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Over 20 years of observations in the boreal forest reveal a
decreasing trend of atmospheric new particle formation
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New particle formation (NPF) events substantially contribute to the number concentration
of atmospheric particles and cloud condensation nuclei (CCN) which can further influence
radiative balance and Earth's climate. Many short-term studies have found that sulfuric acid
(H,SO,) and highly oxygenated organic molecules (HOM) are critical compounds in the
early steps of NPF. However, it is not fully understood how NPF intensity and frequency
respond to global warming and declining anthropogenic sulfur dioxide (SO,) emissions,
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affecting HOM and H SO, formation, respectively. Here, we report the results of long-term
(over 20 years) datasets collected at the Station for Measuring Ecosystem-Atmosphere
Relations (SMEAR) II (Hyytidla, Finland). Owing to the significant contribution of HOM
in the initial and subsequent particle formation and growth, we have derived a HOM proxy
for conducting the long-term trend analysis. Measurement results together with modelled
proxies reveal the declining trends of SO, H,SO,, Condensation Sink (CS), NPF frequency
and particle formation rate (J;) along with increasing trends of monoterpenes and HOM.

Introduction

Atmospheric aerosol particles influence the
Earth's radiative balance by scattering and
absorbing solar radiation and acting as cloud
condensation nuclei (CCN) (Charlson ef al. 1992,
Rap et al. 2013). New particle formation (NPF)
is the dominant source of atmospheric aerosol
particles in terms of their number concentrations
(Kulmala et al. 2004a, Spracklen et al. 2010,
Dunne et al. 2016), and it is thought to produce
almost half of the global CCN in the atmos-
pheric boundary layer as predicted from models
(Merikanto et al. 2009, Gordon et al. 2017). The
more recent studies revealed that even more than
half of the global CCN are produced from NPF
processes (Junninen et al. 2022, Kulmala et al.
2022a). The formation of particles is largely
controlled by atmospheric precursor concentra-
tions, pre-existing particles, and environmental
conditions (Kulmala 2003, Kulmala et al. 2007,
Clarke et al. 2013, Trostl et al. 2016, Kerminen
et al. 2018). As natural emissions (e.g., biogenic
volatile organic compounds) are increasing in
response to global warming while anthropogenic
emissions are declining due to mitigation efforts
(Wiedinmyer et al. 2006, Rogelj et al. 2014), it is
essential to investigate the long-term changes of
NPF to better understand the formation mecha-
nisms of new particles and further improve the
performance of climate models.

Atmospheric NPF events, including nuclea-
tion and subsequent growth, have been observed
to occur in various locations worldwide (Ker-
minen et al. 2018, Chu ef al. 2019). Sulfuric acid
(H,S0O,), mainly originating from atmospheric
oxidation of sulfur dioxide (SO,), is considered
as a key component in atmospheric new particle
formation (Kulmala et al. 2004b, Sihto et al.
20006, Sipilé et al. 2010). However, sulfuric acid
alone or together with water cannot fully explain

the observed formation and growth rates of new
particles in ambient air (Weber et al. 1996,
Spracklen et al. 2010). Thus, other atmospheric
molecules are expected to participate in NPF in
addition to sulfuric acid and water. Enhanced
nucleation rates have been observed in the pres-
ence of additional species such as ammonia,
amines and oxidized organic compounds (Coff-
man and Hegg 1995, Zhang et al. 2004, Kirkby
et al. 2011, Almeida et al. 2013, Kulmala et al.
2013, Riccobono et al. 2014, Lehtipalo et al.
2018, Yao et al. 2018, Yan et al. 2021). After
the initial step of cluster formation, condens-
ing organic vapors give a significant, and often
dominant, contribution to subsequent particle
growth, especially in a boreal forest environ-
ment (Kulmala ef al. 1998, Kulmala ef al. 2004b,
Kulmala et al. 2004c, Riipinen et al. 2012, Ehn
et al. 2014, Mohr et al. 2019, Stolzenburg et
al. 2023). These organic vapors are abundant in
the continental boundary layer and are mainly
formed through the oxidation of volatile organic
compounds (VOCs) by ozone, hydroxyl radicals,
and nitrate radicals (Ehn et al. 2014, Bianchi et
al. 2019). Some of the organic vapors, especially
highly oxygenated organic molecules (HOM),
that are formed mainly via auto-oxidation of
peroxyl radicals (RO,), are also capable of ini-
tiating particle formation in certain conditions
(Kulmala et al. 2013, Rose et al. 2018, Bianchi
etal 2019).

The increased temperatures, associated with
global warming, especially over the northern mid
and high latitudes are expected to accelerate the
growth of trees and boost the emission rate of
VOCs especially in boreal forest environments
where vegetation is dense (Lathiére et al. 2005,
Pefiuelas and Staudt 2010, Valolahti et al. 2015;
Liu et al. 2019, Wang et al. 2023). Among the
biogenic emissions, monoterpenes are the main
group of VOCs present in the boreal forest envi-
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ronment (Lindfors et al. 2000, Eerdekens et al.
2009, Hakola et al. 2012), although more recent
studies have also highlighted the potential impor-
tance of sesquiterpenes to atmospheric chemistry
(Hellén et al. 2018; Dada et al. 2023a). Aside
from the rising global temperatures, environ-
mental stressors such as heat waves, droughts,
and insect infestation also strongly affect the
behavior of plants. Studies show that more than
40% of forest trees in Europe are under stress
(Zhao et al. 2017), so that they are likely to
enhance VOC emissions and alter their chemical
compositions in the long run (Holopainen, 2011,
Holopainen et al. 2018, Bussotti and Pollastrini,
2021). In the case of the boreal forest, on the one
hand, the dominating effect of increased tem-
peratures results in a substantial increase in bio-
genic VOC emissions. The latter may enhance
the production of HOM and thereby promote the
formation and growth of new particles. This sug-
gests potentially significant feedback between
plant emissions and climate. On the other hand,
anthropogenic pollutant emissions are declin-
ing due to the efforts to improve air quality and
mitigate climate change (Rogelj et al. 2014).
In Europe, emissions of non-methane anthro-
pogenic VOCs decreased by more than a half
since 1990, while SO, emissions have decreased
by 91% from 1990 to 2017 (EEA 2019). The
significant decline in SO, emissions may have
led to weaker production of sulfuric acid, which
might affect the occurrence and intensity of new
particle formation events. Despite the changes in
VOC and SO, emissions, the long-term trends of
sulfuric acid, HOM and their relations with new
particle formation rates are poorly understood at
present due to lack of long-term, direct measure-
ments.

Here, we use more than 20 years of data-
sets measured at the Station for Measuring
Ecosystem-Atmosphere  Relations (SMEAR)
Il (Hyytidld, Finland) from 1996 to 2019 to
explore the long-term trends of ambient tem-
perature, SO,, NPF frequency, growth rates and
particle formation rate at 3 nm (J,). For assessing
the contribution of vegetation to new particle
formation, we built a novel proxy to estimate
HOM concentrations. In conjunction with the
established parametrizations for sulfuric acid
and monoterpenes, as well as newly developed

parametrizations for HOM, can we estimate their
concentrations and long-term trends. Based on
these long-term trends, the relationship between
NPF and its main precursors (i.e., sulfuric acid
and HOM) was also probed.

Material and methods
Measurement site

Data used in this study were collected from the
Station for Measuring Ecosystem-Atmosphere
Relations (SMEAR-II) station from 1996-2019.
The station locates in Hyytiéld, southern Fin-
land (61°51'N, 24°17°E, 181 m a.s.l.). The sur-
rounding pine and spruce forest homogeneously
extend to the north and northeast. The largest
city nearby is Tampere, located about 60 km to
the southwest. Overall, the station represents a
typical rural and background boreal forest site.
The station is equipped with continuous and
comprehensive measurements of the interactions
between the forest ecosystem and the atmo-
sphere. A detailed description of the station can
be found in (Hari and Kulmala 2005).

Instrumentation

Sulfuric acid and HOM were measured from
2016 to 2019 using a Chemical Ionization Atmos-
pheric Pressure interface Time of Flight mass
spectrometer (CI-APi-TOF, Aerodyne Research
Inc., USA) using nitrate anions as the reagent
ion. The detailed information of the instrument's
working principle has been described in previ-
ous studies (Jokinen et al. 2012, Ehn et al. 2014,
Yao et al. 2018). The CI-APi-TOF has been
calibrated twice per year using sulfuric acid as
described in Kiirten et al. (2012).

Monoterpenes were measured from 2010
to 2019 using a proton-transfer-reaction mass
spectrometer (PTR-MS, Ionicon Analytik Inc.,
Austria) equipped with a quadrupole mass ana-
lyzer. The detailed description of the instrument's
working principle can be found in previous stud-
ies (Rinne et al. 2005, Taipale et al. 2008, Kolari
et al. 2012). The PTR-MS was calibrated weekly
using pre-mixed VOC gas standards to maintain
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accuracy and sensitivity. The calibration method
was documented by Taipale ef al. (2008).

Nitrogen monoxides (NO) were measured
from 1996 to 2019 using a chemiluminescence
analyzer (TEI 42 CTL, Thermo Fisher Scientific,
MA, USA). Nitrogen oxides (NO,) were meas-
ured from 1996 to 2019 using a chemilumines-
cence analyzer with heated metal (Mb) converter
(TEI 42 CTL; Thermo Fisher Scientific, MA,
USA). We subtracted NO, concentration from
the difference between NO_and NO concentra-
tions, as NO_ is a collective term referring to
nitrogen monoxide (NO) and nitrogen dioxide
(NO,).

Particle number size distributions were mea-
sured by a differential mobility particle sizer
(DMPS) which consists of a 2mCi Krypton-85
beta source neutralizer, a DMA (Differential
Mobility Analyzer) and a CPC (Condensation
Particle Counter) (Aalto et al. 2001, Dal Maso
et al. 2005). The DMPS system covered the
size range from 3 to 500 nm before 2004 and
after that from 3 to 1000 nm (Aalto ef al. 2001;
Nieminen et al. 2014). A Neutral cluster and Air
Ion Spectrometer (NAIS) (Airel Ltd., Estonia)
was also deployed to measure the number size
distribution of neutral and charged aerosol par-
ticles and clusters in the size ranges of 2—40nm
and 0.8—40nm, respectively (Mirme and Mirme,
2013). The measurements were conducted
between 2006 and 2020 excluding the year 2008.

The SO, mixing ratios were recorded by two
UV-fluorescence analyzers (Thermo Scientific,
Model 43C-TLE from 1996 to 2012 and Model
43i-TLE after 2012). The O, concentration was
measured with a UV light absorption analyzer
(Thermo Scientific, Model TEI 49C). Global
radiation (0.30—4.8 um) and air temperature were
recorded by pyranometers and 4-wire PT-100
sensors. The UVB intensity was measured with
an UVB radiometer (Solar Light SL501A).

Theory for proxy calculations
Sulfuric acid proxy
The sulfuric acid proxy was obtained by con-

sidering its source and sink terms in the boreal
forest environment as discussed in Dada et al.
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(2020). The formation of H,SO, in the gas
phase could be explained by the oxidation of
SO, by the hydroxyl radical (OH) and the sta-
bilized Criegee Intermediates (sCls) while its
sinks comprised the condensation of H,SO, onto
pre-existing particles, known as condensation
sink (CS), as well as its loss to cluster/particle
formation (Dada ez al. 2020). The details of
CS calculation can be found in Kulmala et al.
(2012). Since OH concentrations are difficult to
measure, a commonly used method is to imple-
ment global radiation as an OH proxy (Petdja et
al. 2009). A monoterpene (MT) proxy was used
to simulate alkene concentrations at the SMEAR
II station (Kontkanen ez al. 2016) to account
for the H,SO, produced by sCls. Altogether, the
H,SO, proxy concentration can be calculated as:

(csjz [SO, ]

— | +—=

2k, k,

[st041=—% (kGlobRad . (1)
Y| +k[0,1IMT])

The fitting parameters &, k, and k, were
obtained by fitting H,SO, proxy concentrations
to measured H,SO, concentrations by Dada et al.
(2020) were implemented in the above equation.
Figure S1 (found in Supplementary Information)
illustrates the validation of the developed sul-
furic acid proxy by the inter-comparisons with
observational data in earlier studies from the
period 2016 to 2019, and the estimated [H,SO,]
displayed a good correlation with the measured
H,SO, concentration (» = 0.6), as well as the
seasonal comparisons in Figure S2 (found in the
Supplementary Information).

Monoterpene proxy

The monoterpene (MT) measurements were
only available from 2010-2019. To obtain a
long-term picture of MT variation before 2010, a
MT proxy was determined based on the method
by Kontkanen et al. (2016). A temperature-
dependent MT emission function, developed by
Tarvainen et al. (2005) has been found to corre-
late well with the MT emission in Hyytidla via:
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E=axexp(f(T-T)), @)

where T is the temperature and 7 denotes
the temperature at standard conditions
(T, = 303.15K; Tarvainen et al, 2005, Lap-
palainen et al. 2009). Thus, in this work, a
sole temperature-dependent emission function
of MT was used as the only source term. The
fitting parameters o and f were acquired from
Kontkanen et al. (2016).

MT are mainly oxidized by ozone, OH
and NO,. However, neither OH nor NO, are
directly measured at SMEAR II. Thus, the
equivalent OH proxy and NO, proxy from
Petéja et al. (2009) and Perdkyld et al. (2014),
respectively, were applied (see details in the
next section).

The diluting effect of varying mixing layer
height (MLH) and wind speed (ws) was com-
bined with the MT source and sink terms to
yield the MT proxy concentrations:

a-exp(b(T' - T)))
kOH+MT [OH ]+ ko3 +MT

[MT], 0y =

[ ! ] (3)
[03 ] + kNOz +MT[N03]
MLH® x ws?

The rate constants and their temperature
dependence were from Atkinson et al. (2004,
2006), and the fitting parameters a, b, ¢, and
d can be found in Kontkanen et al. (2016).
Figure S3 (found in Supplementary Informa-
tion) illustrates the validation of the developed
monoterpene proxy by the inter-comparisons
with observational data. As shown in the Sup-
plementary Information, [MT] = correlated
well with the measured monoterpene concen-
tration from 2010-2019, when MT measure-
ments were available (see Fig. S3 in the Sup-
plementary Information; » = 0.64).

Calculation of OH and NO, concentrations
The OH proxy concentration was estimated

using the measured UVB data with the derived
parameterization from Petdja et al. (2009):

4x107
[OH],,= (u UVB

1.92
0.32
8.6x107" ] - @

The NO, proxy concentration was deter-
mined analogous to Perdkyld et al (2014),
assuming a steady-state between the reaction of
ozone and NO, via:

[NO;] =Ko, ,n0,[0;][NO, X7, - 5)

The NO, radical is an important oxidant
during nighttime, when the lack of solar radia-
tion increases its lifetime and concentration. An
average NO, lifetime (z,,) of 5 seconds was
used to calculate daytime NO, concentrations
(Perdkyld et al. 2014). For the estimation of
nighttime NO, concentration, we used:

(TN03 )= kNO3+MT[MT] + kN03+No[NO]

(0, 11,0[H,0]) x KNO, . ©

A constant MT value of 4.3x10° c¢m™
(nighttime median from measurement; Kont-
kanen et al. 2016) was used to estimate the
NO, nighttime lifetime for the period where
no MT measurements were available (before
2010). The equilibrium constant K describing
the reaction of NO, and NO to form N,O, was
K = 5.1x107 exp(10871/T) analogues to Kont-
kanen et al. (2016).

HOM proxy

Here we derive a proxy for HOM concentration.
Contrary to the H,SO, and MT proxy deriva-
tions, the complete source, sink, and kinetic
terms describing the formation and loss of HOM
are difficult to derive. However, in this work we
propose the following equation to describe the
basic mechanisms:

d[HOM]
- k [O3][MT]+ k,JOH][MT] @

—CS[HOM],
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Fig. 1. Scatter plot of the HOM proxy concentration vs. measured HOM during 2016—-2019 from (a) training dataset
and (b) testing dataset. The scatter plots include data from all four seasons and considers both daytime and night-
time measurements. Data points are hourly averaged concentrations. The straight lines represent robust linear fits
(intercept was set to zero), and the dashed lines are 1:1 line.

where k and k, are temperature-dependent rate
constants and corresponding yields of HOM that
are eventually produced as consequences of the
reactions of MT with O, and OH radical, respec-
tively. Roldin et al. (2019) estimated that these
three terms comprise the most important sources
and sinks of HOM above the forest canopy.
When moving towards ground level, dry deposi-
tion becomes increasingly important. However,
to simplify the expression, we only consider the
loss of HOM due to the CS. Although CS in our
case was calculated using the diffusion coef-
ficient of sulfuric acid, as the molecular size of
all HOM cannot be inferred, this assumption is
not expected to affect our derivation or calcula-
tion of the HOM proxy concentrations. Here, we
exclude any nighttime and low radiation chem-
istry by the NO, radical as well as the contribu-
tion of other volatile organic compounds besides
MT such as isoprene and sesquiterpenes. Due to
this reason, we consider the oxidation of MT by
O, and OH as the two major sources of HOM.
The exclusion of nighttime oxidation of MT
can be considered valid given that NPF in Hyyt-
idld takes place during light-hours (Dada ef al.
2018), which are the focus of this study. Hence,
the equation yields a HOM proxy concentration
best used to describe daytime data when the
contribution of the nighttime oxidation of MT
is minimum (Hellén et al. 2018). Assuming a
steady-state in the formation and loss of HOM,
the HOM proxy concentration is:

(k,[O,]+ &, [OHD[MT]

., (8)
Cs

[HOM]proxy =

where parameters k and k were derived by fit-
ting HOM concentrations measured in Hyytidla.
The data used for the HOM proxy development
were from the observational data from SMEAR II
station from 2016-2019. The dataset was divided
into training dataset (75%) and testing dataset
(25%), where the training dataset was used to
train the model and to obtain the coefficients &,
and k, using the optimization algorithm "finin-
con" embedded in MATLAB (R2022b). Our data
were resampled 1000 times using the bootstrap
method, for also accounting for the accuracy
of our k values as well as the predication error
(Efron and Tibshirani, 1994). For the resam-
pling we assumed both HOM concentrations
and all related predictor variables to be affected
by independent systematic errors between their
lower and upper accuracy limits. More details on
the bootstrap resampling method and uncertainty
introduction can be found in Dada et al. (2020).

The obtained parameters & and &,
were  (1.840.063)x102%exp  (—640/T) and
(3.25+7.1)x10 %exp (440/T) cm® s, respec-
tively.

The training result of the HOM proxy is
shown in Fig. 1a, and the proxy is further eval-
uated in this study and tested against an inde-
pendent dataset, shown in Fig. 1b. Addition-
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Fig. 2. Scatter plot of the HOM proxy concentration
vs. measured HOM during 2016—-2019 when HOM
measurements were available. The subplots include
data from four seasons separately and consider both
daytime and nighttime measurements. Data points are
hourly averaged concentrations from testing dataset.
The Pearson correlation coefficients (r) and slopes
(estimated from robust linear fit with intercept set to be
zero) are displayed in each subplot. The dashed lines
are 1:1 line.

ally, seasonal comparison between measured and
proxy concentrations from the testing dataset
is also displayed in Fig. 2. Although the newly
developed HOM proxy method is only a rela-
tively simple approximation of the source and
sink terms describing the formation and loss of
HOM, the estimated HOM proxy correlated well
with the measured HOM concentration (» = 0.63
training dataset, » = 0.6 testing dataset; Fig. 1).
Also, the cumulative distribution function (CDF)
shows that the HOM proxy has a high prediction
power of at least 70% as the cumulative error
at accurate prediction (x = 0) is around 0.3 (see
Fig. S4 in the Supplementary Information).

NPF event classification and particle
formation rates

Daytime NPF events are classified following the
method introduced by Dal Maso et al. (2005)
and Kulmala er al. (2012). An event is recog-
nized when a persistent new mode of particles
(< 25 nm) appears in the DMPS particle number
size distribution and exhibits growth toward the

Aitken mode. NPF events are further subdivided
into classes Ia, Ib and II. Class I NPF events are
those during which a growth rate can be cal-
culated. Class II events are those during which
an event is observed in the DMPS particle size
distribution, however a growth rate and thus an
accurate formation rate cannot be retrieved due
to fluctuations in concentrations and mode diam-
eter. As we study the long-term trends on particle
formation rates in this paper, we include only
Class I events when tackling particle concentra-
tions and formation rates in section "Trends of
new particle formation rate and connection to
precursors". This means that any possible con-
tributions of smaller-scale NPF phenomena (e.g.
nighttime clustering events; Rose et al. 2018) are
excluded from this study.

Particle formation rates are calculated using
the equation provided by Kulmala et al. (2012),
Eq (9). The formation rates at 3 nm, J,, are
calculated considering the sources and sinks of
particles within the size bin 3-25 nm. While the
particles within the size bin are produced via
NPF, they are lost to coagulation to preexisting
particles or due to growth outside of the size bin.
The growth rates (also those included in the J,
calculation) were obtained by fitting lognormal
functions to the measured particle number from
the DMPS data (Hussein ef al. 2005).

The start and end times of each NPF event
can be determined from 2006 onwards based
on the evolution of negatively charged particles
in the size bin 2.5-4 nm observed in the NAIS
using the automated method and threshold values
proposed by Dada et al. (2018). Since NAIS data
were not available before 2006, we chose the
daytime between 9:00 and 16:00 (local time) as
the NPF time windows in this study based on
previous findings at the site (Dada et al. 2017)
to make the data analysis consistent from 1996
to 2019.

Results and Discussion

Trends of ambient temperature, [MT]
[HOM] SO, and [H,SO,]

proxy’
proxy’ proxy

Figure 3 shows the time series of ambient air
temperature, [MT]P [HOM] ., [SO,], and

roxy’ proxy’
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in Hyytiala from 1997 to 2019 and their monthly medians during 1997 to 2001 and 2014 to 2018 (b, d, f,

h and j). The data points were hourly ones. The solid black lines and trends showed linear fittings and slopes of fitted
lines, respectively. The shaded areas denoted the values from the 25th to 75th percentile. For measured SO,, the data
points with SO, concentrations lower than the instrument detection limit (i.e., 0.05 ppb) of SO, monitor were removed.

[H,SO,1 .\ in Hyytidld during the last two
decades. Associated with global warming, the
ambient temperature over the boreal forest is
increasing. Linear least squares fit to all obser-
vations from 1997 to 2019 yields a slope of

+0.0267 °C yr! (Fig. 3a), almost twice the rising
rate of the global average temperature since 1970
(IPCC 2018). Previous studies have also shown
that climate warming is more evident in higher
latitudes than in low latitudes (Semenov 2012,
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Xu et al. 2017). Based on the inter-comparison
of monthly median values obtained from 1997
to 2001 and 2014 to 2018, the temperatures in
June and July were slightly higher during 2014
to 2018 than that during 1997 to 2001 (Fig. 3b).

The emission rates of most biogenic VOCs
show an exponential response to temperature
variations (Guenther et al. 1993, Pefiuelas and
Llusia 2003). It has been also found that bio-
genic VOC emissions from the boreal forest
in Hyytidld are dominated by monoterpenes
(Patokoski et al. 2014, Hellén et al. 2018).
Therefore, a [MT]proxy was calculated for the
last two decades to evaluate the long-term
trends of VOC concentration in Hyytiéld (Kont-
kanen et al. 2016). The temperature-depend-
ent seasonal variations of [MT] ., have simi-
lar monthly variations that peak at summertime
(Fig. 3c). The average trends suggest increas-
ing monoterpene concentrations associated with
the increasing temperatures, with a slope of
6.8x107 molecules cm= yr'. Correspondingly, the
concentration of [HOM] ., increased gradually
duringthelasttwodecades, withanannual increase
rate of 1.6x10° molecules cm™ yr' (Fig. 3¢). The
seasonal fluctuations in HOM also peaked in
summer when ambient temperature and monot-
erpene concentration reached the highest levels
(Figs. 3b, d, f, and 2). In addition to these high
records in summer, the abundance of MT and
HOM estimated by the proxies during 2014 to
2018 are notably higher than that during 1997
to 2001.

In contrast to the increase in biogenic VOCs
and HOM, SO, emissions in Europe show
strong decreases since 1990 due to a combi-
nation of control measures, such as the pro-
motion of low-sulfur fuels and the application
of flue gas desulfurization techniques (EEA,
2023). Indeed, the SO, mixing ratio in Hyytiald
displayed a declining trend from 1996 to 2019
(Fig. 3g). The linear fitting suggests an annual
decreasing rate of —4x10~ ppb yr' for the SO,
mixing ratio. Compared to the years 1997-2001,
the SO, mixing ratio in 2014-2018 was signifi-
cantly lower especially from November to April
(Fig. 3h). Associated with the decreasing SO,
mixing ratio, [H,SO ovoxy shows a slight decreas-
ing trend of —524.87 molecules cm™ yr! (Fig. 31).
The [H,SO 4]p . shows a rising concentrations in

roX

early spring, consistent with a decreasing level
of SO, at that time (Fig. 3h and j) and with
previous studies from the same site (Dada et al.
2017).

Trends of new particle formation rate
and connection to precursors

During the years 1996-2019, a total of 1902
NPF days were observed (Fig. 4), with the high-
est frequency in springtime (Fig. 5a) as reported
earlier at this site (Nieminen et al. 2014, Dada et
al. 2017). The annual NPF frequency from 1996
to 2019 showed a decreasing trend, with an aver-
age reduction of —0.44 % yr! (Fig. 4a). From the
intercomparison of monthly variations between
1997 to 2001 and 2014 to 2018, the decline in
NPF frequency is the clearest during springtime,
while the difference is less pronounced during
the other NPF peak in autumn (Figs. 4a and S5b
in the Supplementary Information). In winter,
NPF events occurred at very low frequency in
Hyytidld, and during some months NPF was
absent (Fig. 5a). Consistently, the nucleation
mode (3-25 nm) particle number concentra-
tion (N,,,) had a decreasing trend during all
NPF event periods. The average annual reduc-
tion rate of N . was —6 cm” yr' (Fig. 4b).
From 1996 to 2019, the monthly median J, for
all NPF events decreased at an average trend of
—9.3x1072 ecm™ s yr!' (Fig. 4c). The monthly
distribution of J, showed the highest values
in spring, along with the highest concentra-
tions of H,SO, (Fig. 5a and b), consistent with
previous long-term studies in Hyytidld (Dada
et al. 2017). As shown in Fig. 5, despite the
highest HOM concentrations in summer, the J,
values were higher in spring and autumn than
in summer. This phenomenon may be attributed
to higher CS and temperature in summer (Dada
et al. 2017). On the other hand, the median
GR,,, remained practically constant over the
past decades with an insignificant negative slope
of —6.3x1073 nm h' yr! (Fig. 4d). Sulfuric acid
is estimated to contribute only to a small frac-
tion of nucleation mode growth in Hyytiéld
(Kulmala et al. 1998, Kirkby et al. 2016, Bianchi
et al. 2016). However, the higher temperature
(especially in summer) which can alter the HOM
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all NPF events during the entire observational period.

For the CS data, before 2004, the daytime hourly data
points from 09:00 to 16:00 of each event were selected.
After 2004, the hourly data points were chosen based
on the start and end times of each event which were
obtained from NAIS data. The shaded areas showed

the values from the 25th to 75th percentile.

volatility distribution may lead to less effective
contribution of HOM to nucleation and initial
growth (Simon et al. 2020).

At the same time, CS showed a decreasing
trend of —6.7x107 + 8.9x107 s! yr! between
1996 and 2019 (Fig. 4e). The decrease in CS,
which is closely related to the total surface area
of accumulation mode particles, can be attributed
to a combination of several factors. First, the CS
associated with the growth of newly formed
particles has probably decreased as a result of
the decreasing trend in the nucleation mode
particle number concentration and no trend in
their growth rate. Second, decreasing trends in
total particle number concentrations have been
observed in both Hyytidld (Luoma et al. 2021)
and Europe (Asmi et al. 2013), which suggests
that also primary particle emissions affecting our
site have decreased. Third, the overall accumula-
tion of secondary particulate matter originating
from anthropogenic precursors, especially from
SO, and VOCs but possibly also from nitrogen
oxides (NO,) and ammonia (NH,), into pre-
existing particles has decreased during the past
few decades.

Previous studies have confirmed that both
H,SO, and low volatility HOM can play essen-
tial roles in NPF (Sipild et al. 2010, Ehn et al.
2014, Kirkby et al. 2016, Trostl ef al. 2016, Yan
et al. 2020, Dada et al. 2023b). The contrast-
ing long-term trends in H,SO, and HOM raise
the question of how they influence the occur-
rence and intensity of NPF events in the boreal
forest environment of Hyytidld, Finland. The
decline of [H,SO 4]proxy concentrations may lead
to the particle formation driven less by the acid-
base mechanism, whereas the increasing trend
of [HOM]proxy concentrations might elevate the
probability of organic vapors contributing to
particle formation. Such observations may imply
a potential shift on the NPF mechanism more
towards the organic-driven particle formation
pathways. Moreover, the ion-induced nuclea-
tion (IIN) has been found to be the dominant
pathway in particle formation during the initial
growth up to 3 nm when H,SO, concentrations
are low in the atmosphere (Eichkorn ez al. 2002,
Lee et al. 2003). From CLOUD chamber experi-
ments, Lehtipalo et al. (2018) discovered that
the IIN is about an order of magnitude stronger
than in the presence of H,SO,~NH,. This is
supported by the study of Yan et al. (2018)
who found increasing amounts of biogenic ion-
clusters as a function of an increased HOM
to H,SO, ratio. In parallel, Rose et al. (2018)
reported nocturnal ion-induced biogenic driven
clustering events occurring at nights, when
H,SO, concentrations were too low to trigger a
ternary H,SO,~NH, nucleation (median H_ SO,
concentration 8.4x10° cm™). With the observed
H_SO, concentrations decrease of —524.87 ¢cm™
y~!, together with the increasing trend in HOM
concentrations 1.6x10°cm™ y !, the particle for-
mation mechanism can be speculated to shift
towards a weaker ion-induced biogenic driven
mechanism, which might only partly compensate
for the decrease in particle formation rates. Asso-
ciated with the almost constant growth rate, such
conclusion could lead to more quiet new particle
formation events (Kulmala et al. 2022b).

Although fewer particles are formed, indi-
cated by a decreasing J, (Fig. 4¢), they still grow
at the average speed (steady GR, ) regard-
less of the increase in HOM concentrations and
decrease in CS. Such an observation could imply
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an overall decrease in CCN concentrations but
could only be confirmed via inspecting long-
term measurements of CCN in a regional con-
text.

Summary and Conclusion

In this study, the trends of ambient tempera-
ture, new particle formation frequencies, SO,,
[MT]pmxy, [HZSO4]pmxy, CS and [HOM]pmxy have
been reported on the basis of over 20 years of
observations collected at a boreal forest station.
To obtain the HOM trend, a new HOM proxy
was derived. In response to global warming and
pollution controls, the increasing trend of tem-
perature, monoterpenes and HOM, the declining
trends of anthropogenic SO,, H,SO,, and pri-
mary particle emissions were observed. In addi-
tion, during the past 20 years, the intensity (i.e.,
J,) and frequency of NPF events have both been
declining which might imply that H SO, is still
more important compared to HOM as the precur-
sor vapor in the initial steps of NPF. At this rate
of persistent increase of HOM and decrease of
H,SO,, a change in particle formation pathway
from sulfuric acid dominated to HOM domi-
nated is expected in the future.

Due to the continued temperature increase,
especially in summer, concurrent with global
warming, a significant increase in VOC emis-
sions from vegetation is observed and expected
to further continue. However, environmental
stress could also cause changes in the structure
of plant leaves and therefore the emitted VOC
types (Daussy and Staudt 2020, Zhao et al.
2017). Such changes could alter the volatility
distribution of HOM leading to changes in the
contribution of HOM in the early stage of NPF
(Dada et al. 2023a). For that purpose, the syn-
ergy between the increasing temperature and
the changing HOM amount, composition, and
volatility on NPF needs further detailed inves-
tigations. Our results provide insights into long-
term trends of monoterpenes, H,SO,, and HOM,
and their potential roles in NPF in the boreal
forest environment. Given the significant role
of NPF events in forming CCN, our findings on
a decrease in NPF frequency and intensity at an
almost constant growth rate help further improve

Li et al. - BOREAL ENV. RES. Vol. 29

our understating of the contribution of NPF
to atmosphere-cloud interactions in the boreal
forest in a future affected by climate change.
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