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Abstract

Extreme weather events, such as heatwaves and droughts, are predicted to increase due to
global warming, significantly impacting forest ecosystems. These ecosystems play a crucial role
in the climate system through carbon sequestration and the emission of Biogenic Volatile Organic
Compounds (BVOCs), which can form Secondary Organic Aerosols (SOAs) and thus have a
cooling effect on the climate. In this study, BVOC emission data from the dynamic vegetation
model LPJ-GUESS and the BVOC emission model MEGAN is used to investigate the response
of a boreal forest ecosystem during the 2018 summer heatwave in northern Europe. Furthermore,
the impact on atmospheric composition is examined by using these BVOC emission datasets as
input in the atmospheric model ADCHEM, set up as a 1D-column model along pre-calculated
air mass trajectories. Both datasets were tested for both 2017 and 2018, and compared with
observed concentrations of isoprene, total monoterpenes, NOx and Og, as well as particle number
size distribution from the SMEAR II station in Hyytiild, southern Finland. The results indicate
that most model setups underestimated isoprene and monoterpene concentrations, except for
LPJ-GUESS, which significantly overestimated isoprene concentrations for both years. Further,
while the observed increase in particle volume during May and July 2018 is somewhat captured
by the model setups, the particle number concentrations are underestimated. Models show a
depletion of OH during May and July 2018, which may be an effect of the increased BVOC
concentrations. Further studies on the 2018 drought should include other measurement stations
in northern European boreal forests.



Okade utslapp fran vegetation under torka skapar osakerhet i
modellering av framtida klimat!

Extremvdder, sasom torkan 2018, forvintas dka i framtiden pa grund av den pagaende globala
uppvdarmningen. Detta kommer bland annat paverka vdrldens skogar, vilka dr viktiga i klimatsys-
temet, framfor allt pa grund av deras formaga att binda koldiozid, men dven deras utslipp av biogena
volatila organiska kolviten. Skogarnas forutsdttningar att bidra till klimatsystemet pa detta sdtt kan
dock dndras under extremvdder - alltsa dr det viktigt att de modeller som anvinds for att forutspa
framtida klimat kan representera hur dessa extremvdder paverkar skogarna.

Den som varit ute i Sveriges skogar har sikerligen lagt mérke till att skogen doftar. Denna doft
kommer fran sma molekyler som slapps ut av trdden, kallade biogena volatila organiska kolvéten
(med den engelska forkortningen BVOC). Dessa anvinds av alla vixter for till exempel kommunika-
tion mellan individer eller férsvar mot attackerande insekter. Men BVOCer spelar ocksa stor roll
for klimatsystemet, eftersom de, genom komplexa reaktioner i atmosfaren, kan bidra till tillvixt av
aerosolpartiklar - sma fasta eller flytande partiklar i atmosfaren. Aerosolpartiklar ékar reflektionen
av solljus fran jorden och har darmed en kylande effekt. Generellt sett ckar utslapp av BVOCer
nér triaden ar stressade, vilket de exempelvis blir under torka. Dessa dkade utslapp kan alltsa ha en
kylande effekt, men ocksa andra konsekvenser sasom bildande av marknéra ozon - vilket &r bade en
vaxthusgas som bidrar till global uppvarmning, och farlig for ménniskor och trad.

I detta examensarbete undersoker jag hur utslappen av BVOCer fran nordiska skogar paverkades
av torkan 2018, och hur val detta representeras i vegetations- och atmosfarsmodeller. Eftersom
modeller anvénds for att forutspa framtidens klimat ar det viktigt att de ocksa representerar de
klimataterkopplingsmekanismer som involverar skogen. Annars kan vi fa en felaktig bild av hur vart
framtida klimat kommer se ut, och det blir svart att bade forbereda sig for eller férsdka motverka
det. Tva modeller som berdknar utslapp av BVOCer, och en atmosfarsmodell, som beskriver hur
dessa dmnen reagerar i atmosfaren, undersoktes och utvarderades mot en matstation i sddra Finland.
Bade modeller och métvarden visar att utslapp av BVOCer ¢kade under 2018 och att detta dven
paverkade tillvixten av aerosolpartiklar, framfor allt i Maj och Juli, som var de varmaste manaderna
under 2018. Det visade sig dock att utsldppen generellt sett underskattades i bada modellerna, dven
om en typ av BVOC o6verskattades stort i en av modellerna. Varken &ver- eller underskattning
var unik for aret 2018, men blev mer dramatisk. Aven om modellerna lyckades fanga en viss
tillvixt av aerosolpartiklar under de manader med hoga utslapp var det totala antalet partiklar
underskattad, vilket skulle kunna bero pa att den underskattar antingen utslipp av partiklar, eller
nypartikelbildning - alltsa att partiklar bildas i atmosfaren. Dessa resultat kan forhoppningsvis bli
en grund for vidare undersdkningar om hur olika modeller representerar paverkan av extremvéader,
och dérigenom leda till battre uppskattningar om vart framtida klimat.
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1 Introduction

Forests play a crucial role in the climate system, primarily through sequestration of carbon dioxide
via photosynthesis, which has a cooling effect on the climate (Simpraga et al., 2019). A small frac-
tion of this carbon is however re-emitted back into the atmosphere in the form of Biogenic Volatile
Organic Compunds (BVOC). These small organic compounds are responsible for the scent associ-
ated with pine forests, but also play a key role in the formation and growth of aerosol particles -
small solid or liquid particles suspended in air.

Aerosol particles and their interaction with clouds constitute one of the largest uncertainties in cli-
mate predictions (IPCC, 2021). Overall, they have a net cooling effect on the climate, both directly
and indirectly. The direct effect originates from the fact that aerosol particles scatter incoming solar
radiation, affecting the amount of radiation that reaches the earth surface and hence, cool the earth.
The indirect effect is attributed to the fact that certain aerosol particles have the ability to act as
"cloud seeds” or Cloud Condensation Nuclei (CCN), and aid in cloud formation, increasing cloud
coverage and further the reflectivity of clouds. Water droplets in clouds reflect solar radiation back
to space, meaning this also continuities a cooling effect on the climate. Typically, CCN particles are
larger than 50 nm in diameter and water soluble (Berg Malmborg, 2014).

BVOC have a short atmospheric lifetime (minutes to days) as they are rapidly oxidized by atmo-
spheric oxidants such as ozone (O3), hydroxyl (OH) and nitrate (NOj3) radicals, and thus affect the
oxidizing capacity of the atmosphere. Some studies suggest that lowered concentrations of OH rad-
icals, because they react with BVOC, might prolong the atmospheric lifetime of methane, a strong
greenhouse gas (Boy et al., 2022), of which OH is the main sink. Further, oxidation of BVOC in
the presence of Nitrogen oxides (NOy) leads to formation of tropospheric ozone, which is both a
greenhouse gas and act as stresses for trees. In this way, BVOC might also have a warming effect
on the climate. Figure 1 provides an overview of some of the mentioned processes.

With increasing global temperatures, extreme weather events such as droughts are expected to in-
crease in frequency and/or severity (Wilcke et al., 2020). One such event, attributed to climate
change, was the 2018 summer heatwave experienced by Europe, which caused drought and wildfire
events throughout northern Europe. High temperatures, water scarcity and wildfires are stresses on
vegetation that affect their ability to produce and emit BVOCs. Knowing how extreme events such
as these affect the forest climate impact is an important part in evaluating the climate impact of for-
est ecosystems. Therefore, the focus of this thesis is to quantify the impact of the 2018 heatwave on
boreal forests in northern Europe, as well as the impact on atmospheric composition. Two different
datasets of BVOC emissions was used to model the atmospheric processes associated with BVOC
emissions in the Aerosol Dynamics and gas phase CHEMistry model (ADCHEM). One of these
datasets was generated with the Dynamic vegetation model (DVM) Lund-Potsdam-Jena General
Ecosystem Simulator (LPJ-GUESS), and the other using Model of Emissions of Gases and Aerosols
from Nature (MEGAN), accessed through Copernicus Atmosphere Monitoring Service (CAMS).

Understanding the climate impact of forest ecosystems, and how this impact might be affected by
global warming, is important not only to improve climate predictions, but to guide forestry. At
a larger scale, this is done in the ongoing EU project CLIMB-FOREST (CLImate Mitigation and
Bioeconomy pathways for sustainable FORESTry), launched in 2022 in order to provide a compre-
hensive overview of European forests and forestry, to guide policy and practise. Part of the project is
process modelling of emissions and effects on atmospheric chemistry and Radiative Forcing (RF) of
Biogenic Volatile Organic Compunds (BVOC), in order to quantify climate impact of forest ecosys-
tems. Therefore, part of the current thesis also serves as an evaluation of the ability of the employed
models to reproduce the effects of the extreme weather experienced in 2018.
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Figure 1: The figure provides an overview of some of the atmospheric atmospheric processes associ-
ated with BVOC and their effect on global warming. BVOC are emitted from trees and oxidized in
the atmosphere by NO3, OH and O3 radicals. BVOC oxidation products can condense onto particles
in the atmosphere and form SOA. These particles can lead to CNN activation (indirect effect) or
scattering of solar radiation (direct effect), which has a cooling effect on the climate (indicated by
77 in the figure). However, oxidation of BVOC in the precense of NOy can lead to net formation
of O3, which is a strong greenhouse gas and can facilitate global warming (indicated by ”+” in the
figure). Further, elevated Os-levels, global warming and associated processes act as stresses on trees,
which affect their emission of BVOC. (Illustrations by Erik Nystrom, 2024)




1.1 Aim and research questions

The overarching aim of this thesis is to quantify the impact of the 2018 summer heatwave on emissions
from natural systems and how these emissions impact atmospheric chemistry. This is defined further
in the research questions below:

e How were emissions from vegetation (BVOC) affected by the drought of 2018 summer compared
to the reference year (2017)7

e How did the emissions from vegetation and wildfires affect the atmospheric chemistry /concentration
of BVOC, NOy, O3, OH, NO3 and SOA during the summer of 20187

e How well do the models describe the ecosystem response and impact on atmospheric chemistry
compared to measurements of atmospheric concentrations?

As one of the aims is to compare models with measured data, the thesis will primarily focus on
southern Finland, as the SMEAR II station in Hyytiéld provides the only available open access
dataset of BVOC measurements for this period.



2 Background
2.1 2018 Drought and Wildfires

During the summer of 2018, northern Europe was struck by a heatwave as a result of long-lasting
high pressure dominated weather. Sweden experienced unusually high monthly average tempera-
tures for May and July compared to the observed climate, while temperatures in June and late
August was more moderate (Wilcke et al., 2020). Similarly, Finland experienced high temperature
anomalies in May and July relative to the 1981-2010 climatology (Sinclair et al., 2019). In May, the
temperature anomalies were relatively spatially uniform, with higher positive sunshine anomalies in
the south, while for July, positive temperature and sunshine anomalies were stronger in northern
Finland. Still, absolute temperatures were higher in southern Finland in July. Sinclair et al. (2019)
attributed these heatwaves as facilitated by the increased incoming solar radiation due to unusually
clear skies, in part because the temperature increase was noticeable in the whole atmospheric column
rather than only at surface level.

High temperatures combined with low precipitation, resulted in severe drought in many northern
European countries (Krikken et al., 2021). This drought resulted in a high number of wildfires in
Sweden, where both amount of fires and the total burnt area (BA) (20 000 ha) were significantly
higher than in previous years (2008-2017). Finland also experienced numerous wildfires, burning a
total area of 12 000 ha (Lehtonen and Venéaladinen, 2021). The high temperatures and drought in
Sweden also provided an environment for bark beetles, which killed about 1.1% of Swedish forests in
the following years (Jaakkola, 2024). Further, unusually high near-surface ozone levels were recorded.

Numerous studies has attributed the 2018 heatwave to climate change. Thorough model simulations,
Wilcke et al. (2020) found that the likelihood of temperatures such as those observed in 2018 has
increased since the pre-industrial era. However, for 2018 specifically, Krikken et al. (2021), found
high uncertainty in climate change attribution, as fire-characteristics are highly dependant on the
chosen model. However, there are many studies that support that extreme weather events, such as
the drought and fires during the 2018 summer are predicted to increase in intensity and or frequency
with increasing temperatures.

In summary, both Sweden and Finland experienced high temperatures and wildfires during the sum-
mer of 2018. Anomalies compared to the climatological mean was largest in May and July, while
June and August milder. For Sweden, this further lead to bark beetle outbreaks as well as increased
levels of near surface ozone.

2.2 Emissions from Vegetation
2.2.1 Biogenic Volatile Organic Compounds and Plant Stress

Biogenic Volatile Organic Compunds (BVOC) are hydrocarbons emitted from the biosphere to the
atmosphere. They are usually defined as molecules with low molecular weight, mostly lipophilic with
high vapour pressure in ambient temperatures (Simpraga et al., 2019). BVOC make up about 90%
of global VOC emitted, making the biosphere the main source of VOC to the atmosphere. Forests
are responsible for the larger part of global BVOC emissions, with estimates showing that tropical
forests contribute to about 70% of these emissions (Simpraga et al., 2019). In contrast, boreal and
temperate forests, which are dominating in Europe, are responsible for 10% of global BVOC emis-
sions. However, other estimations suggest that the contribution from the European boreal forests
might be underestimated, especially for terpenes and sesquiterpenes.

About 1-2% of the carbon bound through net primary production is reemitted as BVOCs (Simpraga
et al., 2019). For many tree species, the dominating BVOCs are isoprene (CsHg) and monoterpenes
(C10Hi6). Together they make up the majority of total emitted VOC, making them the globally



most important BVOCs . Isoprene alone makes up about 50% of total emitted BVOC (Guenther
et al., 2012), and is thus the globally dominant BVOC, however, in Boreal forests, monoterpenes
are the dominating BVOC (Artaxo et al., 2022)

The production of BVOCs is closely linked to photosynthesis, and typically increases with light
availability and temperature. Hence, BVOC emissions follows a diurnal cycle with higher emissions
during the day, and lower to no emissions during the night. Similarly, BVOC emissions follow a
seasonal cycle with the highest emssions during spring and summer. However, some plants have the
ability to store certain BVOC in resin ducts or glands (Jaakkola, 2024), to be emitted at a later
stage, more favourable for the plant. This is common for monoterpenes but less so for isoprene,
hence the sometimes observed light independance of monoterpene emissions (Schurgers et al., 2009),
and stronger light dependence of isoprene. While all plant organs have the ability to produce and
emit BVOC’s, leaves and needles are the most important plant organs when considering BVOC
emissions to the atmosphere (Simpraga et al., 2019).

BVOC emissions play a key role for plant and ecosystem survival, and is a way in which plants
interact with their environment. Emitted BVOCs attract pollinators that recognize the composition
of a specific species, and are in this way important for plant reproduction (Jaakkola, 2024). When
subject to biotic stress such as herbivores or pathogens, plants can alter their BVOC emissions in
order to repel, damage or attract natural predators to attacking organisms. Altered BVOC emisisons
can further serve as warning signals to surrounding plants, that can respond, or prepare for a faster
response upon attack. Similarly, plants alter their BVOC emissions when subject to abiotic stress
such as high temperatures or elevated ozone levels (oxidative stress). Changes in BVOC emissions
due to biotic or abiotic stress is often referred to as induced emissions, while the continuous emissions
are referred to as constitutive emissions (Grote et al., 2019). Induced emissions often include green
leaf volatiles such as alchohols, aldehydes and acetate. Isoprene and monoterpenes may also be
induced, but may also be downregulated in favour of green leaf volatiles. Due to limited studies on
the subjects, models generally do not represent induced emissions of BVOC well. For example, when
studying the effect of the 2018 heatwave on isoprene emissions in a UK woodland, model algorithms
tended to underestimate emissions with 20-40% (Otu-Larbi et al., 2020).

2.2.2 Wildfire Emissions

Wildfires have significant impacts on local and regional air quality, as well as the global climate,
due to their emissions of trace gases and particles. Wildfire plumes contain, among other pol-
lutants, large amounts of nitrogen oxides (NOy), carbon monoxide (CO), carbon dioxide (COs3),
methane (CHy), nitrous oxide (N2O), and VOCs (Xue et al., 2024). Some of these are important
greenhouse gases, such as CO, and CHy, and thus facilitate global warming. Further, NOy can react
with VOCs to form Ogs, which is also a greenhouse gas, as well as harmful for humans and vegetation.

Wildfires also emit black carbon particles, which can absorb solar radiation and thus warm the
atmosphere, resulting in positive RF. Further, the particles can deposit on white and snowy surfaces
and hence lower the earth albedo, also resulting in positive RF. However, these particles and their
climate effect are not covered in this study, as this study focuses on quantifying the atmospheric
processes and reactions of BVOCs.

2.3 Atmospheric Processes

BVOC are highly reactive and their lifetime typically spans from minutes to days (Boy et al., 2022).
In the atmosphere, BVOC are oxidized through complex reactions by atmospheric oxidants such as
ozone (O3), hydroxyl radicals (OH) and nitrate radicals (NO3), to form Highly Oxygenated organic
Molecules (HOM) (Gagan et al., 2023). Some of these compounds may contribute to initial stages



of atmospheric new particle formation (NPF) involving clustering of individual molecules and the
majority will condense onto existing aerosol particles and contribute to their growth and the sec-
ondary organic aerosol (SOA) mass concentrations, as described in sections below. Once particles
are formed, they grow by condensation and are depleted either though coagulation with larger par-
ticles (mostly small particles) or deposition.

Atmospheric aerosol particles generally have a cooling effect on the climate. Incoming solar radiation
contribute to warming when it reaches the earth surface, but aerosol particles in the atmosphere
with a diameter similar to or larger than the wavelength of solar radiation (ca 300nm), scatter solar
radiation and hence, less radiation reaches the earth. This is commonly referred to as the direct
effect. Further, particles in the atmosphere larger than about 50nm may act as Cloud Condensation
Nuclei (CCN) by lowering the relative humidity required for water to condense. Through this effect,
the particles can enable cloud formation. Further, they can also increase the cloud droplet number
concentration (CDNC) which leads to brighter clouds with higher reflectivity. Yli-Juuti et al. (2021)
demonstrated (from observational data) a strong correlation between emissions of BVOC and oc-
curance of CCN, as well as increased cloud reflectivity. This is often referred to as the indirect effect.

Apart from NPF and SOA formation, oxidation of BVOC affects the atmospheric composition as it
depletes the atmosphere (locally) of atmospheric oxidants which lowers the oxidizing capacity of the
atmosphere and can affect the lifetime of other compounds. OH, for example, plays an important
role in the oxidation of the strong greenhouse gas methane (CHy). Thus, the depletion of OH can
prolong the lifetime of this greenhouse gas and thus have a warming effect (Boy et al., 2022). This
effect is mostly local and will primarily affect methane oxidation in the boreal region. OH also
oxidizes sulphur dioxide (SOz2) to form sulphuric acid (H2SOy), which is considered to be the main
nucleating species in the atmosphere and thus responsible for the larger part of NPF (Shan-Hu et al.,
2019). OH depletion from BVOC oxidation might in this way also lower the amount of new particles
formed (Weber et al., 2022).

Similar to OH, ozone is also depleted through oxidation of BVOC. However, oxidation of BVOC in
the presence of NOx can lead to net formation of tropospheric ozone (O3) (Weber et al., 2022). Tro-
pospheric ozone is a strong greenhouse gas, and has a warming effect on the climate. Furthermore,
it is harmful for both human and ecosystem health and causes oxidative stress on plants (which, as
mentioned, can alter their BVOC production and emission).

It remains uncertain if the negative RF (cooling) from SOA formation and NPF outweighs the pos-
itive radiative forcing (warming) from Ogj formation and prolonged lifetimes of CHy, as there are
studies supporting both possible scenarios (Weber et al., 2022).

2.3.1 Atmospheric Particles

Atmospheric particle size distribution almost always consists of several generally approximately log-
normal distribution modes (Hinds, 1999), seen in Table 1.

Particle size often determines the processes in which particles partake, and thus, the lognormal
modes can be related to different formation and transformation mechanisms, also shown in the
table. These processes are further explained in the following sections. Commonly, the smaller size
modes (nucleation mode and Aitken mode) dominate in number distribution while larger modes
(accumulation mode and coarse mode) dominate volume or mass distributions.



Table 1: Overview of atmospheric particle size distribution modes, their atmospheric formation
mechanisms and sinks. Modes are listed from smallest to largest.

Mode Formation Mechanisms Sinks
Growth by condensation to Aitken
1. Nucleation NPF mode, Coagulation with larger size
particles

Growth by condensation to
accumulation mode,
Cloud activation

Growth by condensation from nucleation

2. Aitken
mode

Growth by condensation from Aitken
3. Accumulation mode, Wet deposition
Cloud activation of Aitken mode

4. Coarse Mechanical generation Sedimentation

2.3.2 New Particle Formation

New particle formation (NPF) is the formation of new nanosized particles from gas-phase com-
pounds (Shan-Hu et al., 2019). It can be described as a two-stage process, in which 1) a critical
nucleus is formed, followed by 2) growth by condensation of said nucleus. According to classical
nucleation theory, a prerequisite for the formation of the critical nucleus is the supersaturation of
the nucleating compounds/substances. They must be supersaturated enough to exceed the so-called
nucleation/free energy barrier (where AG > 0).

Classical nucleation theory (CNT) describes the nucleation rate, that is, the number of stable critical
clusters formed per unit time (N), as per the equation below:

—AG*

dN
J = ar Joexp( 5T ) (1)

where Jy is the pre-exponential nucleation rate, AG* the minimum free energy required to form
stable clusters, T" temperature and k Boltzmann’s constant.

Even when a critical nucleus is formed, its growth is limited by the Kelvin effect. The Kelvin effect
describes how the vapour pressure over a curved surface is elevated compared to a flat surface due to
weakened bonds between molecules. This effect is particularly affecting small particles, thus limiting
their growth.

The most common nucleating compound is sulphuric acid (H2SOy4) (together with, for example
ammonia (NHs)) due to its relatively low vapour pressure under typical atmospheric conditions
(Shan-Hu et al., 2019). H5SO4 is produced from oxidation of sulphur dioxide (SO3), which is, as
mentioned, mainly oxidized by OH in the gas-phase. Some empirical studies suggest that BVOC
oxidation products can nucleate with HoSO4 and thus contribute to NPF, but this contribution is
highly uncertain. It has also been suggested that isoprene might inhibit NPF due to inhibition of
OH production, however these mechanisms are unclear.

As shown by Roldin et al. (2019), NPF can somewhat reduce the climate cooling effect of biogenic
SOA (direct effect), and hence, contribute to warming. NPF contributes to a large increase in
smaller particles, which BVOC oxidation products are able to condense onto. This means that the
organic mass will be distributed among more, smaller particles rather than a few large particles.
The smaller particles are less efficient both at scattering light (direct effect) and as CCN (indirect
effect), as they require a higher supersaturation in order to activate cloud droplets.



2.3.3 Condensation and SOA Formation

Secondary organic aerosol (SOA) is formed when organic oxidation products (commonly BVOC oxi-
dation products) condense onto particles in the atmosphere, contributing to their growth, and thus,
increase in mass (Mahilang et al., 2021). SOA refers to the organic mass fraction of these particles.
This formation mechanism separates SOA from primary organic aerosols, which are organic particles
emitted directly at the source (for example through combustion) (Jimenez et al., 2009). SOA formed
from biogenic precursors (such as BVOC) are referred to as biogenic SOA, but as they are the main
focus in the present thesis, they are simply referred to as SOA here.

Condensation is the main atmospheric process that affects particle growth in the atmosphere, in
which condensable gases condense onto particles, increasing their mass/volume. The reverse process
is evaporation, in which aerosol particles shrink due to gases evaporating from the particle surface.
Volume growth rate of a particle (V},) due to condensation can be described as:

vy

b CR % v;(¢; — Ceq,i) (2)

where v; is the molecular volume of compound ¢, C'R is the collision rate and c¢; ans c.4; is the
concentration of compound 7 in gas-phase and saturation concentration at particles surface, respec-
tively. Aerosol particles contains multiple chemical compounds and water, which results in a lower
saturation vapour pressure for a specific compound compared to that of an aerosol particle contain-
ing a pure compound, as described by Rault’s law. This makes the aerosol particles more stable
against evaporation.

2.3.4 Other Processes

Apart from NPF and condensation, particles in the atmosphere are subject to processes of coag-
ulation and deposition, which are briefly described here. It is largely based on the description by
Boucher (2015).

Coagulation is the process in which two particles collide and adhere to each other to form a larger
particle, thereby reducing the number of particles. Coagulation is thus a result of particle motion,
and most common between particles with a large relative size difference due to the high/fast Brown-
ian motion of small particles and the large surface/volume of large particles. Therefore, the primary
effect of coagulation is the depletion of smaller particles, as the volume/mass of the new particle
will be similar to that of the original larger particle.

Wet deposition is the main sink for atmospheric particles in many regions, especially accumulation
mode particles in the atmosphere, which, as the name implies, accumulate in the atmosphere due
to ineffective deposition by other processes. Wet deposition can occur in two ways: 1) the cloud
activation of a particle, which will fall out as rain (in-cloud scavenging) or 2) the particle impinges
on a falling rain droplet below the cloud (below-cloud scavenging). Wet deposition thus depends on
size and chemistry of the particle, as well as relative humidity and intensity of rain. Dry deposition
is the direct deposition of particles onto the earth surface, and is the main deposition mechanism
for particles in areas experiencing little precipitation. Small particles are effectively deposited by
diffusion while particles large enough to be subject to the gravitational force are deposited by
sedimentation.
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3 Methodology

First, an overview of the methods is described. The sections that follow provides a more detailed
description of the model setups and runs, as well as the measurement data used for comparison.

3.1 Overview

In order to quantify BVOC emissions, data from two different vegetation models were used. One
of the BVOC emission datasets was generated with the Dynamic vegetation model (DVM) Lund-
Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS) (daily emissions in 0.5%°x0.5° grid reso-
lution). The second dataset used was the CAMS-GLOB-BIO_v3.1 (Copernicus Atmosphere Mon-
itoring Service; Sindelarova et al., 2022), which is calculated using the semi-mechanistic model
Model of Emissions of Gases and Aerosols from Nature (MEGAN) (hourly emissions averaged over
one month, in 0.25%x0.25° grid resolution). These datasets are hereon referred to as LPJ and CAMS.

To model the atmospheric processes for these emissions, the process based atmospheric model Aerosol
Dynamics and gas phase CHEMistry model (ADCHEM) was chosen. ADCHEM requires hourly in-
put data, and thus, emissions from LPJ-GUESS were scaled with CAMS emissions in order to
obtain a diurnal profile (described in detail in the section below). In order to allow comparison
with observational data, ADCHEM was set up for the forest measurement station SMEAR II in
Hyytiéld, southern Finland, for 2017 and 2018, 2017 serving as a reference year. The model was
run for four months (May - August, MJJA), in order to cover May and July, which were the most
extreme in terms of temperature, with isoprene and monoterpene emissions from both vegetation
models as input. All other emissions used as input to ADCHEM were obtained from CAMS. This
allows for easier evaluation for model performance, as the only difference between the model setups
are isoprene and monoterpene emisisons.

A schematic overview of the methodology is shown in Figure 2 below. More detailed descriptions of
the models and data collection are provided in the sections below.

| Measured data '
i from Hyytidld !

Scale with

LPJ-GUESS . Output CAMS ADCHEM [——

emissions

Non-BVOC output

> COMPARISON |

CAMS % Output ! ADCHEM | ——

Figure 2: Overview of method

In total, 5 model simulations setups were tested in ADCHEM. As described above, ADCHEM is set
up for Hyytiald measurement station for the years 2017 and 2018, using emissions from both LPJ-
GUESS and CAMS. These simulations constitute the first four simulations, and from hereon refered
to as CAMS 2017, CAMS 2018, LPJ 2017 and LPJ 2018. These were compared with measurements
from Hyytiald. The model setup that showed the overall closest agreement with observed BVOC
concentrations was chosen in order to conduct the last simulations, where BVOC emissions were
scaled to better match measured concentrations for the year 2018. Wildfire emissions from GFED4
(Global Fire Emission Database) were included in all model setups.

11



3.2 Modelling BVOC Emissions

This section describes how BVOC emissions are calculated in LPJ-GUESS and MEGAN. The setup
of the LPJ-GUESS model is also described briefly, while the setup of MEGAN used to generate
the CAMS dataset is described in detail by (Sindelarova et al., 2022). The models differ in the
way that LPJ-GUESS, as a DVM, simulates a multitude of processes in the forest ecosystem, while
MEGAN is an emission model and thus needs information about the vegetation from other models
or observations.

In order to use modelled LPJ-GUESS concentrations, which are given in mg m~2d~!, in ADCHEM,
which requires hourly input, these emissions were scaled with the CAMS emissions in order to obtain
a diurnal profile. The equation used is shown below.

emissioncans(t)

3)

emissionypy(t) = emissiongpy - 5
mean()_,_, emissionscans(t))

3.2.1 LPJ-GUESS

In the present study, the latest version of LPJ-GUESS (LPJ-GUESS v4.1) is used. The framework
consists of several modules describing ecosystem state (such as net primary production, structure or
composition) and ecosystem processes that affect these states. Fast processes, such as photosyntesis,
are simulated daily, while slower processes, such as fire disturbance, are simulated annually. Veg-
etation in the model is represented by Plant Functional Types (PFTs). For the simulation in this
study, the climate dataset ERA-INTERIM was used as input to the model for the period 1900-2018.

The model was first described by Smith et al. (2001). The BVOC production and emission has
been described by Schurgers et al. (2009). Hence, only a short overview of how BVOC emissions are
simulated is given here.

BVOC production is closely linked to photosynthesis. To calculate production, a fraction of the
photosynthetic electron transport, e, is attributed to terpenoid (BVOC) production. This fraction is
calculated as a function of temperature (T), seasonality (o, in the case of isoprenes) and atmospheric
COy concentration, as well as a standard species specific fraction (g5), according to the equation
below.

e = f(T)f(0)f([CO])es (4)

Then, terpenoid production (I) is calculated as a function of ¢, electron flux generated for photo-
synthesis (J) and the yield of terpenoids for each unit of electron flux (). Isoprene seasonality is
only applied for deciduous PFTs, as evergreen PFTs are assumed not to exhibit any seasonality in
their terpene production.

I=cla (5)

The model accounts for the ability for certain plants to store monoterpenes. This is true for the
dominating PFT in boreal forests (coniferous PFT). The storage is handled as a single storage pool.
The rate of monoterpene emission (Memission) from this storage is temperature dependent, according
to the equation below:

m
Memission = ? (6)

where m is the size of the storage pool and 7 is the temperature dependent time constant.
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3.2.2 MEGAN

MEGAN is a semi-mechanistic model used to estimate fluxes of biogenic compounds between terres-
tial ecosystems and the atmosphere. As the model is described in detail by Guenther et al. (2012),
only a brief overview is presented here.

MEGAN uses inputs such as leaf area index, weather characteristics (temperature, solar radiation,
water availability) and PFT /species composition to describe the amount of vegetation, factors af-
fecting emissions from vegetation and what kind of vegetation exists. PFT input is based on satelite
data. The output, time resolved gridded BVOC emission estimates, is calculated for 19 compound
classes. These compound classes include for example isoprene, limonene, 3-carene, a-pinene and
beta-pinene as separate classes, while some classes include several compounds (with the same emis-
sion activity parameterizations). The emission of compound class i, (F;, in pgm~2h~1), is calculated
as described in Equation 7 below,

= ’YiZm,ij (7)

where y; is the emission activity factor, accounting for the processes controlling emission response
for the specific compound class, 7; ; is the compound class emission factor for standard conditions for
vegetation type j, and x; is the fractional grid box areal coverage of vegetation type j. The activity
factor accounts for emission response to leaf area index (LAI), light (yp;), temperature (yr;), leaf
age (ya.i), soil moisture (ysp,i) and COg inhibition (yc ), as seen in the equation below:

Vi =Ccg - LAIL -yp; - Y74 YA YSM,i " VCi (8)

where Ccg is the canopy environment coeflicient is an assigned value resulting in v; = 1 for standard
conditions.

3.3 Modelling Atmospheric Processes with ADCHEM

ADCHEM is a Lagrangian chemistry transport model (Roldin et al., 2011). In the present work,
ADCHEM was run as a 1D-column model along pre-calculated air mass trajectories from the HYS-
PLIT model arriving at Hyytidla every 18th hour. The vertical column, which extended from the
surface to 2.5 km above the ground level, was represented by 20 grid cells, illustrated in Figure 3
below.

ADCHEM models the dynamics of the gas-cluster-aerosol system by combining an aerosol module
which treats atmospheric aerosol processes such as condensation, evaporation, coagulation, dry
deposition and in- and below cloud processing and scavenging with a molecular cluster dynamics
module (ClusterIn, Olenius and Roldin, 2022). In the present work, NPF is modelled through the
formation of the following molecular clusters:

H5SO, — NH3 (ammonia)

HySO, — DMA (dimethylamine)

HIO; — HIO; (iodous acid)

HIO; — DMA
This has been described in detail by Olenius and Roldin (2022) and Xavier et al. (2024).

Further, ADCHEM includes detailed gas-phase chemical oxidation mechanisms for the BVOCs iso-
prene, a-pinene, B-pinene, A3-carene and D-limonene, and oxidation of these by OH, O3 and NOs.
The SOA formation is represented by the condensation of about 900 condensable organic vapors
included in the gas-phase chemistry mechanism.
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Figure 3: Hlustration of the ADCHEM 1D column along an air mass trajectory by Robin Wollesen
de Jonge

Inputs in the model, along the HYSPLIT air mass trajectories, are:

e meteorological data (rainfall intensity, vertical temperature and RH profiles, mixing height and
wind speed at two altitudes within the surface layer) from NOAA Global Data Assimilation
System (GDAS).

e cmissions of BVOC from either CAMS or LPJ-GUESS

e emissions of anthropogenic non-methane VOCs (NMVOCs), NOx, SO2, carbon monoxide
(CO), ammonia (NH3), and size resolved primary particle emission factors from CAMS, derived
based on CAMS PM2.5 emission factors.

3.4 Observational Data

All observational data (NOx, Ozone and BVOC concentrations, and Particle Number Size Distri-
bution) were obtained from the SMEAR II station in Hyytidld, southern Finland (61°51 N, 24°17
E, see Figure 4). The station is part of the SMEAR (Stations for Measuring the forest Ecosystem-
Atmosphere Relationships) network, and has been operating since 1995 (Junninen et al., 2009). The
station is located in a forest stand established in 1962, dominated by Scots pine (Pinus sylvestris),
with mixture of Norway spruce (Picea abies) and scattered deciduous trees, (Hari and Kulmala,
2005), representing a boreal coniferous forest. The stand is surrounded by managed coniferous for-
est stands of different ages.

The station was chosen as it has long-term measurements of BVOC concentration for the years
studied (2017-2018). Observational data was collected from EBAS (ebas.nilu.no; particle number
size distribution; Kumala and Petéja, 2024) and smartsmear (smear.aava.csc.fi; ozone, NOx and
BVOC concentrations; Aalto et al., 2023).
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Figure 4: Map of northern Europe, the blue cross marks the location of SMEAR II Hyytiala in
southern Finland

3.4.1 Measurement Instruments

At SMEAR II, NOy, O3 and BVOC concentrations are measured at a 128 m high tower, reaching
both into and above canopy. NOy and O3 are measured with a chemiluminescence analyzer and
an ultraviolet light absorption analyzer, respectively. Isoprene and monoterpene concentration are
measured with the PTR-MS technique. Measurements, calibration and volume mixing ratio calcu-
lations has been described in detail by Kulmala et al. (2008) and will not be described in detail
here. The PTR-MS only detects masses of compounds, meaning that BVOC with the same mass
(for example isoprene and MBO) cannot be distinguished.

The DMPS measures the total concentration particle number size distribution (Kulmala et al., 2011).
The setup at SMEAR II consists of two DMPSs with partly overlapping size ranges, each consisting
of a bipolar charger, a Differential Mobility Analyzer (DMA) and a Condensation Particle Counter
(CPC). The setup is able to detect particles from 3 - 1000 nm. The bipolar charger provides the
aerosol sample with a known charge distribution. In the DMA, a fraction of the particles in the
aerosol sample is selected based on their electrical mobility. The selected particles are grown by con-
densation to detectable sizes and counted in the CPC. By repeating this process and changing the
voltage of the DMA, the sample can be sorted according to the electrical mobility of the particles,
and a number size distribution can be obtained. Table 2 presents the measured compounds, as well
as the instruments used to measure them.

Table 2: The table shows an overview of the measured data used for comparison with the models,
and the instrument used to measure the data.

Measured variable Instrument Unit
Particle Number Size Distribution . . - . . _3
(AN /dlogDp) DMPS (differential mobility particle sizer) cm
Ozone concentration (O3) TEI 49 C ultraviolet light absorption analyzer ppb
Isoprene + MBO (CsHg) Proton-transfer-reaction mass spectrometry (PTR-MS) ppb
Monoterpenes (C19Hig) Proton-transfer-reaction mass spectrometry (PTR-MS) ppb

Nitrogen oxide concentration (NOy) Ecophysics CLD 780 TR chemiluminesence analyzer ppb
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4 Results

4.1 Emissions from Vegetation and Forest Fires

Monthly mean isoprene and monoterpene emissions from LPJ-GUESS for 2017 and 2018 were com-
pared with a reference period, consisting of monthly mean emissions over the years 2003-2016.
Figures 5 show isoprene and monoterpene emissions in July for both years, divided by the monthly
mean from the reference period. The figures clearly illustrate a strong increase in both monoterpene
and isoprene emissions in 2018, compared to a decrease in emissions in 2017 (for northern Europe,
specifically Finland). The same trend is seen for all months (see Figure 19 - 22 in Appendix A),
with the largest difference in emissions in May and July 2018.

Jul 2018

Jul 2017

Monoterpene emissions relative to 2003-2016
Monoterpene emissions relative to 2003-2016

Isoprpene emissions relative to 2003-2016
Isoprpene emissions relative to 2003-2016

10 20 30E

Figure 5: Average isoprene and monoterpene emissions for July 2017 and 2018, divided by average
respective emisisons for July 2003-2016.

Figure 6 shows cumulative emissions of isoprene, total monoterpenes and a-pinene along the HY'S-
PLIT trajectories in July 2017 and 2018 (start 3 h before reaching the SMEAR II station) from
CAMS compared to the emissions from LPJ-GUESS. While total monoterpene and a-pinene emis-
sions are slightly higher in CAMS, isoprene emissions are substantially higher in LPJ-GUESS. The
same trend can be seen for May, June and August (see Figure 23 - 25 in Appendix A). Both mod-
els show an increase in BVOC emissions in 2018 compared to 2017. Cumulative emissions along
the whole trajectories (11 days before reaching the SMEAR II station, covering northern Europe)
showed increased emissions in June-August in 2018, while emissions in May were similar. These also
show that isoprene emissions are much higher in LPJ-GUESS, and that total monoterpene emissions
are somewhat higher in CAMS.
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Figure 6: Cumulative emissions from LPJ-GUESS along HYSPLIT airmass trajectories plotted
against cumulative emissions from CAMS, starting 3 h from the Hyytidld measurement station
(July 2018 and 2017)

4.2 Atmospheric Composition and Chemistry

This section presents the results from the ADCHEM model runs. This includes the concentration
of BVOC, O3, NOy, OH and NOj as well as the particle number size distributions. Results are
presented as to provide easy comparison between both the different years, but also between the
different BVOC emission products (LPJ and CAMS) and with observational data. Figures with the
modelled timeseries for all compounds can be found in Appendix B.

Figure 7 compares the median isoprene and monoterpene concentration at the lowest measured and
modelled layers (4.2 m and 5 m respectively) for all months (MJJA). Both measured and modelled
concentrations show higher concentrations during 2018, with the exception of monoterpenes in June,
which is higher in 2017. Both measured and modelled emissions show the most significant difference
in BVOC emissions in July. The models generate a stronger increase in May concentrations between
2017 and 2018 compared to the measured concentrations, particularly for isoprene. The isoprene
concentration modelled with LPJ-GUESS emissions is significantly higher than both the concen-
tration modelled with CAMS emissions and the measured concentration. The difference between
modelled and measured isoprene and monoterpene concentrations is illustrated further in Figure 8
below. The factor of deviation from measured concentrations of isoprene and monoterpenes, for all
months and model setups, are shown in Tables 3 and 4 in Appendix B.
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Figure 7: Measured and modelled BVOC concentrations at the lowest measured and modelled layers
(4.2 and 5 m respectively) for 2017 and 2018. Note that the y-axis for isoprene modelled with LPJ-
GUESS emissions has a y-axis 10 times greater than measured isoprene and isoprene modelled with
CAMS emissions
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The largest deviation from measured BVOC concentrations is the isoprene concentration using
emissions from LPJ-GUESS, which overestimates isoprene with a factor between 15.8 and 37.6. The
largest deviation in modelled concentration relative to measured concentration is observed in May
2018 (Table 4, Appendix B), while the largest difference in value is observed in July 2018 (Figure
8b). CAMS instead underestimates the isoprene concentration for all months except May. Both
model setups underestimate monoterpene concentration in the forest canopy, LPJ-GUESS more so
than CAMS. In 2018, the highest modelled concentration of monoterpenes is in July, followed by
May, while measured concentrations, while highest in July, is lowest in May. In 2017, modelled
concentrations with CAMS emissions show highest monoterpene concentrations in June, while both
measured and modelled concentrations with LPJ-GUESS emissions both show the highest concen-
trations in July.
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Figure 8: Modelled and measured median isoprene and monoterpene concentrations at the lowest
measured and modelled layers (4.2 and 5 m respectively) at Hyytidla during summer months (MJJA)
for (a) 2017 and (b) 2018.

The measured and modelled particle number size distributions, shown in Figure 9 (CAMS setup)
and Figure 10 (LPJ-GUESS setup), show that the models underestimate the number of particles
present at the station. This underestimation is more severe for 2018. The measured particle number
size distribution contains a higher number of particles in 2018 for all months, however, in May and
July, the particle volume increases with a factor of 1.9 and 2.9 respectively (see Table 5 in Appendix
B). This increase in volume is somewhat captured in both model setups for May, but not in July.
Notably, the modelled emissions show more particles in nucleation mode (< 10 nm) in 2017. In
2018, only the model setup with LPJ-GUESS emissions show these small particles. Figure 26 and
27 in Appendix B show that the difference between the two different model setups is small for both
years.
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Figure 9: Comparison between modelled (CAMS setups) and measured median particle number size
distribution at Hyytidla, summer months, 2017 and 2018 (MJJA).
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Figure 10: Comparison between modelled (LPJ setups) and measured median particle number size
distribution at Hyytidld, summer months 2017 and 2018 (MJJA).
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Figure 11: Comparison between modelled (LPJ and CAMS setups) and measured ozone concentra-
tions up to 125 m height for summer months (MJJA) 2017 and 2018.

Figure 11 shows the modelled and measured ozone concentrations at Hyytiala for summer months,
year 2017 and 2018. Overall, the models lack the slight decrease in ozone close to the ground. The
measured ozone concentration is higher in 2018 than in 2017, and is highest in May for both years.
This trend is not well represented by either model setup. Comparing the two model setups, the LPJ
setup generates a similar or lower O3 concentration in May - July, and a higher concentration in
August, compared to the CAMS setup. Both years show this trend. In 2018, both models show the
highest O3 concentration in May and August.

The modelled NO concentration is lower in setups using LPJ-GUESS emissisons compared to setups
using CAMS emissions (see Figure 12). While the measured concentration is similar or higher in
2018 compared to 2017, models show similar or lower concentrations of NOy. In 2017, both models
tend to overestimate the concentration of NO,, while models underestimate NOy in May and June
2018.
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Figure 12: Comparison between modelled (LPJ and CAMS setups) and measured NOy concentra-
tions up to 125 m height for summer months (MJJA) 2017 and 2018. Note the difference in x-axis
between the years

20



x10° May x10° June x10° July 108 August

=6 6 6 6
o - 2017
25 [ 2018 5 5 5
=
4 4 4 4
8
23 3 3 3
E
a2 2 2 2
2
s
o1 1 1 1
T
Oy 0 0 0
00:00 06:00 1200 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00

%108 %108 %108

OH conc. [molec cm %] (CAMS)
6 - m @ ao @
o a ow o W oo o
6« mM © s o o
6 - m e & oo oo

"

|
E %

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00

Figure 13: Diurnal variation of the median OH concentration, modelled with LPJ-GUESS emissions
(above) and CAMS emissions (below) at SMEAR II. Time (x-axis) is given in UTC. Note the
difference between y-axis scale for the OH concentration modelled with CAMS.
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Figure 14: Diurnal variation of the median NOj3 concentration, modelled with LPJ-GUESS emissions
(above) and CAMS emissions (below) at SMEAR II. Time (x-axis) is given in UTC. Note the
difference in the y-axis for May modelled with LPJ-GUESS emissions.

Figures 13 and 14 shows the difference in the modelled OH- and NOj concentrations between the
years, respectively. Both model setups yield higher concentrations of OH during the day, for both
years. In May and July 2018, the concentration of OH decreases compared to 2017. This decrease
is largest for the CAMS setup, while the LPJ-GUESS setup produces overall lower concentrations
than the CAMS setup.

There is no clear trend, either increase or decrease in the concentration of NO3 between the years.
Notably, NO3 increases significantly in May 2018 in both model setups compared to May 2017. For
all months in 2017 except July, the concentrations show a diurnal cycle with higher concentrations
during nighttime. This can be seen for some months in 2018 for example June, CAMS emission
setup, and May, LPJ-GUESS emission setup. However, in August 2018, both setups, and July, both
years and setups, the NO3 concentration is high at 06:00 (UTC, 08:00 local time). In July, there is
a decrease in NO3 concentration between the years, for both models.
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4.2.1 CAMSx2: Increased Monoterpene Emissions in CAMS

In order to investigate if higher emissions of BVOC would result in a better representation of at-
mospheric chemistry, monoterpene emissions from CAMS 2018 were multiplied with a factor of two
in ADCHEM. This model setup is hereon referred to as CAMSx2. Only monoterpene emissions
were scaled, as isoprene concentrations were sufficiently captured by the model. Figures with the
modelled timeseries for all compounds can be found in Appendix C.

When running ADCHEM for 2018 with CAMSx2 monoterpene emissions, both isoprene and monoter-
pene emissions increase (see Figure 15). This model setup results in higher than measured monoter-
pene concentrations, with the largest difference in May and July. The same can be seen for isoprene
concentrations, with the exception of June. Even though monoterpene emissions were scaled with
a factor of two, the resulting modelled concentrations are almost three times higher when using
increased emissions (for July).
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Figure 15: Comparison between measured and modelled (CAMS and CAMSx2) BVOC concentra-
tions at Hyytidla for summer months (MJJA) 2018.
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Figure 16: Comparison between modelled (CAMS and CAMSx2) and measured median particle
number size distribution at Hyytidld, 2018 (summer months, MJJA)
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The particle number size distribution modelled with doubled CAMSx2 emissions is not substantially
different than that modelled with CAMS emissions. Compared to the CAMS model setup for 2018,
the particle volume increases for all months, particularly in July where it increases with a factor
of 2.03 (see Figure 16 and Table 6 in Appendix C). Further, more particles in nucleation mode are
present.

Increased CAMS BVOC emissions in ADCHEM produce a lower concentration of both NO, and
O3 (see Figure 17). In 2017 as well as in May and June 2018, both model setups yield a lower
concentration of O3 compared to the measured concentration, while producing a higher than mod-
elled concentration in July and August 2018. Figure 18 show the modelled median concentration
of atmospheric oxidants OH and NO3 modelled using CAMS 2018, LPJ-GUESS 2018 and CAMSx2
BVOC emissions. For both the CAMS and CAMSx2 setups, the OH concentration is lowest in May
and July, while the LPJ-GUESS setup produces similar concentrations for all months. In June and
August, CAMS produces the highest OH concentration, while LPJ-GUESS produces the lowest. For
May and July, the CAMSx2 setup produces the lowest concentration. The CAMSx2 setup produces
the lowest concentration of NOjg for all months (although is similar to concentrations from the LPJ-
GUESS setup in August). It exhibits similar diurnal trends as the CAMS 2018 setup.
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Figure 17: Comparison between measured and modelled (CAMS and CAMSx2) O3 and NOy con-
centration, up to 125 m height for summer months (MJJA) 2017 and 2018.
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Figure 18: Diurnal variation of the median OH and NOj concentration for all model setups (CAMS,
CAMSx2 and LPJ), 2018 at SMEAR II. Time (x-axis) is given in UTC. Note the difference in the
y-axis for May modelled with LPJ-GUESS emissions.
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5 Discussion

5.1 Response of BVOC Emissions to the 2018 Drought

BVOC emission data from LPJ-GUESS show a strong increase in both isoprene and total monoter-
pene emissions in Northern Europe in 2018 compared to the reference period (2003-2016), particu-
larly in May and July, which was expected as these months were characterized by unusually high
temperature and clear skies, both of which provides good conditions for BVOC production. In 2017,
BVOC emissions are slightly lower than the reference period. This is important to keep in mind
when analyzing the results, as 2017 is used as a reference year in the present study. The reference
period includes years of other severe heatwaves, the central European heatwave of 2003 and the
Russian heatwave of 2010, the latter also affecting Finland (Sinclair et al., 2019), which would affect
the comparison with the reference period.

Cumulative emissions along the HYSPLIT trajectories show that total monoterpene and a-pinene
emisisons are similar in the two BVOC emission datasets used in this study (slightly higher in CAMS
for May and June). Isoprene emissions are, however, substantially higher in LPJ-GUESS for both
years. As shown in Figure 8, this leads to a severe overestimation of the isoprene concentration at
Hyytiald. Measured data show that monoterpene is the dominating BVOC in Hyytiéla, which is
expected of a boreal forest. However, in the model setup using LPJ-GUESS emissions, isoprene is
by far the dominating BVOC which is more similar to the BVOC composition in other parts of the
world. In contrast, the model setups using CAMS emissions are able to more accurately represent
the observed isoprene concentration.

Both model setups capture the observed increase in both isoprene and total monoterpene concentra-
tion at Hyytidla in May and July 2018, while the concentrations in June and August are more similar
to the modelled concentrations in 2017. However, both setups underestimate the total monoterpene
concentration, LPJ-GUESS slightly more so than CAMS. This could indicate that the vegetation
experience stresses not accounted for in the models, for example from bark beetle infestations. In
Sweden, the high temperatures in 2018 were accompanied with a bark beetle outbreak, which has
been empirically shown to increase BVOC emissions significantly (Jaakkola, 2024).

5.2 Atmospheric Composition

The observed particle size distribution at Hyytiala contains a higher number of particles in 2018
compared to 2017. Additionally, the particle volume is higher in May and July 2018 compared to
2017, which could indicate that the increase in BVOC emissions lead to formation of SOA. The
model setups, however, underestimate the number of particles in the atmosphere, especially for
2018. Furthermore, there are few significant differences in the particle size distribution between the
years, except for an increase in particle volume in May (for model setups using LPJ-GUESS and
CAMS emissions). In July, the models show a slight decrease of particles. There are few significant
differences in the particle number size distributions between model setups, which would indicate
that the high concentration of isoprene in the model setup using LPJ-GUESS emissions does not
contribute significantly to particle growth. When monoterpene emissions are increased in ADCHEM
(CAMSx2), the particle volume increases, especially for May and July (as well as slightly in August),
but the total number is still lower than observed particle number concentration. This could indicate
that the model has too low emissions of primary particles, or that the representation of NPF is
insufficient to capture observed particle number concentrations. This could, for example, mean un-
derestimation of the impact of NPF from organic compounds. Another potential explanation is that
particle growth due to increased BVOC emissions increases the condensation sink for compounds
such as HoSO,4, which would otherwise have formed new particles and grown into Aitken mode.

The modelled concentration of atmospheric oxidants OH and NOg are lower in 2018 compared to

2017 in May and July (OH) and July (NO3). The OH concentration exhibits a diurnal trend with
higher concentrations during daytime, which is expected as OH is formed though photolysis of Os.
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The decrease in OH concentration between the years indicates that OH is depleted to a higher degree
due to increased BVOC emissions. The setup using LPJ-GUESS emissions generates overall lower
concentrations of OH. This could be explained by the fact that the LPJ setup has higher total BVOC
emissions due to the overestimation of isoprene, which results in higher isoprene concentrations and
therefore, OH depletion. Depletion of OH can also explain why both monoterpene and isoprene
concentrations increase in the CAMSx2 setup, even when only monoterpene emissions are increased.
Higher emissions of monoterpenes lead to a higher total BVOC concentration, meaning that OH
is depleted which might lower the oxidation rate of isoprene and monoterpenes. Interestingly, the
CAMSx2 setup produces lower concentrations of OH in May and July compared to LPJ-GUESS,
while the opposite is true for June and August. This might imply that monoterpenes are oxidized at
a higher rate than isoprene, as the variation in monoterpene concentrations over the months seem
to have a greater impact on the OH concentration. OH is formed from products from Oz photol-
ysis, and hence, a lower ozone concentration is expected to yield a lower amount of OH. The O3
concentration is lower for the CAMSx2 setup compared to the CAMSx2 setup. Hence, the decrease
in OH could also be explained by the lowered O3 concentrations. However, as the only difference
between these setups is the increased monoterpene emissions in CAMSx2, this implies that the Og
concentration might also be depleted by oxidation of BVOC. For further studies on the 2018 summer
heatwave, it could be interesting to look at the methane concentration at Hyytiald, which would be
higher if OH is depleted(Boy et al., 2022).

The diurnal variation of NOgs exhibits, for some months, an increase during nighttime and a decrease
during daytime. This can be explained by the fact that during the day, NOj is rapidly photolyzed.
However this diurnal cycle is not always produced by the model setups, for example in July and
August 2018. Notably, the concentration of NOg is high in May, especially in the LPJ-GUESS setup.
NOj; is formed through reactions between NOy and Os, but neither compound is substantially higher
in the LPJ-GUESS setup compared to the CAMS setup. However, the O3 concentration in LPJ-
GUESS is slightly higher in May 2018 compared to May 2017. In the CAMSx2 setup, the NOg
concentration is slightly lower compared to the CAMS setup for 2018, which might be expected as
both NO, and Oz concentrations are lower in the CAMSx2 setup.

The observed concentration of Oz is generally higher in 2018 compared to 2017. This is concurrent
with the documented increase in tropospheric O3 during the 2018 summer in Sweden (Jaakkola,
2024). Observed NO, concentrations are generally similar between the years, with the exception of
May which exhibits a higher concentration in 2018. The models do not capture the increase in Og
between years, except for in May and partly August, nor the increase in NOy seen in May 2018.
This implies that the actual OH and NOj3 concentration at Hyytidld might be misrepresented by the
models. As models underestimate Og, particularly in May, June and July 2018, this could imply that
OH and NOjs also are underestimated in the model, which could partly explain the overestimation of
the monoterpene concentration in the CAMSx2 setup. It could, however, also be the case that the
ADCHEM model underestimates the net formation of Og that can occur in high NOy environments
(for example in May 2018).
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6 Conclusion and Outlook

As extreme weather events such as heatwaves and drought are expected to increase due to global
warming, it is important that models used to predict future climates can sufficiently represent the
impacts of such events. The aim of this thesis was therefore to quantify the ecosystem response
to the 2018 summer heatwave, and the impact on atmospheric composition. To do this, data from
different BVOC emission models were used as input into the atmospheric model ADCHEM. The
modelled concentrations of BVOC, O3 and NO, were then compared with measurements from the
SMEAR II station in southern Finland.

The stress response from boreal forests during the heatwave and drought 2018 caused BVOC emis-
sions to increase during this period. Both BVOC emission datasets used in this study showed
increased BVOC emissions during the summer of 2018. These increased emissions lead to higher
concentrations of isoprene and monoterpenes, which were particularly high in May and July, which
is also concurrent with observed concentrations. However, the model setups tended to underesti-
mate the BVOC concentration, except for the setup using LPJ-GUESS emissions, which greatly
overestimated isoprene concentrations. This was caused by very high isoprene emissions in the LPJ-
GUESS dataset. The underestimation of monoterpenes in both model setups, for both years, setups
implies that monoterpene emissions from boreal forests might be underestimated in MEGAN and
LPJ-GUESS, not only during extreme weather events.

The increased emissions of BVOC lead to particle growth, which could be observed in both mea-
sured and modelled particle number size distributions. However, the model setups underestimated
the amount of particles present in the atmosphere, which indicates either underestimated primary
particle emissions, or NPF events in the ADCHEM model. While the observed concentration of O3
was higher in 2018 compared to 2017 for all months, the observed NOy increased particularly in
May 2018. In May, this could be the result of net formation of O3 from BVOC oxidation in high-
NOx environments, but it is unlikely the case for the other months. The modelled concentrations
of these compounds did not generally match the trends. Particularly, Os in 2018 is underestimated
by all model setups. The modelled concentrations of atmospheric oxidants NO3 and OH decreased
in 2018 for May (only OH) and July (OH and NOj), which is likely due to depletion though oxi-
dation of BVOC. Both OH and NOj3 formation depend on the concentration of NO, and Os, thus,
the modelled concentrations of NO3 and OH may not be representative for the actual concentrations.

Further studies on the subject should investigate the effect of the drought on other boreal forests
in Northern Europe in order to draw more general conclusions about the effect of the drought and
how well it is represented in models. Studies over longer time periods, especially after 2018 could
investigate the prolonged effects of drought, which are expected to decrease BVOC emissions. The
ACTRIS station at Hyltemossa has BVOC measurements from 2019, and studies on this site could
prove valuable to understand the effects of heatwaves. It would also be good to ”crossreference”
model setups, i.e running ADCHEM set up for 2017 with emissions from 2018 and vice versa, in
order to investigate the influence of meteorology. This could provide further knowledge on both the
effect of drought, but also how well models can represent the impact of extreme weather events on
ecosystems and atmospheric composition.
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Appendix A
Appendix A provides figures referenced in the section 4.1.

BVOC Emission Maps

The following maps present the emission anomalies in 2018 and 2017 compared to a reference period
(2003-2016).
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Figure 19: Average monthly isoprene emissions for 2017, divided by average isoprene emissions for
the respective month 2003-2016 (from LPJ-GUESS)
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Figure 20: Average monthly isoprene emissions for 2018, divided by average isoprene emissions for
the respective month 2003-2016 (from LPJ-GUESS)
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Figure 21: Average monthly monoterpene emissions for 2017, divided by average monoterpene
emissions for the respective month 2003-2016 (from LPJ-GUESS)
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Figure 22: Average monthly monoterpene emissions for 2018, divided by average monoterpene
emissions for the respective month 2003-2016 (from LPJ-GUESS)

BVOC Emissions from CAMS Compared with BVOC Emisisons from LPJ-
GUESS

The below figures show emissions of isoprene, total monoterpenes and a-pinene from CAMS plotted
against the respective emissions from LPJ-GUESS.
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Figure 23: Cumulative emissions from LPJ-GUESS along HYSPLIT airmass trajectories plotted
against cumulative emissions from CAMS, starting 3 h from the Hyytidld measurement station
(May 2018 and 2017)
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Figure 24: Cumulative emissions from LPJ-GUESS along HYSPLIT airmass trajectories plotted
against cumulative emissions from CAMS, starting 3 h from the Hyytidld measurement station
(June 2018 and 2017)

Figure 25: Cumulative emissions from LPJ-GUESS along HYSPLIT airmass trajectories plotted
against cumulative emissions from CAMS, starting 3 h from the Hyytidld measurement station

(August 2018 and 2017)
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Appendix B

Appendix B provides the figures and tables referenced in section 4.2 in the report.

Comparison between Modelled and Measured BVOC Concentrations

Table 3: The table show the modelled median isoprene and monoterpene concentration (for setups
using CAMS emissions) for each month as a factor of the meadured median concentration for the
respective compound and month.

Compound Model setup  Factor of Measured Median
May June July August
CAMS 2017 2.05 1.36 0.79 0.62
Isoprene CAMS 2018 2.04 0.63 0.80 0.81
CAMSx2 242 0.69 1.16 1.20
CAMS 2017 0.69 0.50 0.37 0.30
Monoterpenes CAMS 2018 0.60 0.42 0.41 0.38
CAMSx2 1.90 1.26 1.48 1.19

Table 4: The table show the modelled median isoprene and monoterpene concentration (for setups
using LPJ-GUESS emissions) for each month as a factor of the meadured median concentration for
the respective compound and month.

Compound Model setup  Factor of Measured Median
May June July August
LPJ 2017 36.7 375 244 243
LPJ 2018 37.6 22.2 15.8 22.2
LPJ 2017 043 028 0.26 0.19
LPJ 2018 041 027 025 0.26

Isoprene

Monoterpenes

Particle Volume and Number, and Comparison Between Model Setups

Table 5: The table presents the relative change in particle number (PN) and particle volume (PV)
between 2017 and 2018 for the LPJ and CAMS model setups, as well as the measured PN and PV.

LPJ 2018 / LPJ 2018  CAMS 2018 / CAMS 2017 Measured 2017/ 2018
| M J J A | M ) J A | M ) J A
PN [1.04 102 081 1.06 [ 097 1.02 079 1.03 [1.58 1.37 132 1.39
PV | 204 104 126 091|222 095 1.00 1.25 |1.91 1.00 29 0.99
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Figure 26: Comparison between modelled and measured median particle number size distribution
at Hyytidld, 2017 (summer months, MJJA).
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Figure 27: Comparison between modelled and measured median particle number size distribution
at Hyytidld, 2018 (summer months, MJJA).
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Timeseries, LPJ

The following figures include the modelled concentrations of isoprene, monoterpenes, O3, NO5, NO,
OH and NOj3 for model setups LPJ 2017 and 2018.
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Figure 28: Modelled isoprene and monoterpene concentration for May - August 2018 in Hyytidla for
model setups LPJ 2017 and 2018 in ADCHEM
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Figure 29: Modelled NO, NO2 and O3 concentration for May - August 2018 in Hyytiéla for model
setups LPJ 2017 and 2018 in ADCHEM
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Figure 30: Modelled NO3 and OH concentration for May - August 2018 in Hyytiéléd for model setups
LPJ 2017 and 2018 in ADCHEM

Timeseries, CAMS

The following figures include the modelled concentrations of isoprene, monoterpenes, O3, NOy, NO,
OH and NOg for model setups CAMS 2017 and 2018.
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Figure 31: Modelled isoprene and monoterpene concentration for May - August 2018 in Hyytidla for
model setups CAMS 2017 and 2018 in ADCHEM
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Figure 32: Modelled NO2, NO and O3 concentration for May - August 2018 in Hyytila for model
setups CAMS 2017 and 2018 in ADCHEM
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Figure 33: Modelled NO3 and OH concentration for May - August 2018 in Hyytiéld for model setups
CAMS 2017 and 2018 in ADCHEM
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Appendix C
Appendix C includes the figures and tables referenced in section 4.2.1 in the report.

Table 6: The table presents the relative change in particle number (PN) and particle volume (PV)
between the CAMS 2018 and CAMSx2 model setups.

CAMSx2 / CAMS 2018

M J J A
PN [095 098 101 080
PV | 1.21 1.22 203 1.14

Timeseries, CAMSx2

The following figures include the modelled concentrations of isoprene, monoterpenes, O3, NOsy, NO,
OH and NOj for model setups CAMS 2018 and CAMSx2 2018.
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Figure 34: Modelled BVOC concentration for May - August 2018 in Hyyti&ld for model setups
CAMS and CAMSx2 in ADCHEM
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Figure 35: Modelled NO3 and OH concentration for May - August 2018 in Hyytiéld for model setups
CAMS and CAMSx2 in ADCHEM. (Note that the NO3 graph is cut off at 1e-3 as to better see the
difference at lower concentrations).
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Figure 36: Modelled NO, NO2 and O3 concentration for May - August 2018 in Hyytiéla for model
setups CAMS and CAMSx2 in ADCHEM
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