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1

Introduction

The climate is under constant change where some of the changes are due to
natural causes while others are due to anthropogenic activity. A key factor
most commonly used for representing climate change is global temperature.
The average global temperature have increased by about 1.0 ℃ between the
1880s and 2010s [Allen et al., 2018]. Enhancement of climate change in the
Arctic region, called Arctic amplification, is resulting in doubled temperature
increase compared to the global average [Serreze and Barry, 2011, Solomon
et al., 2007]. Finland is situated approximately between the latitudes 70°05’
N in the north and 59°48’ N in the south, and is part of the high northern latitudes. Due to its location, Finland is, in addition to global climate
change, also influenced by the consequences of arctic amplification induced
climate change [Serreze and Barry, 2011]. Temperature change is therefore
approximated to be doubled in Finland, around 2 ℃, compared to the average global increase [Mikkonen et al., 2014, Serreze and Barry, 2011].
In addition to temperature, precipitation and snow cover are additional factors describing climate change. Snow cover and depth have been showed
to generally be decreasing over whole Finland, however local variations can
be large [Aalto et al., 2016, Luomaranta et al., 2019]. No national statistic trends in precipitation pattern has been found for Finland Aalto et al.
[2016]. Heat sum is an additional climate variable, which is used to describe
the growth of forests. It is calculated as the sum of days when the the daily
average temperature is above 5 ℃. The growing season is estimated to start
when the daily average temperature is approximately 5 ℃ in Finland [FMI,
a], or when the heat sum is about 600 degree days . All these factors are
climate variables that are highly visible to the naked eye. However, they are
not the only ones present. There are several less visually obvious variables
that also describes and affect the global climate, where one category includes
the atmospheric trace gases and particles.
Studying atmospheric composition, in addition to study meteorological variables, might give an insight into changes in the atmosphere, climate, environments, and biodiversity on a local scale. Common atmospheric anthropogenic
gases, that alter the atmospheric composition, and indirectly via involvement
to aerosol production, the climate, are for example carbon monoxide (CO),
nitrogen oxides (NOx ), ozone (O3 ) and sulfur dioxide (SO2 ). Tropospheric
3

concentrations of ground level O3 commonly ranges from 20-60 ppb, while
rural concentrations of NOx are approximately 1 ppb [Seinfeld, 2006]. CO
tropospheric mixing rations are in the range 40-200 ppb [Seinfeld, 2006]. The
three gases O3 , NOx and CO are closely connected and affect the production and losses of one another. The production of ground level O3 is partly
dependent on NOx and volatile organic compounds (VOC’s) acting as precursors, together with the demand of solar radiation for the reactions to occur
[Seinfeld, 2006]. Further, the NOx levels are critical for efficient CO oxidation, which in turn again affect the O3 levels [Seinfeld, 2006]. Lastly, SO2
concentrations ranges between 0.020 ppb to 1 ppb in continental background
air. In urban areas the concentrations can be higher [Seinfeld, 2006].
Värriö subarctic research station and SMEAR I station (Station for Measuring Ecosystem–Atmosphere Relations) were built to study the long-term
environmental changes in eastern Lapland and to observe the effects of the
emissions coming from Kola peninsula in north-west Russia [Kyrö et al.,
2014]. The Värriö subarctic research station was built in 1967 and the
SMEAR I station in 1991 [Kyrö et al., 2014]. The atmosphere surrounding the Värriö station is pristine, mostly influenced only by local natural
emissions from the vegetation in the area. The anthropogenic emissions that
reaches the station are predominantly emissions from the Kola peninsula in
Russia.
The station is located 6 km from the Russian boarder [Kyrö et al., 2014]
and about 300km to Kola facilities [Sipilä et al., 2021]. Therefore, a special
interest falls on the SO2 emissions originating from Kola. The smelter industry in the Kola Peninsula contributes with an amount of air pollution that
corresponds to the second largest source of SO2 in the Arctic and subarctic
domain [Sipilä et al., 2021]. SO2 accounts for a large quantity of the Kola air
pollution which in addition to other pollutants and aerosol particles influence
human health, forests and clouds etc. [Mauldin et al., 2012, Sipilä et al., 2021,
Smith et al., 2011, Stieb et al., 2002, Wichmann and Peters, 2003]. Hence
there is a high interest to study the atmospheric gases and in particular the
SO2 emissions.
During later decades, emissions of SO2 and primary particle have been decreasing in the European area [Kupiainen and Klimont, 2007, Smith et al.,
2011, Vestreng et al., 2007]. The largest effect on eastern Finnish Lapland
4

have, however, been the decrease of SO2 emissions due to the closing of several Kola smelters as a result of the Soviet Union collapse and socioeconomic
decline in the Murmansk region and Russia [Kyrö et al., 2014, Sipilä et al.,
2021]. Between the years 2000 and 2012 the emitted amount of SO2 from stationary sources decreased from a level of 275.8 to 194.6 kT yr−1 [Kyrö et al.,
2014]. In recent years (around year 2020), the emitted SO2 from Kola were
around 200 kT yr−1 [Sipilä et al., 2021]. Consequently, even though there
has been a distinct decline in the SO2 emitted from Kola Peninsula it still exceeds the SO2 emission of whole Finland (37 ktons per year in 2017). [Paatero
et al., 2008, Sipilä et al., 2021].
Once emitted into the atmosphere the SO2 oxidize to form Sulfuric acid
(H2 SO4 ) [Kyrö et al., 2014, Mauldin et al., 2012]. The production of H2 SO4
can occur through several reaction paths. SO2 is a necessity, which is accompanied by OH (Hydroxyl radical) or sCI (stabilized Criegee Intermediates)
as reactants [Seinfeld, 2006]. The first reaction path is SO2 reacting with
OH, in Equation 1.
SO2 + OH + M −→ ... −→ H2 SO4 + M

(1)

M is a reaction chaperone, background molecule assisting the reaction. The
production of OH is in turn affected by photolysis of O3 , Equation 2.
O3 + hv −→ ... −→ OH

(2)

The second reaction path is SO2 reacting with sCI, in Equation 3.
SO2 + sCI −→ ... −→ H2 SO4

(3)

The reaction in Equation 3 includes sCI as a reactant, which can be produced
from the reaction in Equation 4.
Alkene + O3 −→ ... −→ sCI + OH

(4)

Studying the atmospheric processes and the atmospheric H2 SO4 concentrations are of great importance due to its strong relation to new particle formation (NPF) which has already been proven [Kerminen et al., 2010, Kulmala
et al., 2004, Sipilä et al., 2021]. In turn, NPF events have been linked to
the global aerosol budget and cloud condensation nuclei (CCN) formation
[Gordon et al., 2017, Kerminen et al., 2012, Merikanto et al., 2009, Spracklen
5

et al., 2008, 2010].
Aerosols can also affect the climate. The aerosol climate effect can be divided
into two subtopics, aerosol-radiation interaction and aerosol-cloud interaction
[Boucher et al., 2013, Paasonen et al., 2013] Aerosol-radiation interaction,
refers to the atmospheric aerosols absorbing and scattering solar radiation,
which warms or cools the surroundings [Boucher et al., 2013]. Aerosols acting as CCN is the aerosol-cloud interaction. Increasing amount of aerosols
acting as CCN lead to more but smaller cloud droplets. This lowers the
cloud albedo and will effect precipitation pattern and cloud lifetime Boucher
et al. [2013]. Studies of atmospheric aerosols is important in understanding
the current climate and future changes.
Nevertheless, continuous in-situ measurements of H2 SO4 for longer timeperiods are uncommon. This is mainly due to the difficulty of measuring
H2 SO4 as a consequence of usually low atmospheric concentrations [Mikkonen et al., 2011]. Due to the closing of smelters in Kola and resultingly
decreasing emissions, it has been observed that the SO2 concentrations in
Värriö have decreased. The decreasing SO2 has not been studied for a longer
time-period and neither its effect on H2 SO4 . At Värriö the H2 SO4 has not
been measured continuously for a long time-period, and hence, for this study
the H2 SO4 concentrations are approximated with an already developed proxy
by Dada et al. [2020].
In addition to research on the Kola emissions, current research objectives at
the Värriö research station includes studying productivity of the subarctic
ecosystems in the Värriö area. Also included is monitoring of populations of
multiple species, including moths, birds and mammals. Several birds species
unique for the high north are nesting in the surrounding area. Through observations of present bird species it can provide an insight to how they and
other animal species are affected and adapted to the changing environment.
A study made by Paatero et al. [2008] investigating the environmental effects
in Finnish Lapland from Kola emissions, concluded that no clear effects on
the metal concentrations in berries or effects in pine tree vitality could be
found. The ecosystems and biodiversity in Finnish Lapland would thereby
mostly be subjected to global and local climate changing factors.
The effect of climate change on bird species can vary greatly from species
6

to species, where some birds may benefit while others may be affected negatively. This is due to bird species being vulnerable to different risk factors
Jiguet et al. [2010]. Some species can easily adapt to changing environments
by for example migrating to new locations while others may instead face
extinction in that location. Uneven climate change, changing local environments, can result in contrasting experiences and adaptation techniques
for populations of the same bird species Both and te Marvelde [2007], Both
et al. [2010], Holt [2003]. Altogether in Finland, several species of the Finnish
mountain, forest and intestinal birds are experiencing negative effects from
climate change, and will as a result most likely decline or even become extinct in Finland Lehikoinen et al. [2019].
The above mentioned global factors regarding climate change and other environmental factors also play a role on the regional and local scale. The
local effects are in some cases stronger and in some cases weaker than the
global effects. What is sought to be found out is if and how the environment
in eastern Finnish Lapland has changes in a long-term perspective. Have
climate change and the increased climate effect due to Arctic amplification
affected the area? This will hopefully be answered by looking into the following research questions which are based on atmospheric, meteorological and
biological parameters.

1.1

Research objectives

With Värriö subarctic research station together with SMEAR I station as the
base, throughout this report the following research objectives will be studied.
• Study the long-term trends of SO2 given the reduced emissions from
the Kola Peninsula.
• Use a proxy to calculate H2 SO4 concentrations and observe long-term
trends in relation to the decreasing SO2 .
• Look at long-term evolution for the atmospheric gases NOx , CO and
O3 .
• Observe trends for the meteorological parameters of air temperature,
heat sum, precipitation and snow cover in a long-term perspective.

7

• Study the long-term trend of birch leaves. Looking at date of leave
burst and date of fully developed leaves.
• Look at the population evolution for bird species, categorised into
grouses and shorebirds, that surrounds the Värriö area.
• Look at date of first observed egg for cavity-nesters in the Värriö area,
to see the long-term trends.

2
2.1

Methods
Measurements sites

The SMEAR I station located in Eastern Lapland (67° 45’ 18.158”N, 29°
36’ 36.495”E) has been operating since 1991 (Figure 1). The station is built
on the top of Kotovaara hill, 390 m a.s.l. The SMEAR I station is part of
Värriö research station, located 800 m south, which has been operating since
1967. Additionally, FMI (Finnish Meteorological Institute) has a weather
station in connection to Värriö research station called Salla Värriötunturi
which started operating in 1971.
The Värriö station is situated in the subarctic region in the Värriö strict
nature reserve, where visits are only allowed with permission and thereby
human influence in the area is kept to a minimum (nearest villages 100 km
away). The station is located in an approximately 65 year old natural Scots
pine (Pinus sylvestris) and spruce forest. Several small lakes and wetland
areas are also present in the local region. Furthermore, the station is situated
a relatively short distance to the Barents sea, about 200 km in a northeast
direction.

8

Figure 1: Map of Finland including a blue marker for the location of Värriö Subarctic research station.

2.2

Gases ans Aerosols

Instantaneous SO2 concentrations are measured with a pulsed fluorescence
gas analyzer with lower detection limit of 0.05 ppb (parts per billion), that
measures the SO2 concentrations in ambient air. CO is measured with an
infrared absorption analyser, NOx with a chemiluminescence analyzer with
photolytic converter, and O3 is measured with a photometric analyser. For
all the gaseous variables the concentrations are given in ppb and collected
at a height of 9 m. The time intervals in which the data is measured varies
throughout out the years. Overall the data is measured every 10 min until
2009 and then from 2010 onward measured every minute. Included are years
1992-2021 for O3 and SO2 , 1998-2021 for NOx and 2010-2021 for CO. The
data availability for the years and all gases can be found in the Tables 7-10
in Appendix C
In the processing of the gas data, values greater than 1000 ppb and smaller
than -200 ppb have been filter out, since these would be non-reasonable extremes. Analysis of the gases include time-series analysis with fitted trend
line and seasonal behaviour where the data is divided into three decades,
1992-2001, 2002-2011 and 2012-2021. The data is monthly averaged. All the
9

variables were tested for statistical significance. This was done with the use
of Mann-Kendall non-parametric trend test, where the significance level was
set to 95 %.
SO2 is also used to calculate concentrations for H2 SO4 . In addition to SO2 ,
data for global radiation and particle size are needed as input for proxy calculations of H2 SO4 . Instantaneous global shortwave radiation measurements
are collected at SMEAR I with a pyranometer (ranges from 300 - 4800 nm)
that measures the global solar irradiance on a plane surface. The particle
size distribution is measured with a VAR-DMPS (Differential Mobility Particle Sizer). The DMPS is built up of a differential mobility analyser (DMA)
and a condensation particle counter (CPC). In the DMA an electric field is
used to classify charged particles according to their specific mobility, which
can then be counted by the CPC. In this study particle concentrations for
particles 4.47 nm to 1000.00 nm have been included for the years 1998-2021.
H2 SO4 is calculated for the years 1998-2021. Earlier years are not included
due to the global radiation only being measured during the summer months
and it was considered that this would not give a correct representation of the
H2 SO4 concentration.
Along with being used for the proxy, the particle sizes have been studied separately. Time-series are produced partly for the whole particle size interval,
and partly also for the specific size intervals of 4-20 nm, 50-100 nm and particles 100 to 1000 nm. Seasonal patterns divided into three decades are also
produced, similarly to the gas variables. The data availability for particle
size distribution is overall high for all particle sizes. Until 2003, only particles
between 10 nm and 500 nm were measured. There are a few additional gaps
in the data. Data availability for global radiation is found in Appendix C.

2.3

H2 SO4 -proxy calculations

H2 SO4 has not been continuously measured at the SMEAR I station for a
longer time period. H2 SO4 concentrations are therefore calculated using the
proxy developed by Dada et al. [2020]. The proxy, which is an improvement
of earlier developed proxies, include terms for sinks and sources of H2 SO4 .
The sources of atmospheric H2 SO4 are due to oxidation of SO2 by hydroxide
and by stabilised Criegee intermediate reactions [Dada et al., 2020, Mauldin
et al., 2012]. Losses of H2 SO4 are due to condensation onto preexisting aerosol
10

particles (Condensation sink, CS) and due to molecular cluster formation
[Dada et al., 2020]. Adding the terms for sources and sinks the development
of the H2 SO4 concentration result in the equation,
d[H2 SO4 ]
= k1 GlobRad[SO2 ]+k2 [O3 ][Alkene][SO2 ]−CS[H2 SO4 ]−k3 [H2 SO4 ]2
dt
(5)
Assuming steady state, equal rates of sources and sinks, 5 gives the H2 SO4
concentration.

CS
+
[H2 SO4 ] = −
2k3

"

CS
2k3

2

# 21
[SO2 ]
+
(k1 GlobRad + k2 [O3 ][Alkene])
(6)
k3

The fitting constant k1 , k2 and k3 have been derived for each location studied
by Dada et al. [2020]. The location of Hyytiälä in south Finland in a semipristine boreal forest, represents the most similar environment to Värriö and
are therefore used in this study. The values of the fitting coefficients are
given in Table 1.
Table 1: Values of the fitting coefficients used for H2 SO4 calculations.
Location
Hyytiälä

k1 (10−82 W−1 s−1 )
0.85

k2 (10−29 cm6 s−1 ) k3 (10−9 cm3 s−1 )
6.10
4.26

The CS in equation 6 was calculated trough the equation according to Kulmala et al. [2012]
dp max

Z
CS = 4πD
0

′

′

′

βm (dp )dp Nd′p ddp = 4πD

X

′

βm,d′p dp Nd′p

(7)

d′p

Where dp is the particle diameter and Ndp is the particle number concentration. D is the diffusion coefficient of the condensing vapour which was set to
0.07, determined from figure 3 in article by Brus et al. [2017]. βm is the beta
parameter which was calculated by the equation,
βm =

1 + Kn
1 + 1.677Kn + 1.333Kn2
11

(8)

, which is dependent on the gas
The Knudsen number is defined as Kn = 2λ
dp
mean free path, λ, and the particle length. The particle length corresponds
to the particle’s diameter and the gas mean free path was set to a constant
value of 66 nm, corresponding to the value of an air molecule. The gas mean
free path is dependent on temperature and pressure, however due to small
variations for Värriö, using a fixed number is seen as a valid approximation.
In Värriö temperatures varies between -15 ℃ and +10/15 ℃ , corresponding to a 10% change in absolute temperature. Small variations also applies
to the pressure, ranging between 940-970 hPa. Resultingly a maximum of
10% difference in the Knudsen number is expected, and hence it is seen as
acceptable to assign it the constant value of 66 nm.
The output of H2 SO4 concentrations are in ppb since SO2 have units of ppb.
To aid understanding, the H2 SO4 concentrations are converted from ppb to
cm−3 , using the ideal gas law. The pressure is approximated to 945 hPa and
for temperature 275 K is used.

2.4

Meteorology

For the meteorological parameters the data is provided by FMI. Daily measurements of precipitation amount, snow depth, air temperature, and daily
maximum/minimum air temperatures for the years 1975-2021 are included
in the study.
Official daily precipitation and snow depth are measured manually once a
day at 06:00 UTC by a rain gauge and a snow stick. Precipitation is given
in mm and in case of snowfall given in water equivalents. Snow depth is
measured in cm.
The average daily temperature is based on four or eight observations per day.
Maximum and minimum daily temperature is the highest and lowest respective temperature measured during two periods of 12 hours, i.e. between 8
p.m. previous evening and 8 p.m. this evening (9 p.m. - 9 p.m during summertime)[FMI, b]. The air temperature is measured by a platinum resistance
thermometer (Pt-100). Before 2002 the temperature was measured manually
by a manual thermometer.
12

For the data provided by FMI, data availability is not provided. However
values of -1 means no rain/snow, and 0 means, less than 0.1mm of rain/snow.
In processing of data the value of -1 are removed. Analysis of the meteorological parameters include time-series analysis with fitted trend line and
seasonal behaviour for five decades, where the data is monthly averaged. The
trend line is added to ease visual understanding. For the precipitation the
sum is taken instead of averages to better visualise overall patterns and seasonal behaviour. Yearly snow cover days was calculated through summing
up the number of days with a snow depth larger than 0.1 cm, which is the detection limit. Heat sum is calculated by summing up the daily temperatures
of a year, but only for daily temperatures above five degrees. The MannKendall non-parametric trend test, where the significance level was set to 95
%, was used to test for statistical significance for the meteorological variables.

2.5

Biology

The data for grouses, shorebirds and cavity-nesters are provided from the
Värriö research station. Counting of the grouses is done by visually spotting
them when following a track that is walked three times a year. The walking path only follows from inside the nature park, minimising the influence
of wood harvesting and other human influences. The bird species and the
count of each species are noted. The grouses that has been accounted for
are Western capercaillie, Black grouse, Willow ptarmigan and Hazel grouse.
Name of the species in English, Finnish and Latin are given in Table 2.
Table 2: Grouses from the Värriö area included in this study. The name for
each species is given in English, Finnish and Latin.
English
Finnish
Western capercaillie Metso
Black grouse
Teeri
Willow ptarmigan
Riekko
Hazel grouse
Pyy

Latin
Tetrao urogallus
Lyrurus tetrix
Lagopus lagopus
Tetrastes bonasia

In addition to the grouses, the shorebirds are counted separately. The data
13

is collected by 6-7 persons walking on a sparse line over the five Värriö fells,
and back. The bird species and number are visually identified and noted.
The data is limited to the Värriö fells and hence only valid for this area. Due
to the walk occurring only once a year, detailed analysis is limited. However
it can be used to obtain indications of the populations. The species for the
shorebirds accounted for are given in Table 3.
Table 3: Shorebirds present in the Värriö area included in this study. The
name for each species is given in English, Finnish and Latin.
English
Finnish
Eurasian dotterel
Keräkurmitsa
European golden-plover Kapustarinta
Whimbrel
Pikkukuovi

Latin
Charadrius morinellus
Pluvialis apricaria
Numenius phaeopus

Three species of cavity-nesters have been included. There are roughly 380
nests that belong to Värriö research station, that are situated both inside
and outside the restrictive area. The nest are checked a few times a week for
the first laid egg. The data provides the date of first observed egg, which is
an average of all nests for that particular species of bird. The names of the
cavity-nesters included, are given in English, Finnish and Latin in Table 4.
Table 4: Species of cavity-nesters included in the study. Bird names are
given in English, Finnish and Latin.
English
Great tit
Common Redstart
European pied flycatcher

Finnish
Talitiainen
Leppälintu
Kirjosieppo

Latin
Parus major
Phoenicurus phoenicurus
Ficedula hypoleuca

Data for the grouses are provided from year 1985 and the shorebirds from
year 1993. For the cavity-nesters the data includes the year 1971 to 2021.
Analysis of the birds are done through a time-series analysis for all the years,
and adding a linear fit. Data of birch (Betula) is collected by visual observations at or around the Värriö research station. Date of birch leaves bursting
and date of fully developed birch leaves are provided for each year from 1981
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to 2021. All the biological variables were tested for statistical significance.
It was done with the use of the Mann-Kendall non-parametric trend test,
where the significance level was set to 95 %.

3
3.1

Results
Gases ans Aerosols

First analysed is the group related to the atmosphere. Thus analysed are
the atmospheric gases CO, NOx , O3 , SO2 and H2 SO4 . Also, particle concentration and the particle size distributions are analysed. All the parameters
are firstly analysed from a long-term perspective, and then from a seasonal
perspective.
3.1.1

Long-term Trends

Analysis of the long-term trends is made for the atmospheric gases CO, NOx
and O3 from years 2010, 1998 and 1992 until 2021 respectively. Figure 2
presents monthly averages in ppb together with a trend line, a linear fit, for
the atmospheric gases. A linear behaviour is not expected but added to ease
understanding for the reader and aid seeing average trends.
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Figure 2: Concentrations of CO (red), NOx (blue) and O3 (light blue) in ppb.
Concentrations are in monthly averages and start from the year 2010, 1998 and
1992 for the different gases, respectively, until the year 2021. All curves are fitted
with a linear trend in pink.

Figure 2 reveals that for CO and NOx a decreasing trend is apparent while O3
displays an increasing long-term trend. The average decrease of CO is -1.62
ppb/ year, and the overall concentrations ranges between approximately 70
and 230 ppb. The extreme values of late 2021 could be due to measurements
error, and are not considered trustworthy without further investigation. NOx
concentrations ranges from 0 to 1.3 ppb and the yearly decrease in the concentration is -0.01 ppb/year. For O3 the yearly increase is 0.33 ppb/year,
and the overall concentrations are between 6 and 50 ppb. During the period
year 1992- 2002, O3 concentrations does not follow the same pattern as for
the later years. The concentration appears to be nearly constant. Further
investigation would be needed to determine if it is due to instrument change,
measurement method or instrument failure. The trends for all the gases are
statistically significant, within a 95 % confidence interval.
The two additional atmospheric gases SO2 and H2 SO4 are displayed in Figure
3, which covers the years until 2021, starting from 1992 for SO2 and from
1998 for H2 SO4 . Furthermore, the SO2 is given in ppb while the H2 SO4 is
given in cm−3 . The data is monthly averaged over the time-period and is
fitted with a linear trend line.
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Figure 3: Concentrations of SO2 in ppb, in blue, and H2 SO4 in /cm−3 , in red.
Both curves are fitted with a linear trend in pink. Concentrations are in monthly
averages and cover the years 1992-2021 for SO2 and 1998-2021 for H2 SO4 .

As seen from Figure 3, both SO2 and H2 SO4 show a decreasing trend. The
monthly averaged SO2 concentrations vary between close to 0 and almost
4 ppb. The linear trend reveals a yearly statistically significant decrease
of -0.015 ppb, leading to a total decrease of -0.43 ppb for the 29 years. A
decrease in SO2 , as observed, implies also a decrease of H2 SO4 , for which
the concentrations of H2 SO4 varies between close to 0 and 20·105 cm−3 .
The yearly decrease equals -2.27 ·104 cm−3 , which gives a total decrease of
-52.2·104 cm−3 for the 23 years 1998-2021. The decreasing trend for H2 SO4 is
statistically significant within a 95% confidence interval. Since fluctuations
are present both in the data for SO2 and the global radiation (giving negative values) the outcome of the proxy gave on a few occasions an imaginary
number. Visualised in Figure 3 are only the real values of the proxy output.
Negative or imaginary concentrations of H2 SO4 have been excluded. The
values are due to fluctuations close to detection limit of the instrument for
global radiation and SO2 which affects the proxy calculations. The exclusion
of imaginary and negative numbers will result in minor errors of the H2 SO4
concentrations.
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Values of condensation sink in s−1 (green) and global radiation in
Wm−2 (blue). Both plots are fitted with a linear trend in pink. Variables are
monthly averages and cover the years 1998-2021.

Figure 4:

Global radiation and condensation sink (CS) are included in H2 SO4 -proxy
calculations, and therefore also visualised in Figure 4. CS show a decreasing
statistically significant trend (within a 95% confidence interval). For the
period 1998 to 2021 the decrease is -0.002 s−1 , which equals a yearly decrease
of -6.8·10−6 s−1 . Average values of CS ranges between 0.001 and 0.01 s−1 .
Global radiation is rather constant over time but show a minor decreasing
yearly trend of -0.4 Wm−2 , leading to a total decrease of -8.1 Wm−2 for
1998-2021. The trend is not statistically significant. Average values ranges
from 0 to 240 Wm−2 . The periodicity of global radiation includes high values
during summer and low values during winter.
3.1.2

Seasonal Trends

In addition to the long-term trend observations, the seasonal behaviour for
all the atmospheric gases was investigated. The data for each variable was
divided into three decades, 1992-2001, 2002-2011 and 2012-2021, and plotted
for each month to see if the decades showed similar behaviour or had large
variations. For CO the data only included two decades, 2002-2011 and 20122021.
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Figure 5: Seasonal CO concentrations in ppb from 2010 to 2021. The CO concentrations are divided into the decades 2002-2011 (blue) and 2012-2021 (green)

Firstly for CO, in Figure 5, the highest concentrations of CO are found during
the winter period (referring primarily to the months December, January and
February) with a peak in February. The lowest concentrations are found
during the summer months (referring primarily to the months June, July and
August). The seasonal behaviour is the same for both the decades. During
the beginning of the year, until July, the later decade 2012-2021 have clearly
lower values. For the remainder of the year the highest values alternates
between the two decades.
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Figure 6: Seasonal plot of NOx concentrations in ppb from 1998 to 2021. The
NOx concentrations are divided into the decades 1998-2001 (yellow), 2002-2011
(blue) and 2012-2021 (green)

Displaying the seasonal behaviour of NOx (Figure 6) reveals decreasing trends
until June which have the lowest concentrations of all the months for all the
decades. Until June the decade 2002-2011 has the highest values while from
September the earliest decade 1998-2001 has the highest values.
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Figure 7: Seasonal plot of O3 concentrations in ppb from 1998 to 2021. The O3
concentrations are divided into the decades 1998-2001 (yellow), 2002-2011 (blue)
and 2012-2021 (green)

Figure 7 of O3 shows a clear seasonal behaviour where the concentrations are
increasing from October until April during which the concentration peaks, except for the decade 1992-2001 which peaks in March. After peaking, the concentration drops and reaches minimum values during August for the decades
1992-2001 and 2002-2011, and during October for the decade 2012-2021. The
concentration during the first decade, 1992-2001, are much lower compared
to later decades. This corresponds well to the low concentrations observed
in Figure 2 of long-term trends. The exceptionally low concentration of the
first decade raise suspicion of error in the data.
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Figure 8: Seasonal plot of SO2 concentrations in ppb from 1992 to 2021. The SO2
concentrations are divided into the decades 1998-2001 (yellow), 2002-2011 (blue)
and 2012-2021 (green)

Also the SO2 shows a clear seasonal behaviour. Overall concentrations are
decreasing between the decades, where lowest values are found for the most
recent decade, see Figure 8. The summer months, June until August, have
overall lower values than the winter months. Concentration is lowest in
August and September, and highest during the beginning of the year in
January, February and March.
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Figure 9: Seasonal plot of H2 SO4 concentrations in cm−3 from 1998 to 2021. The
H2 SO4 concentrations are divided into the decades 1998-2001 (yellow), 2002-2011
(blue) and 2012-2021 (green)

Last is the seasonality of H2 SO4 , in Figure 9. As seen, the concentrations
show a clear decrease throughout the decades, where the greatest difference
is observed for the months January until September. For September to December the difference between the decades is less. For the oldest decade,
1998-2001 the peak concentration is found for June, which shifts to April
and then May for the later decades. The concentrations are lowest during
December and January.

3.1.3

Aerosols

As described earlier it is not only of interest to look at the different types of
atmospheric gases, but also concentrations of different sized particles. Hence
the particle size distribution of particle sizes from 4 nm to 1000 nm were
studied. The particles were classified into four size intervals including all
particle sizes, particles between 4 and 20 nm, particles between 50 and 100
nm, and lastly particles with a size above 100 nm.
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Figure 10: Monthly particle concentration for the years 1998-2021 given in cm−3 .
The different parameters in the figure are particles of all sizes (blue), 4-20 nm
(yellow), 50-100 nm (purple) and larger than 100 nm (green), from top to bottom.
All the particle sizes are fitted with a linear trend line (pink).

The top graph in Figure 10, depicts total concentration of all particles in
the size range of 4 to 1000 nm. A clear yearly pattern is seen, where the
concentrations are highest during the summer and lowest during the winter
months. The overall particle concentration varies between around 150 cm−3
and around 2200 cm−3 . For the year of 2005 all particle concentrations are
zero. These are faulty values and due to instrument failure or something
similar. Looking at the second graph in figure 10, particles between 4-20 nm,
shown concentration ranging from just above 0 to around 400 cm−3 . The
minimums are found for the winter months while the peaks are found during
Spring.
Similar to the smallest particles, the middle sized particle concentrations,
50-100 nm, show similar patterns. The peak concentrations occur during
the summer and the troughs during winter. Overall concentrations ranges
between 30 and above 550 cm−3 . Looking at the largest particles, these likewise follow the earlier patterns. Peaks are observed in summer and troughs
in late fall and winter. The overall concentrations for the largest particles
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varies between around 40 to 700 cm−3 . On a few occasions the concentration
is 0, and is also 0 for the year 2005 as earlier mentioned, which are faulty
values.
Together with the long-term trends, also the seasonal patterns was studied.
The seasonal plots were divided into the same decades as for the atmospheric
gases, years 1998-2001, 2002-2011 and 2012-2021. The seasonal plots for all
the separate particle concentrations are found in Appendix A, Figure 27- 30.
Figure 27 show a clear increase of total particle concentration during the first
half of the year (January-June), that decreases during the second half of the
year. Looking at the other particle sizes, the overall pattern is less smooth
and rather have a single clear peaking month. For the smallest particles, 4-20
nm in Figure 28, concentration have a distinct peak in April for the later two
decades and in May for the earliest decade. Remaining part of the year, the
concentration decreases except for a small increase in September/ October.
The middle sized particles, Figure 29, peak in June and July and reach minimum concentrations between the months November to January. Similarly,
the largest particles, in Figure 30, also reaches maximum concentration during June and July. In contrast to the later decades, the earliest decade for
the largest particles show two distinctive dips in May and August, which is
not found for the later two decades. Lastly, excluding the particle sizes 4-20
nm, the concentrations of remaining particle sizes appear to have a general
pattern where the highest concentrations are found for the earliest decade
1998-2001 followed by the decade 2012-2021 and the lowest concentrations are
found for 2002-2011. For the smallest particle sizes the most recent decade
2012-2021 have the highest concentrations for the majority of the months,
followed by the decade 2002-2011 while the decade 1998-2001 have the lowest
concentrations for the vast majority of the months.
The three categories, including all sized particles, particles 50-100 nm and
particles larger than 100 nm, all show a decreasing trend between the years
1998 and 2021 (Figure 27, 29 and 30). The yearly trends are -5.45, -2.19
and -4.35 cm−3 for each of the categories respectively. The smallest particle
category, for particles 4-20 nm, is the only category showing an increasing
long-term trend, see Figure 28. The annual increase equals 1.62 cm−3 . None
of the long-term trends have been found to be statistical significant.
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Figure 11: Particle size distribution in nm given in cm−3 . The years included
1998 to 2021, are divided into the decades 1998-2001 (blue), 2002-2011 (orange)
and 20012-2021 (green).

Shown for the particle size distribution in Figure 11, is a similar pattern
for all three decades. The concentration of the smallest particles increases
rapidly and reach maximum for particles around 50 nm. For particles larger
than 50 nm the concentration decreases, where the slope of decline is different depending on the decade. Concentration is highest for the most recent
decade for particles smaller than 20 nm. For particles larger than 50 nm, the
decade 1998-2001 have highest concentrations followed by decade 2002-2011,
and decade 2012-2021.
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(a)

(b)

(c)

Figure 12: Particle number size distribution throughout the course of a day,
for years 1998 to 2001 (a), years 2002 to 2011 (b), and years 2012 to 2021
(c). Color bar indicating particle concentration in cm−3 .

In Figure 12, the hourly averaged particle concentration is shown for the three
different decades 1998-2001, 2002-2011 and 2012-2021. A clear differences
can be seen between the first decade, 1998-2001, and the two later decades,
2002-2011 and 2012-2021. Particles in the size range of about 30 to 130
nm decreases drastically between the earlier to the two later decades. The
difference between the two later decades is minimal. The years included
in the decades is the major reason for the contrast of the earliest decade
compared to the later two decades. The earliest decade only contains data
for three years, 1998-2001, while the other two contains data for ten full
years.
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(a)

(b)

Figure 13: Particle number size distribution throughout the course of a day.
The particle concentration is the difference between the decades 1998-2001
and 2012-2021 (a), and between the decades 2002-2011 and 2012-2021 (b).
Color bar indicating particle concentration in cm−3 .
Figure 13 show the difference in particle number size distribution between
two decades. A clear increase of small particles, and decrease of large particles is seen between the decades 1998-2001 and 2012-2021, see Figure 13a.
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Same pattern is also seen in figure 13b, which show the particle number size
distribution difference between the decades 2002-2011 and 2012-2021. The
increase and decline of particles is greater for the earlier decade difference. As
mentioned earlier, the first decade 1998-2001 is not a full decade which influences the result. Overall, results show that the large particles have decreased
in the long-term, while the small particles have increased.

3.2

Meteorology

The seconds group to be studied is the meteorological group which includes
the variables air temperature, snow depth and snow cover days, and precipitation amount. As previous, the long-term trend will be analysed together
with seasonal behaviour. In addition, for this group, temperature and precipitation will be studied for each month over the course of a year separately.
3.2.1

Long-term Trends

Figure 14: Temperature in ℃ (red) and snow in cm (light blue) presented as
monthly averages from 1975 to 2021. Precipitation in mm (blue) presented as
monthly sum for the years 1975-2021. A linear trend line is added to all the
variables (pink).

Temperature shows a clear increasing trend between the years of 1975 and
2021. A clear seasonal pattern is observed with warmer temperature during
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the middle of the year and colder temperatures during the beginning and
end of each year. Overall, the monthly averaged temperatures range from
-15 ℃ and +15 ℃(Figure 14). Addition of a linear fit to the monthly averaged data, it shows a yearly temperature increase of 0.1 ℃/year, which
corresponds to an increase of 2.4 ℃ over the total time span. The temperature increase is marginal statistically significant (with a confidence interval
of 94%). A clearer visualisation of the temperature increase, can be seen
from the yearly averaged temperature in Figure 31 in Appendix B. The maximum and minimum temperatures were also looked at in order to see the
temperature increase for them separately, see Appendix B Figure 32. The
temperature increase for the maximum temperature corresponded to 2.4 ℃
for all the years, while the minimum temperature corresponded to a temperature increase of 2.6 ℃.
In contrary to temperature, the monthly averaged snow depth show a decreasing trend for the years 1975-2021. For the whole period, the snow depth
accounts for a decrease of 1.9 cm, corresponding to a yearly decrease of 0.04
cm. The yearly variations of snow depth are between 0 and approximately
90 cm. Snow depth is not statistically significant for the time-period. Timeseries of all precipitation amount (Figure 14) show monthly sums varying
between 0 and roughly 180 mm. With a linear fit, a yearly increase of 0.1
mm is observed, which gives a total increase of 4.9 mm for all the years.
The variable precipitation is not statistically significant over the years, and
is highly fluctuating. The long-term trend is visualised as yearly sums in
Figure 31 in Appendix B, for easier understanding.
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Figure 15: Yearly snow covered days for the years 1975 to 2021, together with a
linear trend line.

Snow cover days are visualised in Figure 15. The number of snow cover days
is statistically declining, and have between the years 1975 and 2021 decreased
with roughly three weeks. Snow cover days have declined from roughly 227
days to 205 days over the time-period 1975-2021.

Figure 16: Day of the year with deepest snow depth, for the years 1975 to 2021.
Figure 16 show the day of each year with deepest snow depth, for the years
32

1975 to 2021. The date varies greatly between the years and no clear trend
can be found. For all years the day of deepest snow occur during either
February (3 out of the 47 years), March (28 out of the 47 years), or April
(16 out of the 47 years). The earliest date recorded of deepest snow is 16
February (in 1976) and the latest date is 28 of April (in 2018).

Figure 17: Heat sum in degree ℃ days (blue) together with a linear trend (pink).
Calculated from daily averaged temperatures from 1975 to 2021.

Heat sum ranges between roughly 500 and 1000 ℃ days. Heat sum has increased from 513 ℃ days in 1975 to 810 ℃ days in 2021. The linear fit
displays an increase of 247 ℃ days over the time-span 1975 to 2021. The
positive trend is statistically significant for all years.

3.2.2

Seasonal Trends

The Meteorological variables, temperature, snow depth and precipitation,
were divided into decades and then plotted as monthly averages for every
month of the year to display seasonal behaviour. The data was divided
into the decades of 1975-1981, 1982-1991, 1992-2001, 2002-2011, 2012-2021.
First plotted is the data for temperature followed by snow depth and lastly
precipitation.
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Figure 18: Seasonal plot of air temperature, for the years 1975-2021 given in
℃. The temperature is divided into the decades 1975-1981 (red), 1982-1991 (light
blue), 1992-2001 (yellow), 2002-2011 (blue) and 2012-2021 (green).

The temperatures displayed for for the course of a year, in Figure 18, show
a clear seasonal behaviour with highest temperatures in July and lowest
temperatures during January and February, as expected. For July, all the
decades are aligned after each other where warmest July temperature is found
for the latest decade 2012-2021 and the coldest July temperature is found
for the decade 1975-1981. The latest two decades, 2002-2011 and 2012-2021,
have the highest values of all decades for all months except January and
February (only January for decade 2012-2021).
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Figure 19: Seasonal plot of snow depth in cm, for the years 1975-2021 given in
cm. The data is divided into the decades 1975-1981 (red), 1982-1991 (light blue),
1992-2001 (yellow), 2002-2011 (blue) and 2012-2021 (green).

Continuing with snow depth, it shows that the greatest depth varies between
March and April depending on the decade. The soil is exposed from June
until September when snow again begins to fall and accumulate. Decade
2002-2011 has the lowest snow depth out of all the five decades. It appears
that for the snow depth a pattern can be detected, where a decade of less
snow is followed with a decade of greater snow amount, although not yet
validated.
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Figure 20: Seasonal plot of precipitation amount, for the years 1975-2021 given
in mm. The precipitation is divided into the decades 1975-1981 (red), 1982-1991
(light blue), 1992-2001 (yellow), 2002-2011 (blue) and 2012-2021 (green).

Last of the variables is precipitation, which is highest during the summer
months and lowest during the winter months (Figure 20). However the variations are large and there is no clear increase or decrease between the decades.
Snow during the winter is represented through snow water equivalents.
3.2.3

Monthly Trends

In addition to seasonal behaviour, trends in monthly mean temperature and
precipitation were investigated, see Figure 21 and 22. This aids to conclude
if the observed temperature increase was stronger during some part of the
year or evenly distributed over the whole year. Only minimal change of
precipitation was found for the whole time span. Studying monthly mean
precipitation and their trends separately can indicate if the precipitation type
has changed, although the total amount is the same.
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Figure 21: Air temperature together with a linear fit for each month separately.
Years included are 1975 to 2021 and temperature is given in ℃.

The strongest temperature increase has occurred during November and December with a total change of +2.9 ℃ and +4.8 ℃ respectively during the
whole period from 1975 to 2021 , see Appendix B Table 5. The smallest
temperature change belongs to May followed by March, with a change of
+1.21 ℃ and +1.23 respectively ℃.
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Figure 22: Precipitation together with a linear fit for each month separately.
Years included are 1975 to 2021 and precipitation is given in mm.

Precipitation of each month, for 1975-2021, show a decrease during July,
September and November, see Appendix B Table 6. November stands for
the largest decrease with -6.3 mm for the whole time span. For the remainder of the months precipitation have increased where greatest changes have
been for the months February and October, although not yet proven statistically significant.
While the months of largest increase are February and October, where the
majority of the precipitation is likely snow, the long-term trend still shows a
decrease in snow cover. In addition, all months from December until April
indicate increasing precipitation. Since the snow cover is decreasing this
could indicate that the precipitation falling is more often falling as liquid rain.
It could also indicate that the properties of the snow falling are changing.

3.3

Biology

The last climate group to be investigated is the biological group. Included
in this group are populations of grouses (tetraonini) covering three species,
shorebirds (charadriiformes ) covering four different bird species and cavitynesters covering three different species. The bird populations and egg date
are analysed in a long-term perspective, with an added trend line. A linear
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behaviour is not necessarily expected but is added to aid understanding of
average trends.
3.3.1

Grouses

The grouses consists of the four bird species Western capercaillie (Tetrao
urogallus), Black Grouse (Lyrurus tetrix), Willow Ptarmigan (Lagopus lagopus), and the Hazel Grouse (Tetrastes bonasia), which have been studied
from 1985 until present days. The long-term trends for the grouses are presented in Figure 23.

Figure 23: Yearly grouse populations, in bird count, with a fitted linear trend line
for the years 1985 to 2021. Grouses included; Western capercaillie (purple), Black
grouse (green), Willow ptarmigan (blue) and the Hazel grouse (red) from top to
bottom.

For all species part of the grouses, three out of four species show the highest
count for year 2003. For the Western capercaillie the year 2003 does not correspond to the highest count, although it is amongst the four extreme values
(Figure 23). The Western capercaillie and the Willow ptarmigan show a clear
increasing and decreasing trend respectively. Observed is also a periodicity
where a high bird count is seen for every second year. This is most apparent
for the Western capercaillie. The two bird species, the Western capercaillie
and Willow ptarmigan, have the highest overall average bird count. For the
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Hazel grouse and the Black grouse no clear trend is observed. None of the
trends for the grouses show a statistical significance (with 95% confidence
interval).
3.3.2

Shorebirds

For the shorebirds (charadriiformes), included are the three species Eurasian
dotterel (Charadrius morinellus), European golden-plover (Pluvialis apricaria), and the Whimbrel (Numenius phaeopus). Similarly to the grouses,
the shorebirds are studied in a long-term perspective. The shorebirds have
been observed from 1993 to 2021.

Figure 24: Yearly shorebird populations, in bird count, with a fitted linear trend
line for the years 1993 to 2021. Shorebird species included; Eurasian dotterel
(purple), European golden-plover (green) and the Whimbrel (blue) from top to
bottom.

Trends are found for all the shorebirds, see Figure 24. A strong increasing
trend is found for the European golden-plover. Also the population trend for
the Whimbrel is increasing, while it is decreasing for the Eurasian dotterel.
Similar to the grouses, a periodicity is observed where the general pattern
is high bird count every second year. Most obvious is the periodicity for
the European golden plover. The trends found for the shorebirds are all
statistically significant within a 95% confidence interval.
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3.3.3

Cavity-Nesters

The caity-nesters consists of the three bird species Great tit (Parus major),
Common Redstart (Phoenicurus phoenicurus), and European pied flycatcher
(Ficedula hypoleuca) which have been studied from 1971 until 2021. The
long-term trends for the cavity-nesters are presented in Figure 25.

Figure 25: Yearly averaged date of first observed egg for three species of cavitynesters. The species are Great tit, Common Redstart, and European pied flycatcher, from top to bottom. A linear trend line is added. The years 1971 to 2021
are included.

For all cavity-nesters the inter-annual variation is large. The Great tit show a
decreasing long-term trend, the first egg is observed at an earlier date (Figure
25. The Common redstart show an increasing trend, while the long-term
trend for the European pied flycatcher is almost constant. There appears to
be some patterns for the bird species, however not validated. None of the
trends for the cavity-nesters are statistically significant.
3.3.4

Birch leaves

Birch leaves is the last biological parameter investigated. The date of when
the birch leaves are beginning to burst is plotted for the years 1981 to 2021.
Additionally, the date of observed fully developed birch leaves is plotted for
the same time-period.
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Figure 26: Date of birch leaves bursting in the top graph (light green), and the
date of fully developed leaves (dark green). The data covers the years 1981 to
2021. A linear trend line is added to both variables.

The birch leave data, in Figure 26, show the date of leave burst and fully
developed leaves. Both variables have a decreasing trend, equals to leave
burst and developed leaves are observed at an earlier date. However, the
decreasing trend is not statistically significant for either of the variables. For
both the leave burst and developed leaves, the inter-annual variation is large.

4
4.1

Discussion
Gases ans Aerosols

As mentioned, previously measured tropospheric concentrations of ground
level O3 commonly ranges from 20-60 ppb, while rural concentrations of NOx
are approximately 1 ppb and SO2 concentrations range between 0.020 ppb
to 1 ppb. The observed gas concentrations in this study all fall into these
concentration intervals except SO2 with a few peaks of monthly averaged
values reaching almost 4 ppb, see Figure 3. Also the monthly averaged CO
concentrations between 2010-2021, ranging from 70 to 230 ppb, are within
the general tropospheric mixing ratios of 40-200 ppb, see Figure 2.
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For O3 , Vingarzan [2004] found background O3 concentrations in modern
days (around year 2004) to range from 20-45 ppb, which is agreement with
what is found in this study. Further, Vingarzan [2004] reports peaks in O3
concentrations during May for the northern hemisphere. However the peak
in May shift somewhat depending on latitude and longitude. In this study,
the peak concentrations are found in April and May, where the one month
shift could be due to the latitude difference or differences in local conditions
and measurement height. Further, our findings are in full agreement with
another study made by Jokinen et al. [2022] looking at O3 . Jokinen et al.
[2022] found O3 mixing ratios at Värriö in 2019 to be approximately 55 ppb
in April, that decreased to 30 ppb for the late summer and autumn season. The cause of the high springtime concentrations are described to be
due to photochemical activity in the presence of NOx that produces ozone
in springtime. Comparing Figure 7 and Figure 6 there is a shift of peaking
concentrations, where O3 peaks at later times than NOx . O3 production is
dependent on solar radiation and NOx , CO and VOC’s acting as precursors.
The reason for the later peak of O3 is undecided since the formation rate
of O3 is a result of all sources and sinks. Speculating, part of the decrease
in NOx concentrations observed in April and May (see Figure 6) could be
due to formation of O3 during these months. However, the decreasing NOx
during spring is mainly explained by increasing boundary layer height.
Besides NOx , also CO, O3 and SO2 concentrations are higher during the beginning and end of the year, and lowest concentrations during the middle
of the year (Figure 5, 7 and 8). The atmospheric boundary layer height is
lower during the winter and higher during summer since dependent on air
temperature [Chan and Wood, 2013, Seidel et al., 2012]. The increase of the
boundary layer height, as a result of warm summer temperatures, dilutes the
gases and the concentrations of the short-lived trace gases decreases. This
is most likely the cause for the observed lower concentrations of the studied
gases during the summer. During the summer the atmosphere is less stable
and causes turbulent mixing which additionally contributes to the dilution
of gases during the summer [Chan and Wood, 2013].
Similarly to SO2 , CO and NOx in the atmosphere are mainly due to primary
emissions. The decrease of CO and NOx is thus most likely linked to decreasing anthropogenic emissions. H2 SO4 and O3 , on the contrary are dependent
on photochemistry for formation. O3 production is dependent on NOx , CO
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and VOC in the atmosphere. While NOx and CO have decreased, warmer
temperatures resulting in more VOC emissions can aid the O3 production,
which could thus be one of the contributor to the increased O3 levels (Figure
2).
Decreasing SO2 concentrations are reflected to H2 SO4 concentrations, see
Figure 3. The decrease of SO2 concentration is well established by eg Kyrö et al.
[2014] and Sipilä et al. [2021], and is the result of the decrease of emissions
from the Kola peninsula during the last decades. H2 SO4 is formed where
either SO2 or VOC’s are included in the reaction. However since the H2 SO4
show a clear decreasing trend similar to the trend of SO2 , it appears that in
the Värriö region the H2 SO4 production is mostly dependent on the availability of SO2 , where the VOC concentrations only play a minor role. This is most
likely valid also since the VOC concentrations are low in the Värriö region.
However, since VOC’s are not included in the H2 SO4 -proxy calculations, no
conclusions can be drawn regarding the role of VOC in the H2 SO4 production in current days. Increasing temperature and tree activity could result
in long-term increase of VOC emissions, which could then come to play a
bigger role for the H2 SO4 production.
In the proxy calculations of H2 SO4 concentrations, one of the terms included is the Criegee intermediates reactions, Equation 5. This is a term
contributing to the H2 SO4 formation, Eq. 5. VOC’s are not measured at the
Värriö station and the concentrations are generally low, and therefore this
term is neglected in the proxy calculations. This adds to the uncertainty in
the H2 SO4 concentrations, however whether it results in over- or underestimation is not assured. The fitting coefficients are calculated for Hyytiälä in
southern Finland but represents a pristine boreal forest. These conditions are
the most similar to the Värriö conditions, although not exact, and therefore
also contributes to uncertainty in the proxy calculations. These assumptions
can result in both under- and overestimation of the H2 SO4 concentration,
and thus a complete error estimation is difficult to make
Looking at the trends for SO2 and H2 SO4 concentrations in Figure 3 it can
be observed that the relative decline in H2 SO4 concentration is larger than
for SO2 . The smaller decline for SO2 is mainly due to the additional years
included in the SO2 for which the emissions are more stable at lower rates.
Hence, the decline is significantly smaller for the first years than the more
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recent years. Excluding the earlier years in the SO2 gave a steeper decreasing
trend compared to including all years. However, considering the global radiation only being measured during summer time for the years 1992-1997 it was
not seen as credible to include these years in the H2 SO4 proxy calculations.
For the seasonal behaviour of the SO2 , the concentration reaches minimum
during the middle of the year, see Figure8. The seasonal behaviour of H2 SO4
concentration show peaks during the spring/ summer months, see Figure 9.
The dilution of gases due to increasing boundary layer height naturally also
affects the H2 SO4 . However since the formation of H2 SO4 is dependent on
solar radiation it is most efficient during the spring/summer months when
the solar radiation intensity is highest. Hence, even tough the concentration of SO2 is highest during winter time, the conditions for efficient H2 SO4
formation are not fulfilled due to the lack of solar radiation. Differences in
concentration of H2 SO4 between the decades is less during the end of the
year compared to the beginning of the year (Figure 9). A possibility is that
during the darkest months the proxy is not as accurate due to lack of incoming solar radiation.
The majority of the atmospheric gases included in this study are observations made from 1998 to 2021. The earliest decade in the seasonal figures,
Figure 5 to 9, hence only includes data for three years, and not ten. This
could induce error in the decade 1998-2001. Direct comparisons to the other
two full decades could thereby result in minor errors. This is also true for
CO for which data is only available for 2010 onward, and hence the decade
2002-2011 is not complete.
When the SO2 and H2 SO4 concentrations are decreasing so should also NPF.
All particles in the range 4-1000 nm are dependent on NPF and should therefore decrease with decreasing H2 SO4 . However, the particles in the size range
of 4-20 nm show an increasing long-term trend, see Figure 10. The survival
probability of the smallest particles are strongly dependent on the coagulation sink. The coagulation sink is proportional to the CS, which show a
decreasing long-term trend (Figure 4). The survival rate of particles, depending on CS, decides if particles can survive to grow to create NPF. Since CS is
decreasing, the survival probability of the smallest particles improves. The
increased survival probability is most likely larger than the production loss
due to decreasing H2 SO4 concentration, resulting in increasing trend for the
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smallest particles (Figure 10). conclusively, decreased H2 SO4 concentrations
should reduce NPF. On the contrary, increased VOC emissions, via increased
temperature and longer growth season, could increase NPF. Lower CS will
reduce the sink term for H2 SO4 , providing better changes for NPF. Particle concentration will thus be dependent on the joint effect of the these terms.
Warm temperatures and high solar radiation intensity result in long active
periods of the forest and vegetation. Warmer temperatures increases most
VOC emissions from vegetation [Penuelas and Llusia, 2001]. Resultingly, the
vegetation could be expected to emit VOCs for a longer time as the active
season is extended. In turn, more NPF events would be expected from the
increased total emission, which would give rise to a shift in particles present,
from smaller aerosols to larger organic particles. However, since all particles
larger than 20 nm are decreasing (Figure 10) they are in present days dominantly affected by the decreasing H2 SO4 concentration. When the H2 SO4
concentration is decreasing, it also decreases the availability of the larger
particles to condense on the H2 SO4 particles. In the future, if the SO2 and
H2 SO4 concentrations continues to decrease, and the organic emissions increases as a result of warmer the temperature, the organic emissions will be
dominating the NPF.
Lastly, SO2 plays a role in clod formation by being a precursor to NPF.
With continuously decreasing SO2 concentration, also the number of larger
particles will continue to decline. This can potentially result in darker and
more short-lived clouds. It could also slightly increasing the cooling effect, as
low level clouds are seen to have a net warming effect since they block heat
radiation from the surface, as well as solar radiation [Boucher et al., 2013].
In the future, natural aerosols acting as precursors for CCN could come to
play a bigger role as the natural emissions increases due to increased temperatures. In current days, the formation of secondary organic aerosol is not
sufficient enough to weigh up for the decreasing SO2 , leading to decreased
CCN [Kyrö et al., 2014].
From Figure 13 the decrease of larger particles and increase of smaller particles is clear. The decrease of larger particles is a result of decreasing emitted primary particles, and decreasing emissions, making it more difficult for
particles to grow, The largest particles can be activated and function as
CCN. Less large aerosols acting as CCN will result in fewer but larger cloud
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droplets This will make clouds darker, lower albedo, and affect the cloud
lifetime an precipitation pattern, as earlier mentioned.

4.2

Meteorology

As seen in Figure 14, trends were found for the meteorological variables, most
apparent for the air temperature and snow depth. A study done by Mikkonen
et al. [2014] concluded that mean temperature has risen on average 2.3 ± 0.4
℃ in Finland over the years 1847–2013. This result is in complete agreement
with our result of a temperature increase of 2.38 ℃ between the years 1975
to 2021. They also reported the highest temperature increase to occur during November, December and January. Tietäväinen et al. [2010] also found
temperatures to increase the most during the winter period for the last 50
years. This is a shift from the spring time which was the largest increasing
season counting for the last 100 years. Largest temperature increase for the
winter months agrees with our result for November and December, however
not for January, see Figure 21 and Table 5 in Appendix B.
Recent arctic amplification has been found to be most obvious in the autumn and winter period [Serreze and Barry, 2011]. Increasing influence of
arctic amplification on the meteorological variables could become more predominant in the future. The effect of Arctic amplification induced climate
change compared to overall climate change is at current state impossible to
be determined for Värriö. However, warmer autumn and winter months can
potentially result in less snow cover days which in turn reduces the surface
albedo and thus resulting in the ground absorbing a greater amount of solar
radiation and heating the atmosphere. Looking at snow covered days, they
have significantly been declining with roughly 3 weeks for the period 19752021 and thereby above mention process is likely occurring in Värriö.
For snow depth, it shows a decrease in the long-term, see Figure 14, which
is most likely caused by increasing temperatures. Observations made by
Luomaranta et al. [2019] also found the snow depth to be decreasing, where
strongest trends were found for the spring season i northern Finland. Nonetheless, March was found to usually account for the month with highest snow
depth. This find is true for the vast majority of the decades in our study.
April was on average the month with highest snow depth, for the decades
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1975-1981 and 1992-2001, see Figure 19. A year or years of exceptionally
large amount of snow can outweigh years of low snow depth, alter the month
of deepest snow for the decade average in Figure 19. Looking at date of
deepest snow in Figure 16, it is mostly occurring during March (28 out of
47 years), confirming earlier analysis. Even tough temperatures have significantly been increasing, the winter temperatures are still well below zero
which could explain the small difference in snow depth. Snow depth is the
meteorological variable that has changes the least over the time-period.
An interesting find is the clearly lower snow depths for the decade 20022011 compared to other decades, and the relatively high snow depths for the
most recent decade 2012-2021, see Figure 19. Looking at air temperature
none of these decades were distinctively colder or warmer compared to other
decades. However looking at snow cover days, a drastic decrease is shown
for year 2011. The low snow depth for decade 2002-2011 would thus also be
a result of a low number of snow cover days. Räisänen and Eklund [2012]
concludes that even if projections show a decrease in snow amounts, regional
and interannual variations are high and therefore occasional snow rich winter
are expected, although becoming less common.
Precipitation has a total increase of 4.86 mm over the time-period. Since
precipitation includes all forms of precipitation (snow, rain, hail, sleet etc.),
a decrease in snow cover does not necessarily correspond to a decrease in
precipitation. Likely the snow is instead precipitating in the form of sleet
or rain instead of snow. This will have a minor effect on the precipitation
amount since liquid and solid water content differ.
According to climate projections made by [Ruosteenoja et al., 2016], both
temperature and precipitation will increase during the coming decades in
Finland. All RCP scenarios agree with similar precipitation rate until end
of this century where the models start to diverge. [Ruosteenoja et al., 2016]
report precipitation increase to be most prominent in winter. At the end
of this century precipitation could have increased by tens of percent. For
summer, precipitation changes are vague, although indicating an increase.
During summer correlation between projected temperature and precipitation changes were not significant. Uncertainty in precipitation predictions
were mainly due to contribution of internal variability according to Ruosteenoja et al. [2016].
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The precipitation increase observed in this study, see Figure 14, agrees with
results of climate projections. The change was however not statistically significant. The uncertainty in precipitation reported by Ruosteenoja et al.
[2016] was mainly due to contribution of internal variability. Therefore, even
if precipitation observations and predictions show an increasing trend, the annual variations are dominant, and thus no significant trend can be concluded.
Heat sum has increase from roughly 500 to 800 degree days from year 1975
to 2021, see Figure 17. The average heat sum in the area where the station is
located have been observed to be approximately between 700 and 800 degree
days. This for observations made between the year 1991 and 2020, reported
by FMI [a], and is in alignment with the result found in this study. At 500 ℃
day single trees can exist and grow, while at 800 ℃ day it is possible to have
an actively growing forest. At current rate, it is possible that in the future
all the hills surrounding Värriö will be tree covered. This will be a drastic
change compared to present day, in which the hills are sparsely vegetated.
The change in tree growth will affect the ground vegetation and fauna, where
some species may benefit and others not.
Few differences in all results regarding the meteorological variables are expected, since for example both Mikkonen et al. [2014] and Luomaranta et al.
[2019] studies are covering the entire Finland. This study is only based on
one measurement station and therefore affected by local variations and conditions in the Värriö area. Estimating the error in the meteorological variables
from Värriö is difficult, but the major contributor is the uncertainty in the
measurement instruments.
Considering current state of the atmosphere and continuously emitted emissions, temperature will continue to increase globally and also in Värriö. If
the rate of temperature increase will decline or increase further will depend
on what local and global measures will be taken within a near future. Temperature increase in Värriö is already twice the global average temperature
increase. For the future, the difference will likely continue to be the doubled,
or possibly more due to the Arctic amplification. If the doubled effect will
also apply for precipitation and snow is uncertain since these two variables
are prone to local and interannual variations. However, continued temperature increase will presumably result in decreasing snow depth and snow
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cover days. Occasional cold and snow rich years will still occur. In northern
areas, including Värriö, the winter baseline temperature is still low enough
so even with increasing temperature, temperatures stays below zero ℃. How
long this will continue will depend on how the rate of temperature increase
will evolve in the nearest future. Local weather is affected by global weather
system. Changes on the global scale due to climate change could thus result
in local weather changes not yet foreseen.

4.3

Biology

Natural variations in bird populations are expected. Populations can greatly
be affected by the availability of food, nesting sites, amount of predators,
etc., which in turn can be influenced by climate change. As a result it can
be difficult to determine the direct climate effect on the bird population for
different species, separated from natural variations and temporary stress.
Expansion of trees will affect composition of local landscapes and will alter
living conditions of the ecosystems and animals. Climate warming does not
only result in possible longer growing season and tree vitality, it also affects
the tree line which can expand further North. In northern Sweden the tree
line have been observed to move northwards 50-300 km [Kullman, 2008]. The
changes in treeline could possibly affect the bird species in the Värriö area
due to influence on food availability, nesting possibilities and introduction of
new bird species in the local areas. Changing conditions and introduction of
new species also allows for new predators and viruses.
For the bird species studied, both the shorebirds and the grouses show an
overall large variation in the population regardless if a long-term trend was
found or not, and regardless if the trend was negative or positive (Figure
23 and 24). Väisänen et al. [2018] studied the Finnish nesting birds population over the years 1975–2017, and found decreasing annual trends for the
Western capercaillie, Black grouse, Willow ptarmigan and the Hazel Grouse.
European golden-plover and the Whimbrel were on the contrary showing an
increasing annual trend.
Another study made by Svensson and Andersson [2013] during similar period, 1972-2011, in the southern Swedish Lapland reported partly contrasting
trends. Their findings revealed a positive long-term trend, partly significant,
for the golden-plover while for the dotterel no long-term trend was found.
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Svensson and Andersson [2013] also reports large variations in the Willow
ptarmigan population.
Both studies correspond well to the years in this study, although one of them
is executed in southern Swedish Lapland and the other was based on all
Nordic countries (Norway, north Sweden, and Finland). In common with
both studies is the strong positive long-term trend for the golden-plover,
that in our case also is statistically significant over the years, see Figure
24. In full agreement with our findings, Väisänen et al. [2018] also reports
on a clear increase in the Whimbrel population. Contrasting finding is the
no trend found by Svensson and Andersson [2013] for the Eurasian dotterel
population, while we found a distinct decreasing trend, that is statistically
significant (Figure 24).
On the other hand, Lindström et al. [2019] found positive population trends
for the Eurasian dotterel and the European golden-plover, as well as a negative population trend for the Whimbrel. The observations comprises populations from Norway, Sweden and Finland between the years 2006 and 2018.
The country specific trends can differ from the overall trends. The Whimbrel population with a negative overall trend is declining in Sweden and
Norway but is increasing in Finland. To summarize, the trends observed in
the shorebirds for the Värriö fells are in agreement with Lindström et al.
[2019], Svensson and Andersson [2013], Väisänen et al. [2018] for the European golden-plover and the Whimbrel, while none of them finds the same
negative trend for the Eurasian dotterel.
Furthermore, for the grouses, Väisänen et al. [2018] found decreasing population trends for all the species whilst we only observe a negative population
trend in the Willow ptarmigan population. Svensson and Andersson [2013]
also reports large variations for the Willow ptarmigan which is not obvious
in the Värriö data, see Figure 23. None of the trends for the grouses are
significant and could therefore be reflections of local living conditions not
seen on for the whole nation.
A plausible result of earlier leave burst, fully developed leaves and increased
heat sum would be that the cavity-nesters lay there eggs earlier. Earlier
developed leaves would increase earlier accessible food and material for nest
building. The Great tit is the only species where the first egg has been
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observed earlier (Figure 25). The cavity-nesters are affected by temperature
since it affects the survival rate of the egg. Temperature is statistically known
to increase, but as seen from Figure 25, the Great tit is the only species with
decreasing trend. Additionally, birds are influenced by the availability and
diurnal cycle of sunlight. Most reasonable conclusion would be that the
greatest influence on birds laying their eggs is the sunlight availability.
The date of birch leave burst and developed leaves have decreased over the
time-period 1981 to 2021 (Figure 26). However, the inter-annual variations
are large. Earlier date of leave burst and developed leaves would be a possible outcome from increasing temperatures and decreasing amount of snow
cover days. For temperature, precipitation and snow depth the inter-annual
variations are also large, probably connected to the inter-annual variations
in leave burst. Naturally, several other variables can also influence the date
of leave burst and developed leaves. Without further studies no clear trends
or relations to other variables can drawn from the birch leave data for Värriö.
The causes of growth or decline of the different bird populations are highly
difficult to pinpoint since they are not controlled by a single factor. Hunting,
food competition or food loss, predators and viruses are just a few factors
influencing bird populations [Lehikoinen et al., 2019]. Thus even tough a
clear trend is found for some of the bird species, the cause for it can be undecided. Several influencing factors makes future predictions difficult. Changes
in current states are although certain since temperature increase and changes
is snow cover and precipitation are established. The increase of heat sum resulting in expanding and more active forest will additionally influence birds
species. With increasing heat sum the vegetation will increase with elevation which can be a drawback for some of the shorebirds who inhabit the
bare mountain tops. It is noteworthy that Värriö is a protected area. This
means the area have been spared of human influence like hunting, tree felling
and major infrastructure etc. This is not the case for most areas in Finland
which are or have been influenced by humans. The intact environment in
Värriö will favor grouses that prefer inhabiting old forests.
The trends found in this study agrees partly with the results found in other
studies. The geographic locations and extent differ between the studies. Investigations in this study are localised to the Värriö area while, for example,
[Väisänen et al., 2018] results are based on Finland in general. As described
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earlier, bird populations within the same species can be affected by and adapt
to climate change in different ways depending on their nesting area. Therefore differences between the studies are expected. The data collection for the
birds are based on humans walking specific routes and visually recognising
the birds. Depending on weather and the location of the birds relative to the
walking route the counting is prone to significant errors.

5

Conclusion

This study have been focused on three different categories of environmental
indicators for the years 1971 to 2021. The three categories have been based
on atmospheric composition and aerosols, meteorological variables and biological variables. Global climate change is a fact. However, the effect on
local scale can vary greatly. This study is based on measurements form
Värriö subarctic research station and focuses on occurring environmental
changes in eastern Finnish Lapland.
For the atmospheric composition, long-term trends for SO2 , NOx and CO
show decreasing trends. The annual decrease of CO is -1.62 ppb/ year, and
where overall monthly concentrations ranges between approximately 70 and
230 ppb. Monthly NOx concentrations ranges from 0 to 1.3 ppb and has
an annual decrease of -0.01 ppb/year. SO2 monthly concentrations varies
between between 0 and peaks of 4 ppb. The annual decreasing trend of
-0.015 ppb is statistically significant, which gives a total decrease of -0.43
ppb for the 29 years (1992-2021). The only increasing long-term trend is
found for O3 . For O3 the yearly increase is 0.33 ppb/year, and where overall
monthly concentrations ranges between 6 and 50 ppb. All gas concentrations
are within atmospheric intervals established by Seinfeld [2006]. Decreasing
emissions from Europe is assumed to be the main reason for the decreasing
atmospheric gas concentrations .
With the use of a proxy constructed by Dada et al. [2020], the H2 SO4 concentrations for 1998 to 2021 were calculated. The monthly concentrations of
H2 SO4 vary between 0 and 20·105 cm−3 . The long-term trend was found to
be decreasing with an annual rate of -2.27 ·104 cm−3 , giving a total decrease
of -52.2 ·104 cm−3 for all years, 1998-2021. The trend for H2 SO4 was found
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to be statistically significant. Resultingly, the closing of smelters in Kola
peninsula in Russia have resulted in long-term decrease of SO2 which in turn
seemingly also implies a decrease of H2 SO4 concentrations.
Seasonality for the majority of the atmospheric gases, show descending concentrations towards summer season and with highest concentrations during
the beginning and end of the year. This pattern is most likely influenced by
the atmospheric boundary layer height, diluting the gases. O3 and H2 SO4 on
the contrary, show highest concentrations during spring and summer respectively. Both O3 and H2 SO4 are dependent on photo-chemistry for formation
and where the other gases partly can act as precursors. A joint effect of
total sources, sinks, precursor concentration, and solar radiation availability
affects the timing of the peak for the gases.
Results of particle concentration shown a clear yearly pattern, with highest concentrations during summer and lowest during winter. The overall
monthly particle concentration varies between around 150cm−3 and around
2200 cm−3 , for particles ranging from 4 to 1000 nm. Particle categories, including all sized particles, particles 50-100 nm and particles larger than 100
nm, all show a decreasing trend between the years 1998 and 2021. The yearly
decrease is largest for particles larger than 100 nm. The smallest particle
category, for particles 4-20 nm, is the only category showing an increasing
long-term trend. None of the long-term trends were statistical significant.
Studied, was the differences of particle size distribution between the most
recent decade 2012-2021 and the older decades 1998-2001 and 2002-2011. In
both cases, a clear long-term increase of small particles, and decrease of large
particles was seen. The increase and decline of particles was greater for the
earlier decade difference, 2012-2021 - 1998-2001.
Studies of SO2 , H2 SO4 , and particle sizes are of high interest due to their
affect on cloud formation. Decreasing emissions results in less NPF, and less
particle that can act as CCN. This will lead to less but larger cloud particles,
which will make the clouds darker, increased albedo, and precipitation and
cloud life-time will possibly changes. If the decrease of SO2 , H2 SO4 , and
large particles will continue, the effect on clouds and the aerosol-radiative
effect in the atmosphere will become even more pronounced, which will be
reflected on the climate.
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The meteorological variable included observations of air temperature, snow
depth and precipitation amount. Monthly averaged temperature have over
the years 1975 to 2021 increased, resulted in a warming of 2.38 ℃. This is
well above the global temperature increase of approximately 1.0 ℃. This is
expected since climate change have been discovered to have enhanced effects
in the northernmost latitude. Overall monthly averaged temperatures range
between -15 and +15 ℃.
Like anticipated with changing temperatures, the snow and precipitation has
also changed. From year 1975 to 2021, snow cover days has decreased with
roughly three weeks and the snow depth has decreased with 1.9 cm. Even
tough temperatures have significantly increased, winter temperatures are still
well below 0, which would explain the small difference in snow depth. However, snow cover days have decrease with roughly three weeks. The ground
is exposed from June to September before snow again starts to accumulate.
Maximum snow depth is reached in March or April depending on decade.
Total precipitation have increased by 4.9 mm between the years 1975 and
2021, which could be linked to increasing temperature leading to changes in
meteorological conditions. All types of precipitation is included in the data
and therefore a change from solid to liquid precipitation would not show. The
greatest change in precipitation has been for February and October where the
precipitation have increased with 12.7 and 11.1 mm for the whole time-span.
The heat sum has increased with approximately 247 ℃ days from 1975 to
2021, where the positive trend is statistically significant for all years. Overall,
heat sum range between roughly 500 and 1000 ℃ . Increasing heat sum equals
increased tree activity and growth. Additionally, the organic emissions from
trees will likely increase, which will affect the atmospheric reactions and NPF.
Shorebirds, grouses, cavity-nesters, and birch leaves developing, are part of
the biological variable studied in the report. A trend is found for the Western
capercaillie (incline) and the Willow ptarmigan (decline). No clear trend was
found for the Black grouse and the Hazel grouse. The shorebirds showed a
statistically significant trend which was increasing for the Eurasian dotterel,
and decreasing for the European golden-plover and the Whimbrel. For some
of the species both amongst the grouses and the shorebirds, there appears to
be a pattern of higher bird count for every second year, however not validated.
For the cavity-nesters, the Great tit show a decreasing long-term trend, mean55

ing that the first egg is observed at an earlier date. The long-term trend is
increasing for the Common redstart, while almost constant for the European
pied flycatcher. None of the trends for the cavity-nesters are statistically significant. There appears to be some periodicity amongst the species, however
not validated. For all bird species, the inter-annual variation is large.
Some birds species are better equipped to adapt to changing climate and
local environments. While increasing temperature, declining snow cover and
north growing treeline can be beneficial for some species, it can add stress to
others. Changes of the meteorological parameters can also led to changes in
food availability, nesting possibilities and introduction of new bird species,
predators and viruses. Due to the large amount of influencing factors, no
specific variable can be singled out to explain the observed trends amongst
the bird species. However, some similarities have been found comparing to
other studies done in the Nordic region.
Birch leave development have progressed, occurring earlier, looking at the
long-term trend between the years 1981 and 2021. Neither the trend for
birch leave burst or fully developed birch leaves is statistically significant.
The dependence on solar radiation have possibly a greater influence than the
increasing air temperatures. All the biological variables are very localised to
the Värriö ares, and hence affected by local conditions. No single conclusion
can be drawn on the effect of climate change on the biological variables. Even
tough the inter-annual variation is large for the biological variables, changes
in the long-term can still be observed.
Conclusively, a changing climate in northern Finnish Lapland is evident.
The variables studied have been changing in a long-term perspective. Some
variables can be directly connected to be a consequence of global climate
change, while causes for the other variables are less uncertain. If the study
area has been more influenced by climate change, due to its northern location, compared to global averages, is difficult to conclude. For temperature
it can be confirmed, while for several other variables no global levels have
been established, making comparisons difficult. The area surrounding the
Värriö research station show changes in all studied variables in meteorology,
biology, atmospheric composition and aerosols for the years 1973 to 2021.
The definite causes and consequences of the long-term trends and patterns
found, are still in need of further investigation.
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and Kulmala, M.: Atmospheric nucleation: highlights of the EUCAARI
project and future directions, Atmospheric Chemistry and Physics, 10,
10 829–10 848, https://doi.org/10.5194/acp-10-10829-2010, URL https:
//acp.copernicus.org/articles/10/10829/2010/, 2010.
Kerminen, V.-M., Paramonov, M., Anttila, T., Riipinen, I., Fountoukis, C.,
Korhonen, H., Asmi, E., Laakso, L., Lihavainen, H., Swietlicki, E., Svenningsson, B., Asmi, A., Pandis, S. N., Kulmala, M., and Petäjä, T.: Cloud
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Appendix A
A

Monthly Averaged Particle Concentration

Figures 27 to 30 show the particle concentrations of particles ranging from
4 nm to 1000 nm. The particles are divided into size group of, total concentration of all particles, particles of 4-20 nm, particles of 50-100 nm, and
particles larger than 100 nm. The data is divided into three decades including
the years 1998-2001 (yellow), 2002-2011 (blue) and 2012-2021 (green).

Figure 27: Seasonal plot of particle concentration including all sizes, from year
1998 to 2021 in cm−3 . The particle sizes are divided into the decades 1998-2001
(yellow), 2002-2011 (blue) and 2012-2021 (green)

Figure 27 describes total concentration of all particles for the months of one
year. The data is divided into three decades including the years 1998-2001
(yellow), 2002-2011 (blue) and 2012-2021
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Figure 28: Seasonal plot of particle concentration for particles in the size range
4-20 nm spanning over the years 1998 to 2021 and given in cm−3 . The particle
sizes are divided into the decades 1998-2001 (yellow), 2002-2011 (blue) and 20122021 (green)

The following figure, Figure 28, displays the particle size distribution for the
smallest particles 4-20 nm over the months. The data is divided into three
decades, as described for previous figure.
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Figure 29: Seasonal plot of particle concentration for particles in the size range
50-100 nm spanning over the years 1998 to 2021 and given in cm−3 . The particle
sizes are divided into the decades 1998-2001 (yellow), 2002-2011 (blue) and 20122021 (green)

The figure, Figure 29, displays the particle size distribution for the particles
50-100 nm over the months. The data is divided into decades as previously
described.
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Figure 30: Seasonal plot of particle concentration for particles above the size of
100 nm, spanning over the years 1998 to 2021 and given in cm−3 . The particle sizes
are divided into the decades 1998-2001 (yellow), 2002-2011 (blue) and 2012-2021
(green)

The figure, Figure 30, displays the particle size distribution for the largest
particles above 100 nm over the months. The data is divided into decades
previously as described.
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Appendix B
B
B.1

Meteorological variables
Yearly averaged Temperatures and Yearly summed
Precipiation

Figure 31: Yearly temperatures in ℃ (red), and yearly sum of precipitation in
mm (blue) for the years 1975 to 2021. A linear trend line for both variables in
pink.
The yearly averaged temperature, in ℃, and yearly summed precipitation,
in mm, are shown in Figure 31. Added to the variables are a linear fitted
trend line.
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B.2

Max-Min Temperatures

Figure 32: Temperature (blue) together with maximum temperature (red) and
minimum temperature (light blue), all also fitted with a linear trend line (black),
for the years 1975 to 2021. All temperatures given in ℃.
Figure 32 show the monthly averaged minimum, and maximum temperature
together with monthly averaged temperature, for years 1975 to 2021. Temperatures are shown in ℃. Added to the variables is a linear fitted trend
line.

B.3

Trend of Monthly Temperatures and Precipitation

The Slope of the trend line for each month for temperature and precipitation.
Slope describes the daily change. The total change, is the total change in ℃,
between the years 1975 and 2021.
The linear trend slope for each month of a year for temperature, in ℃. The
column slope corresponds to the daily change of temperature. The total
change is the change of temperature in ℃ between the years 1975 and 2021.
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Table 5: Slope of trend line for every month for temperature. And total
change in ℃ for the time-span 1975 to 2021.
Month
Slope
Total change in ℃
January
0.0001324
2.2728
February 0.00009647
1.6560
March
0.00007169
1.2306
April
0.0001396
2.3964
May
0.00007026
1.2061
June
0.0001059
1.8179
July
0.0001348
2.3140
August
0.0001384
2.3758
September 0.0001412
2.4238
October
0.0001186
2.0359
November 0.0001671
2.8684
December 0.0002814
4.8305
The slope of the linear trend for each month of a year for precipitation, in
mm. The column slope corresponds to the daily change of precipitation. The
total change is the change of precipitation in mm, between the years 1975
and 2021.
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Table 6: Slope of trend line for each month for precipitation, and the total
change of precipitation amount over the time span 1975 to 2021.
Month
Slope
January
0.0005098
February 0.0007586
March
0.0001799
April
0.0003683
May
0.0004177
June
0.000333
July
-0.0003057
August
0.0001081
September -0.000006
October
0.0006615
November -0.0003774
December 0.0005028

Total change in mm
8.560
12.74
3.021
6.184
7.013
5.591
-5.132
1.815
-0.101
11.11
-6.337
8.442

Appendix C
C

Data availability

Table 7 to 11 describes the data availability of a specific variable when downloaded from the SmartSmear database.

C.1

Atmospheric gases

Data availability in % for SO2 at the time when the data was downloaded.
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Table 7: Data availability in % for SO2 at the time when the data was
downloaded.
Years
1998-1999
2000
2001
2002-2004
2005-2010
2011-2015
2016-2020
2021

SO2 availability %
22.8 %
48 %
Not given
37.2 %
41.3 %
96.0 %
80.2 %
46.7 %

Data availability in % for NOx at the time when the data was downloaded.
Table 8: Data availability in % for NOx at the time when the data was
downloaded.
Year
NOx
1998-1999
2000-2004
2005-2010
2011-2015
2016-2020
2021

availability %
24.1 %
35.6 %
49.4 %
89.1 %
68.2 %
34.1 %

Data availability in % for O3 at the time when the data was downloaded.
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Table 9: Data availability in % for O3 at the time when the data was downloaded.
Years
O3 availability %
1998-1999
24.1 %
2000-2004
37.7 %
2005-2010
52.9 %
2011-2015
95.3 %
2016-2020
86.1 %
2021
46.8 %
Data availability in % for CO at the time when the data was downloaded.
Table 10: Data availability in % for CO at the time when the data was
downloaded.
Years
CO availability %
1998-1999
-%
2000-2004
-%
2009
-%
2010
67.1 %
2011-2015
92.5 %
2016-2020
85.3 %
2021
46.8 %

C.2

Meteorological variables

Data availability in % for global radiation at the time when the data was
downloaded.
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Table 11: Data availability in % for global radiation at the time when the
data was downloaded.
Years
Global radiation availability %
1992-1993
24.4 %
1994-1995
40.6 %
1996-1997
54.5 %
1998-1999
99.4 %
2000-2004
84.9 %
2005-2010
39.8 %
2011-2015
93.8 %
2016-2020
99.6 %
2021
98.8 %
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