosynthesis or respiration

using the least-squares fitting approach, involving the random selection of seven-eighths
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Figure 6: Examples of surface conductance dependencies on environmental factors as

presented in Paper IV: (a) shortwave radiation (K↓), (b) specific humidity deficit

(∆q), (c) air temperature (Tair), and (d) soil moisture deficit (∆θ). Additionally, (e)

shows the connection between respiration (Fres) and air temperature.

of the available data 100 times. This iterative process yields the final set of parameters,

with medians determined alongside their associated uncertainties. In the context of

photosynthesis, the parameters Fpho,max,i and G2 through G6 are subjected to fitting

using data collected during the summer season, assuming relatively stable LAI. In

contrast, the parameterization of respiration is recommended to encompass the entire

year, as this approach prevents the overestimation of wintertime respiration rates.

To facilitate this parameterization process, it is essential to have access to observations

of photosynthesis and respiration as well as key environmental variables, including air

temperature, humidity, soil moisture, and incoming shortwave radiation. Addition-

ally, accurate estimations of soil properties such as field capacity and wilting point

are required to ensure the robustness of the parameterization procedure. In Papers

I and IV, EC measurements obtained from various vegetated sites (lawn, urban for-

est) were used to apprehend the biogenic model parameters. In Papers II and IV,

measurements at tree level from Helsinki were utilized for this purpose.
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3.2.2 Yasso

Yasso is a soil carbon decomposition model (Tuomi et al., 2009; Liski et al., 2005), in

which the rate of decomposition is influenced by both climatic conditions and the chem-

ical composition of soil organic matter. The model requires either annual or monthly

precipitation and air temperature, to drive its simulations. Yasso operates by simu-

lating changes in carbon stock, considering the balance between the decomposition of

soil organic matter and potential litter input into the system (Fig. 7). The decom-

position rate in Yasso varies for four distinct carbon compound groups integrated into

the model: compounds that are soluble in ethanol (E), compounds that are soluble

in water (W), compounds that are hydrolysable in acid (A), and compounds that are

neither soluble nor hydrolysable (N). Additionally, there is a mass flow directed to-

wards recalcitrant humus (H). Litter input, which can consist of materials such as leaf

litter, fine root litter, and woody litter (e.g., branches, stems, and coarse roots), can be

incorporated into the model. The AWENH ratios are defined separately for the initial

soil carbon pool and for the litter input. The parameters influencing the decomposi-

tion rates of various compounds are derived from extensive global litter decomposition

measurements. In Paper II, version Yasso15 (Viskari et al., 2020) was used.

Figure 7: Flowchart of the Yasso model. Boxes represent the carbon compound groups:

soluble in ethanol (E), or water (W), hydrolysable in acid (A), neither soluble nor

hydrolysable (N) compounds, and recalcitrant humus (H), and arrows the exchange

between them and towards CO2 emitted from soil to the atmosphere. (Modified after

Tuomi et al., 2011.)
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3.3 Forcing data

Both the SUEWS and Yasso models rely on meteorological inputs as their primary

forcing data. In the case of SUEWS, the prerequisite is that the meteorological data

are situated within the inertial sublayer (ISL). These meteorological datasets can be

procured either from direct observations or from reanalysis products.

In the context of simulating specific locations in Helsinki, Papers I and II made use

of observations gathered during 2002–2016 from the SMEAR III station. In Paper

III, the research employed the WFDE5 reanalysis dataset (Cucchi et al., 2021) derived

from the European Centre for Medium-Range Weather Forecasts (ECMWF) atmo-

spheric reanalysis (Hersbach et al., 2020) in Beijing in 2015–2016. In Paper IV, the

study utilized the MET Nordic dataset (Nipen et al., 2020) for Helsinki. This dataset

is available at hourly temporal resolution and 2.5 km spatial resolution. It comprises

post-processed numerical weather prediction data from the MetCoOp Ensemble Pre-

diction System (MEPS, Bengtsson et al., 2017; Müller et al., 2017), complemented

by observations from various stations. Additionally, it includes post-processed data

at a 1 km resolution. The dataset was further interpolated with a nearest neighbour

approach to get forcing for each 250 x 250 m2 simulation grid for years 2015–2019. For

investigations concerning the climate conditions of the 2050s in the Helsinki region, ad-

justments were made according to the Representative Concentration Pathway (RCP)

scenario RCP8.5, considering greenhouse gases and aerosols. These adjustments were

undertaken as part of the work by Saranko et al. (2020) to produce the necessary me-

teorological forcing data. The spatial resolution used in this data match that of the

MET Nordic dataset.

3.4 Surface characteristics

Surface cover fractions, as well as the heights of buildings and trees, were derived from

high-resolution airborne lidar data, with a resolution of 2 m (Nordbo et al., 2015) in

Paper I and at an even finer resolution of 1 m (StromJan, 2020) in both Papers

II and IV. In Paper I, it was assumed that all low vegetation consists entirely of

deciduous plants. Trees were categorized as 60% deciduous and 40% evergreen. This

categorization was based on the assumption that street trees are half deciduous and

forest trees in the region are 25% deciduous, a pattern observed in the southern coastal
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region of Finland (Korhonen et al., 2015). In Paper II, all street trees were considered

deciduous. For Paper IV, the classification of trees into evergreen or deciduous trees

was determined using the Copernicus High-Resolution Layers with a 10 m resolution,

which identifies the dominant leaf type (EEA, 2020). In Paper III, surface cover

fractions were estimated based on aerial images with a 1 m resolution (Kokkonen

et al., 2019).

3.5 Local Climate Zones (LCZs)

LCZs (Stewart and Oke, 2012) in Helsinki were categorized based on two publicly

available datasets with a spatial resolution of 100 meters. The primary classification

was derived from the European-level LCZ map (Demuzere et al., 2019). However,

it lacked information for 8% of the grids in Helsinki, primarily due to some of the

main islands being absent from this dataset. Therefore, the missing grid cells were

supplemented using the global-level LCZ map (Demuzere et al., 2022). LCZs were

then adjusted to the grid size of 250 x 250 m2, based on the dominant LCZ class

within each grid. As a result, Helsinki was classified into eight distinct LCZ classes

(see Table 1).

3.6 Statistics

The performance of the models was assessed using standard statistical metrics, in-

cluding a Pearson correlation coefficient (r), root-mean-square error (RMSE) and its

normalization (nRMSE), mean absolute error (MAE), and normalized mean bias error

(nMBE). In Papers I and III, nRMSE was calculated using the maximum value of

the observation and minimum value of the model. In II, the normalization of nRMSE

and nMBE were done with the maximum and minimum values of the observations.
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Table 1: Local Climate Zones in Helsinki.
LCZ Name Fraction Description

2 Compact midrise 2.7% Dense mix of midrise buildings (3–9 stories).

Few or no trees. Land cover mostly paved.

5 Open midrise 19.6% Open arrangement of midrise buildings (3–9

stories). Abundance of pervious land cover

(low plants, scattered trees).

6 Open lowrise 16.2% Open arrangement of low-rise buildings (1–

3 stories). Few or no trees. Abundance of

pervious land cover.

8 Large lowrise 15.9% Open arrangement of low-rise buildings (1–3

stories). Few or no trees. Land cover mostly

paved.

9 Sparsely built 1.1% Sparse arrangement of small or medium-sized

buildings in a natural setting. Abundance of

pervious land cover.

A Dense trees 25.4% Heavily wooded landscape of deciduous

and/or evergreen trees.

B Scattered trees 6.5% Lightly wooded landscape of deciduous

and/or evergreen trees.

D Low plants 12.6% Featureless landscape of grass or herbaceous

plants/crops. Few or no trees.
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4 Results

4.1 Model evaluation

4.1.1 Neighbourhood-scale

Evaluating the newly developed CO2 module using EC observations in urban areas

necessitates the estimation of both biogenic and anthropogenic components. This is

particularly important because the neighbourhood-scale sites examined in Papers I

and III were influenced by substantial anthropogenic emissions. The net CO2 exchange

modelled with SUEWS demonstrated a strong agreement with the EC observations at

hourly, diurnal, and annual levels, both in Helsinki and Beijing. The summer season,

when vegetation is most active, provides the optimal time to evaluate the biogenic CO2

module (Fig. 8).

Figure 8: Median (lines) diurnal behavior of measured and modelled CO2 exchange

(FC , µmol m−2 s−1) and its components at (a) Kumpula vegetation (Ku3) sector, (b)

at Torni, and (c) at Beijing for June to August. The evaluation years are 2012 for

Kumpula and Torni, and 2016 for Beijing. CO2 emissions/sink from photosynthesis

(Fpho), respiration (Fres), human metabolism (FM), traffic (FV ), and buildings (FB).

Gray areas show the 25th/75th percentiles of the measured FC . Figure adapted from

Papers I and III.

In Paper I, the Kumpula site was divided into three sectors, each simulated and an-

alyzed separately. Among these sectors, the Ku3 sector, characterized by 31% grass
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surfaces and 28% tree cover, provided the most accurate representation of urban bio-

genic CO2 exchange. Consequently, the biogenic model was calibrated specifically for

this sector. For independent evaluations, data from the years 2006 to 2011 were uti-

lized for parameter fitting, with the independent year 2012 serving as the evaluation

period. In this sector, the model demonstrated its optimal performance, particularly

during the summer months, as evident from the diurnal medians (Fig. 8a). While

perfect alignment of hourly values was not expected due to potential measurement

errors associated with EC, the model exhibited strong performance during summer in

the Ku3 sector, with a high r value of 0.84, and relatively low values for RMSE (2.93

µmol m−2 s−1), nRMSE (0.066), and MAE (0.06) (see Table 2). In contrast, during

other seasons within the vegetated Ku3 sector, the exchange values were considerably

smaller, and the model’s performance comparatively poorer. The r values ranged from

0.17 to 0.48 (spring–autumn), and MAE values ranged from 0.35 to 1.11 µmol m−2 s−1

(winter–spring). Notably, wintertime respiration values were slightly overestimated. In

other sectors within Kumpula, the model successfully captured the combined effects

of anthropogenic activities and biogenic exchange during the summer months. The

correlations were poorer than for the Ku3 sector, with r values of 0.67 (Ku1) and 0.31

(Ku2). Although the r value was lowest for Ku2, the MAE value was better (0.1 µmol

m−2 s−1) compared to Ku1 (1.46 µmol m−2 s−1), possibly due to disruptions from

nearby buildings in the Ku1 sector.

Table 2: Statistics at EC sites in Kumpula, Torni, and Beijing. The statistics are a

root-mean-square error (RMSE, µmol m−2 s−1), a normalized root-mean-square error

(nRMSE), a Pearson correlation coefficient (r), and mean absolute error (MAE, µmol

m−2 s−1) from summer seasons only.

Site RMSE nRMSE r MAE N

Ku1 1.85 0.048 0.67 1.46 372

Ku2 3.00 0.040 0.31 0.10 905

Ku3 2.93 0.066 0.84 0.06 1917

Torni 5.27 0.061 0.63 0.24 2160

Beijing 13.99 0.203 0.43 11.18 1097

In contrast, the model’s performance in the city centre location, Torni (Paper I),

was primarily influenced by anthropogenic activities (Fig. 8b), making it challeng-

ing to isolate the influence of vegetation. The observed net CO2 exchange did not

exhibit morning or evening rush hour patterns during the summer, whereas the simu-
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lated traffic emissions indicated peak levels during these hours. Although these rush

hour peaks are more pronounced in the winter, SUEWS can only incorporate a static

diurnal profile, possibly leading to a mismatch with the summer traffic patterns. Con-

sequently, the simulated net CO2 exchange was overestimated during rush hours and

evenings, resulting in a reduced r value of 0.64 during the summer. Although the traf-

fic profile more accurately represented wintertime traffic, the observed CO2 exchange

experienced a delay due to weak turbulent mixing in the early morning, resulting in

similar r values of 0.65 in the winter months. Nevertheless, considering all these factors,

SUEWS demonstrated a good model performance when compared to EC measurements

in Helsinki.

In Kumpula (Paper I), the modelled annual CO2 emissions, at 1440 g C m−2 y−1,

slightly exceeded the observed gap-filled value of 1414 g C m−2 y−1, by a modest 2%

(Fig. 9). In the city center, the model estimated annual emissions of 4640 g C m−2

y−1, which was 3% higher than the gap-filled observed value of 4507 g C m−2 y−1.

These overestimations were minimal, especially when taking into account the inherent

uncertainty associated with EC measurements, which can range from 15% to 60% over

vegetated ecosystems (Baldocchi, 2003). Additionally, addressing the overestimation of

respiration during winter could potentially lead to slight reductions in the estimations,

as the vegetation might act as a CO2 sink over the year.

In Paper III, certain discrepancies between observations and the model, particularly

during morning hours were seen, likely arising from the estimation of traffic emissions

in Beijing (Fig. 8c). Furthermore, the model domain remained a constant 1 km circle

around the EC site, while EC observations have a variable footprint dependent on wind

direction and atmospheric stability (Liu et al., 2012). Consequently, this resulted in

poorer model performance than in Paper I, with a relatively low r value of 0.42 and

high nRMSE value (0.2) during summer. Additionally, the simulated latent heat flux

(QE) was evaluated against EC measurements, as it provided a more direct connection

to vegetation. During the summer, the model demonstrated improved performance in

estimating QE, with an r value of 0.65 and an nRMSE of 0.12.

The impact of footprint size on annual cumulative totals became evident when com-

paring simulations with gap-filled EC observations, especially for Beijing in Paper III,

where SUEWS overestimated the annual values by approximately 15% (Fig. 9). The

simulated value amounted to 8.6 kg C m−2 y−1, whereas the observed gap-filled value

was 7.5 kg C m−2 y−1. However, altering the model domain radius from 500 to 1500
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m resulted in annual values of FC ranging from 7.4 to 8.7 kg C m−2 y−1. A smaller

radius corresponded to reduced emissions from traffic, aligning more closely with the

gap-filled EC observations.

Figure 9: Annual sums of modelled (green) and gap-filled EC (black) FC at EC sites

in Kumpula, Torni, and Beijing. The whisker describes how much FC varies with the

varying model domain in Beijing.

4.1.2 Street trees and soil

In Paper II, measurements conducted on street trees were used to evaluate the model’s

performance. Initially, measurements obtained using a portable gas exchange sensor

(Riikonen et al., 2011) were used to assess how leaf-level exchange responded under

varying environmental conditions. These measurements also helped to derive new pa-

rameters related to conductance that specifically represent street trees. Subsequently,

as photosynthesis and transpiration are interconnected through stomata, the model’s

performance was evaluated with transpiration estimations obtained using sap flow sen-

sors (Riikonen et al., 2016).

Simulated transpiration was found to be sensitive to the maximum surface conductance

value (gi,max, see Eq. (3)), as high values led to unrealistic soil drying. The originally

used parameter for deciduous trees (11.7 mm s−1, Paper I) was not suitable for the

street trees in Paper II, as the value was more appropriate for heavily irrigated areas

(Järvi et al., 2011). Instead, values of 3.1 mm s−1 for Tilia and 8.7 mm s−1 for Alnus,

based on prior literature, were chosen to better match the site conditions.
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Figure 10: Median diurnal cycle of modelled transpiration (solid blue line) and tran-

spiration estimated from observed sap flow (dashed black line) from June to August

2008–2011 for (a) the Tilia site and (b) the Alnus site. In panel (b), the red line rep-

resents the model simulation without an additional water source (the base run). The

shaded areas are the 25th/75th percentiles. Figure adapted from Paper II.

At the Tilia site, the model performed well against transpiration estimated from ob-

served sap flow (Fig. 10a). However, at the Alnus site, the water available for trees

was not enough to support high transpiration amounts in the base run (see Fig. 10b).

While SUEWS accurately represented surface-level water dynamics, with soil mois-

ture nRMSE between 0.16–0.23, it became evident that street trees needed additional

water sources beyond the surface soil layer. It was assumed that these trees rely on

unaccounted-for water sources, possibly deeper soil layers not considered in SUEWS.

After including an estimation of these sources, the model results aligned well with tran-

spiration estimates from sap flow measurements (see Fig. 10b), with nRMSE values

ranging from 0.11 to 0.34 between the different years. These results highlighted that

the model was highly sensitive to the urban water balance. For instance, incorporat-

ing multiple soil layers would provide trees with greater access to water compared to

grasses with shorter root systems.

While SUEWS is capable of providing an estimation on respiration, it mainly represents

an average rate for urban ecosystems, while lacking any consideration of the historical

soil conditions or structure. Thus, an evaluation of the soil carbon model Yasso was

conducted, with a particular focus on its applicability to simulate urban soils. In

Paper II, Yasso was used to estimate the soil carbon pools in three different soil types

on newly established street soils implemented in 2002.
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Figure 11: Monthly soil carbon stock modelled using Yasso without fine root litter

input (dashed black line) and with fine root litter input (dashed blue line) from 2002

to 2016, and measured average loss-on-ignition-based soil carbon stock estimations (±

SD) for the three studied soil types at the Tilia site (red dots) and the Alnus site (gray

dots). Figure adapted from Paper II.

Over the period from 2002 to 2016, there was a notable decline in the soil carbon pool

(Fig. 11). The model performed the best for soil 3 at both sites. In contrast, the

model consistently underestimated the soil 2 carbon pool, while its performance in soil

1 exhibited mixed results. The nRMSE values ranged from 0.59 to 0.88 at the Tilia

site, indicating relatively better model performance compared to the Alnus site, where

nRMSE values span from 0.73 to 1.36. In terms of nMBE, the Tilia site also show-

cased a more favorable overall performance, with values ranging from -0.91 to -0.75.

Furthermore, the influence of decomposing fine roots on the model outcomes remained

minimal and scarcely detectable until the later stages of the simulation period. This

was evident from the negligible deviation observed in the model run with fine root

litter input when compared to the base run without root litter. However, the statisti-

cal values should be interpreted with caution, as the assessment relied on merely four

measurement points in time. Nevertheless, the model performance was good consider-

ing the lack of knowledge regarding the actual AWENH-fractions at the time of street

construction. These street soil estimates were notably lower (1.7–5.7 kg C m−2) than

those previously recorded in parks within Helsinki (10.4 kg C m−2; Lindén et al., 2020)

or in forest soils in Finland (6.3 kg C m−2; Liski et al., 2006). However, these street

soils were composed of structural soils, consisting of roughly two-thirds stones and the

remaining third was fine soil, thus the estimates were in a reasonable range. Although
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Yasso was not originally designed for urban soils, these results emphasize its potential

for adaptation to this environment. Nonetheless, a more comprehensive evaluation on

urban soils is instrumental to refining Yasso for broader city-wide applications. One

of the main challenges when using Yasso in urban areas is the necessity for soil his-

tory information. This data might be entirely absent or exhibit significant variations,

making it challenging to generalize the results.

4.1.3 Applicability of SUEWS for simulating urban CO2 exchange

SUEWS enables the investigation of biogenic CO2 exchange at various scales, providing

support for both urban measurements and urban planners. Nevertheless, it is essential

to acknowledge that the methods employed in this study have their limitations. Urban

models inevitably simplify the intricate urban systems they aim to represent. Urban

environments are notably complex, featuring diverse plant species, soil types, and land

uses. Consequently, the model’s simplifications may not fully capture this intricacy.

In addition, the modelling approach in this thesis, while valuable, might not be seam-

lessly applicable to all urban settings, especially those with limited data or modelling

resources. This limitation becomes pronounced when dealing with areas where precise

vegetation mapping for the classification of trees and other vegetation is unavailable.

The selection of model parameters introduces a degree of uncertainty, and one potential

solution lies in the development of a climate-dependent lookup table. In the absence

of precise measurements, modelling often entails educated estimations, which can lead

to inaccuracies. Furthermore, it is essential to acknowledge that the CO2 module’s

applicability has not been tested in tropical climates, where the seasonal patterns of

biogenic CO2 exchanges diverge from those studied here. When comparing models

with measurements, it is crucial to take into account the source area, particularly in

the case of CO2, as its emissions are influenced by more localized factors compared to

variables such as water or heat.

However, SUEWS remains an evolving model as new research unfolds in the field of

urban meteorology. This thesis highlighted that the CO2 uptake is highly sensitive

to the urban water balance (Papers II and IV). For instance, incorporating multiple

soil layers would provide trees with greater access to water compared to grasses with

shorter root systems. Additionally, the current respiration model solely relies on air

temperature, but future improvements could modify it based on soil water availabil-
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ity, further enhancing the model’s accuracy. The uncertainty limits of respiration and

photosynthesis parameters were examined in Paper I, revealing that the variability in

respiration parameters was three times greater than in photosynthesis parameters. This

difference was partially attributed to the wider range in measured respiration, poten-

tially influenced by varying soil moisture conditions. Some urban models, as indicated

by Stagakis et al. (2023b), have already integrated soil moisture measurements into

their respiration calculations. Given that SUEWS is an urban water balance model,

the incorporation of modelled soil water availability into the respiration calculations

is a feasible prospect. Currently, respiration parameters are parameterized for specific

types of urban ecosystems, such as irrigated or non-irrigated lawns. However, there is

potential to explore a more detailed representation within the model in the future.

Lastly, employing urban land surface models to assess the potential influence of future

climate conditions on the CO2 exchange presents challenges (Paper IV). The model

relies on parameters obtained from measurement data in the current climate, assum-

ing that the environmental relationships observed during that period will persist in

the coming decades. However, this introduces uncertainties, considering the unknown

adaptability of plants to future changes. Additionally, since urban land surface models

may not necessarily account for the diverse soil types within a city, future predictions

may overlook this variability. Nevertheless, due to the non-linear nature of these rela-

tionships, making predictions based on them can provide greater accuracy than using

linear responses.

4.2 CO2 exchange of street tree plantings

Throughout the extended study period in Paper II, from 2003 to 2031, both models

were used to estimate the CO2 exchange of street trees (using SUEWS) and soil carbon

emissions (using Yasso). The Viikki street tree site included two streets, each with their

own tree species. Figure 12 shows the average behaviour of the different species.

The estimated annual CO2 uptake via photosynthesis varied across years 2003–2031,

ranging on average from -3.1 to -12.1 kg C y−1 per tree (Fig. 12). Simultaneously, tree

respiration spanned from 1.5 to 5.7 kg C y−1 per tree. These CO2 exchange processes

resulted in a consistent net CO2 sink for the trees, with average values ranging from

-1.5 to -6.6 kg C y−1 per tree. These estimates, however, appeared lower than those

obtained through alternative methods for assessing carbon sequestration by street trees
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Figure 12: Estimated annual net exchange (NE ALL, black) of street tree plantings

and only for trees (NE TREES, gray), CO2 uptake by photosynthesis (PHO SUEWS,

dark blue), emissions from tree respiration simulated with SUEWS (RES SUEWS, light

blue), and emissions from soil respiration simulated with Yasso (RES Yasso, light rose)

at the Tilia site. The gray area separates the actual simulations from the estimations

made with mean meteorological forcing for the future climate. Here, positive values

indicate a release of CO2 to the atmosphere and negative values indicate uptake from

the atmosphere. Figure adapted from Paper II.

in Europe. For instance, in Italy, street trees were reported to sequester carbon from

-12.1 to -17.4 kg C y−1 per tree (Russo et al., 2014). In Portugal, street trees were

estimated to sequester a significantly higher amount, approximately -43.1 kg C y−1 per

tree (Soares et al., 2011). However, the trees in these studies were situated in a warmer

temperate zone, likely being more mature, which could potentially account for their

enhanced sequestration capacity compared to the younger trees examined in Paper

II.

While individual street trees consistently acted as CO2 sinks, it is important to con-

sider the entire street tree planting, including the estimated 25 m2 planting pocket

surrounding each tree. Soil respiration varied on average from 57.1 kg C y−1 per tree

two years after construction to 1.7 kg C y−1 per tree after 30 years.

When assessing the net exchange (NE) for the entire street tree planting, it became

evident that it takes time for the collective system to transition into a net CO2 sink.
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On average, this transition occurred after approximately 12 years. The overall NE was

estimated to be -4.4 kg C y−1 per tree after 30 years. The initial loss of carbon from soil

was substantial because manufactured soils can contain a significant amount of carbon

that is released into the atmosphere. However, if these soils were used elsewhere, these

emissions would still eventually enter the atmosphere. Because of this initial peak,

it takes more than 30 years for the cumulative NE to turn negative. These results

highlight the importance of including soil into studies focusing on urban CO2 sinks,

with Paper II being among the first studies showing this.

4.3 Impact of surface cover on biogenic CO2 exchange in a

changing climate

In Paper I, the city centre of Helsinki was simulated using SUEWS, covering an area

of approximately 7 x 9 km2 with a spatial resolution of 250 x 250 m2. The net annual

exchange in this region amounted to approximately 81.8 kt C, with a contribution of

2.8 kt C from biogenic processes. Here, respiration surpassed photosynthesis in overall

magnitude on an annual level. Anthropogenic emissions were divided into 61% from

vehicle emissions and 39% from humans, highlighting the substantial impact of human

respiration.

The aim in Paper IV was to expand this modelling domain to encompass the entirety

of Helsinki (see Fig. 13a), while mainly focusing on the biogenic CO2 exchange. The

net CO2 uptake was approximately -36.3 ± 7.7 kt C y−1 for years 2015–2019.

The model exhibited a comprehensive capability in integrating energy, water, and CO2

exchanges. Within the biogenic CO2 module, it can account for a range of local urban

factors, including variations in temperature within the RSL (Fig. 13b), soil moisture

levels, and irrigation patterns. Temperature patterns within the RSL were influenced

not only by anthropogenic activities but also by the distribution of impervious surfaces

and vegetation cover. This resulted in variations in simulated 2 m air temperature

across each grid. In the most extreme cases, the annual temperature differences between

grids could reach up to 5◦C (Fig. 13b). Local soil moisture conditions were significantly

affected by increased runoff, resulting from extensive paved surfaces and the potential

excess of irrigation practices typically observed in suburban areas. These conditions

had a significant impact on surface conductance.
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Figure 13: Average (a) annual net exchange (FC,bio), and (b) mean 2 m air temperature

in Helsinki in 2015–2019. Figure adapted from Paper IV.

The results derived from city-wide simulations (Fig. 13a) were further categorized

based on the Local Climate Zone classification (Fig. 14). Within dense trees zone

(LCZ A), the median CO2 uptake was the highest at -0.3 kg C m−2 y−1, while scattered

trees (LCZ B), open midrise (LCZ 5), and open lowrise (LCZ 6) zones all exhibited

comparable median values, ranging from -0.17 to -0.19 kg C m−2 y−1. While dense trees

and other rural areas were the strongest sinks (-19 kt C y−1), urban neighbourhoods

made a substantial contribution to Helsinki’s CO2 sinks (-16 kt C y−1), accounting for

47% of the total, as they covered 56% of the city’s area. These findings underscore the

significance of vegetation beyond urban forests in contributing to these sinks.

Areas with only low vegetation (LCZ D), such as lawns, typically experienced drying

during the summer months (Paper IV). This resulted in decreased photosynthetic

activity and transformed these regions into net CO2 sources on an annual level. In

contrast, trees, while also affected by dry conditions, displayed higher resilience. This

was attributed to their capacity to access water sources due to their deeper 1 m soil

layer, which surpassed the capabilities of shallower-rooted grasses. Consequently, the

magnitude of CO2 uptake was found to be closely correlated with the extent of tree

cover within the study area.

In addition, SUEWS was applied to model future local climate and CO2 exchange.

Under the RCP8.5 projection in Helsinki for the 2050s, the model estimated an 11%

increase in CO2 uptake when compared to climate in 2015–2019. This modest increase
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Figure 14: (a) Local Climate Zone (LCZ) map of Helsinki with 100 m resolution

(Demuzere et al., 2019, 2022) and each simulated grid grouped into LCZs in the (b)

box plot of biogenic CO2 exchange (FC,bio) for 2015–2019 climate. Figure adapted from

Paper IV.

was attributed to multiple factors influencing CO2 exchange dynamics. Elevated tem-

peratures extended the growing season both in spring and autumn, leading to an overall

increase in photosynthetic uptake. In contrast, prolonged dry periods during summer

months had the opposite effect, reducing photosynthesis during these periods. In addi-

tion, respiration was slightly higher overall due to warmer temperatures. The scenario

also had varying results based on the LCZs. Urban neighbourhoods were predicted

to warm approximately 1◦C more than the vegetated zones, increasing their temper-

ature differences even further. The dense trees zone was particularly affected by dry

conditions decreasing on average 1 µmol m−2 s−1 from June to August, while urban

neighbourhoods could mitigate this effect through irrigation practices. In addition, low

plants were becoming even more reliant on irrigation.

4.4 Offset of biogenic CO2 exchange

The newly developed biogenic CO2 exchange module was capable: 1) to determine

the relative importance of biogenic components compared to anthropogenic emissions
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near EC towers, thereby contributing to reducing measurement uncertainties, and 2)

to estimate the overall CO2 offset at a city-wide scale.

In Papers I and III, the areas surrounding EC towers were observed as net sources

of CO2 over the course of a year, with annual totals amounting to 1.4, 4.5, and 7.5 kg

C m−2 y−1 for Kumpula, Torni, and Beijing, respectively (Fig. 9). These emissions

primarily originated from anthropogenic activities, although biogenic components also

contributed to annual emissions. This was attributed to respiration exceeding the

amount of CO2 absorbed by photosynthesis, resulting in a net biogenic source.

However, the estimation of source areas as either sources or sinks was highly sensitive

to the selected model parameters. For instance, the respiration parameters used in

Paper I were based on summertime measurements, resulting in a high a parameter

in Eq. (10). This, in turn, led to an overestimation of respiration during the winter

months. Although SUEWS performed well during the growing season, this overestima-

tion during the winter resulted in these areas being sources of CO2 on an annual basis,

despite their potential to act as sinks. In Paper III, the source area around the EC

tower was also a source of CO2, however, this was primarily attributed to the extent

of low vegetation and soil respiration in comparison to the canopy cover.

Nevertheless, the relative importance of biogenic components compared to anthro-

pogenic emissions near EC towers holds more significance on hourly and daily levels

than on an annual basis. Biogenic CO2 exchange exhibited significant seasonal vari-

ations, peaking during the summer months. For example, in June, daily CO2 uptake

could even surpass anthropogenic emissions, as evidenced in Kumpula, where the up-

take could be over four times higher than emissions on a daily basis. However, other

locations, such as Torni and Beijing, exhibited more modest daily offsets in June,

at -7% and -1%, respectively. Furthermore, SUEWS accurately captured the diurnal

variations in CO2 uptake. For instance, in Kumpula, at noon in June, the overall net

exchange turned negative, indicating that the vegetation offset all of the emissions. In

contrast, in Torni and Beijing, the offsets were lower at -16% and -26%, respectively.

Papers I and III demonstrated the usability of SUEWS in the source partitioning

of CO2 eddy covariance measurements, which is critical for urban CO2 monitoring

networks.

Annually, the effect of vegetation surfaces around urban EC sites is marginal, with

the potential to either emit or sequester CO2. Compared to other methods used in
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cities, the biogenic components have been estimated to offset annually between -1.5

and -4.5% in Minneapolis-Saint Paul, US (Menzer and McFadden, 2017), -0.5% in

Toulouse, France (Goret et al., 2019), and -1.4% in Singapore (Velasco et al., 2016),

while acting as a source of 4.4% in Mexico City (Velasco et al., 2016) and 1.3% in Basel,

Switzerland (Stagakis et al., 2023a). In the case of Mexico city, it was suggested that

the source was due to soil respiration limiting the potential of carbon sequestration.

City-wide simulations, as presented in Paper IV for Helsinki, introduced new param-

eters and placed specific focus on wintertime respiration and annual balances. The

offset accounted for approximately 7% when compared to the anthropogenic emissions

of 508.8 kt C annually. However, this offset also showed seasonal variation. On average,

during the summer months, the offset amounted to approximately 42%. In contrast,

in the winter season, respiration could even contribute to emissions, accounting for

up to 12%. Comparing these findings to other cities, Boston, US, reported a smaller

offset of 2.1% (Hardiman et al., 2017), while Florence, Italy, estimated a 6.2% offset

(Vaccari et al., 2013). Inevitably, these percentages are significantly influenced by the

magnitude of anthropogenic emissions produced by each city, rather than being solely

determined by the extent of vegetation within the city.
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5 Conclusions

Urban green areas significantly influence the exchange of CO2 in urban environments.

This thesis aimed to assess the contribution of biogenic CO2 exchange to anthropogenic

emissions for two primary reasons: 1) Biogenic components introduce uncertainties in

measuring anthropogenic emissions, and 2) urban vegetation and soil can offset part of

these emissions. This thesis involved the development of the CO2 module within the

urban land surface model SUEWS and addressing the following questions:

1. Is the urban land surface model SUEWS applicable to simulate urban CO2 ex-

change?

2. What is the role of soil in CO2 exchange of newly planted street trees?

3. How does biogenic CO2 exchange vary with different surface covers in Helsinki,

and how will this be changed by climate change?

4. To what extent can biogenic CO2 exchange offset anthropogenic emissions in

different scales?

In Paper I, the empirical canopy-level photosynthesis and ecosystem-level respiration

models were included within the SUEWS model, as well as a simplified bottom-up

inventory model for anthropogenic emissions. The CO2 module demonstrated its effec-

tiveness against several measurements. The net CO2 exchange was evaluated against

three urban EC observations in Papers I and III, while Paper II evaluated the sim-

ulation of street tree transpiration using local measurements. In addition to SUEWS,

the soil carbon model Yasso was evaluated against street soil measurements in Paper

II. SUEWS relies on meteorological data, and its physiological processes depend on

these inputs. Incorporating urban-specific water balance offers advantages in simu-

lating biogenic CO2 exchange, considering urban processes like runoff and irrigation.

However, parameter selection for each simulation domain requires careful attention. In

addition to the water balance, SUEWS simulates 2-meter local air temperatures, influ-

encing the estimation of photosynthesis and respiration. This integration represents a

step towards accounting for the urban heat island effect on urban greenery.

The thesis focus ranged from specific street trees (Paper II) to neighbourhood-scale

simulations around EC sites (Papers I and III), culminating in city-wide simula-

tions for Helsinki (Paper IV). While individual street trees consistently functioned as
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carbon sinks, street tree plantings, including planting pockets, initially emitted CO2,

transitioning into carbon sinks approximately 12 years after construction. These re-

sults highlight the importance of including soil in the assessment when estimating CO2

sinks from urban vegetation.

In Paper IV, the city-wide simulations in Helsinki were used to assess the contribution

of various land cover types, connecting the results to Local Climate Zones (LCZs).

The CO2 sinks show variation across LCZs, with dense forest having the highest sink

capacity and the downtown area showing the lowest. Nonetheless, the larger expanse

of urban neighbourhoods makes a substantial contribution to the city-wide net sink, as

approximately half of the CO2 sinks are located outside of forested areas. Additionally,

the city-wide simulations were used to estimate the 2050s climate with the RCP8.5

scenario. In this scenario, an 11% increase in carbon sequestration was estimated.

The relatively modest increase can be attributed to the intricate interplay of multiple

factors. Elevated temperatures affected the timing of leaf-on and leaf-off in vegetation,

while extended dry periods led to drier soil conditions. LCZs responses to the RCP8.5

scenario varied, as urban neighbourhoods simultaneously warmed more than vegetative

zones, as well as mitigated dryness with irrigation. Conversely, urban forests were more

susceptible to these changing conditions. Furthermore, the impact on low vegetation

types, such as lawns, which were already sensitive to dry conditions in the current

climate, was expected to intensify in the future, making them increasingly reliant on

irrigation.

This thesis demonstrated the usability of SUEWS to distinguish between different com-

ponents of net CO2 exchange measurements obtained using EC. The biogenic compo-

nents could either completely counterbalance emissions or mitigate around a quarter

of the emissions, particularly during daytime in the summer, as estimated in Beijing

(Paper III). These variations were attributed to discrepancies in anthropogenic activ-

ity levels and vegetation density at each specific site, highlighting the need for distinct

simulations tailored to individual urban EC sites. With the city-wide simulations in

Helsinki, the annual offset was estimated at 7%, with a peak of 42% during the summer.

Overall, this thesis has limitations arising from the need to simplify the modelling of

complex urban environments. While the SUEWS model itself has room for improve-

ment, it is important to note that SUEWS is an evolving model. Thus, opportunities

remain to further enhance the model’s capacity to accurately simulate CO2 exchanges

in diverse urban settings across the globe. However, it is essential to emphasize that
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achieving these improvements requires the availability of open-access measurements

from cities around the world. Lastly, to enhance SUEWS’ accessibility, it is part of

UMEP (Urban Multi-scale Environmental Predictor, Lindberg et al., 2018), a tool

operating within the QGIS (Quantum Geographic Information System) environment.

The developed CO2 module is currently in the process of integration into the UMEP

system.

Together, these four papers bring further knowledge on urban biogenic CO2 exchanges,

with a specific focus on how soil and land cover influence CO2 sinks. The application of

SUEWS holds promise for the usage around urban EC towers as well as for estimating

city-wide offsets. Furthermore, city-wide estimations can be invaluable for cities aiming

for carbon neutrality, allowing them to consider their carbon offsets. In addition,

these results underscore the importance of urban planning that incorporates green

infrastructure to promote sustainability and resilience in cities facing the challenges of

a changing climate.
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6 Review of papers and the author’s contribution

This thesis comprises four papers that encompass model development, evaluation, and

real-world application (Fig. 15), with the author playing a substantial role in all facets

of the research. The author is exclusively responsible for the summary section of this

thesis.

Figure 15: An overview of papers covering various scales, including model evaluations

that utilize observations and applications of the evaluated models. Papers I and III

focus on the neighbourhood-scale around EC observations, while in Paper I small

scale spatial run was made within the city centre of Helsinki. Paper II focuses on the

development of the module in street tree scale, while also estimating the whole street

tree plantings sinks for 30 years. Paper IV focuses on spatial modelling of CO2 for

the whole city of Helsinki.

Paper I focuses on the development of the CO2 module into the SUEWS model. The

primary objective was to evaluate the model’s performance by comparing it against

eddy covariance observations. The author contributed in developing the model code,

design of the simulations, executing model runs, and generating a few of the figures.

Furthermore, the author contributed collaboratively with all co-authors to write and
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review the manuscript.

Paper II focuses into the examination of street tree CO2 dynamics including the trees

and soil beneath in Helsinki. This investigation involved the utilization of two models,

SUEWS and Yasso, the evaluation of their performance against measurements from

two test streets, and the estimation of the carbon balance of newly planted trees. The

author contributed in developing a new parameterization specifically tailored for street

trees. The author was responsible for the design, preparation, and execution of the

simulations. The author wrote the manuscript with contributions from all co-authors.

Paper III extends the research scope to assess the applicability of the newly developed

CO2 module in Beijing, China. The author actively participated in the conceptualiza-

tion of the study and contributed to the design of the simulations. Furthermore, the

author played a collaborative role with all co-authors in the preparation and completion

of the manuscript.

Paper IV shifts the investigation focus to explore the spatial variability of CO2 ex-

change in Helsinki. In addition, the future CO2 sinks were projected with the 2050s

climate estimated with RCP8.5 scenario. Here, the author was responsible for the

design, preparation, and execution of the model simulations. The author wrote the

manuscript with contributions from all co-authors.
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