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9  Abstract

10  Supermicron aerosol particles (PMi.10; here defined as 1 um < aerodynamic diameter, 10 um) play a crucial role
11 in aerosol-climate interactions by influencing light scattering and absorption. However, their long-term trends and
12 episodic significance in boreal environments remain insufficiently understood. This study examines
13 measurements of optical properties and mass of PM1.10 over a 12-year period at the SMEAR 11 station in Hyytidla,
14 Finland, focusing on their variability and key drivers. By assessing long-term trends, seasonality, and episodic
15 variability, the study provides new insights into the role of these particles in aerosol-climate interactions. Episodic
16 events, such as pollen outbreaks and dust transport, are identified as major contributors to PM1.1o variability and
17 their role in atmospheric processes. In addition, cascade impactor filters were used to quantify super-PM.o particles
18 (Dp > 10 pm), which are not detected by optical instruments, addressing key detection limitations. The findings
19 reveal significant long-term trends and pronounced seasonality in PM1.10 mass and optical properties, emphasizing
20  their importance in boreal environments and their episodic relevance in coarse-mode aerosol characterization.

21 1. Introduction

22 Aerosols are integral to atmospheric processes, influencing climate, air quality, and radiative forcing. Among
23 them, coarse-mode aerosol particles, which are typically defined as particles with diameters > 1 um play a
24 significant role in light scattering and absorption, directly impacting radiative forcing. Their size and optical
25 properties make them dominant contributors to aerosol optical depth (AOD), particularly at longer wavelengths.
26 Coarse-mode aerosol particles, such as biological aerosols found in the boreal environment, also contribute to
27  cloud microphysics by serving as ice-nucleating particles (Brasseur et al., 2022). Despite their importance, the
28 optical properties and particulate matter mass (PM mass) of coarse-mode aerosol particles remain understudied
29 (Cappa et al., 2016).

30 Boreal forests, covering approximately 15% of the Earth's terrestrial surface, represent a unique natural laboratory
31  for studying aerosol-climate interactions in biogenically dominated environments. These ecosystems emit large
32 quantities of biogenic volatile organic compounds (BVOCs; Guenther et al. (2006)), which drive the formation of

33 secondary organic aerosols (SOA), significantly influencing aerosol size distribution and, therefore, light
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34  scattering and absorption processes (Petdja et al., 2022; Tunved et al., 2006). Additionally, episodic events such
35  as pollen outbreaks and long-range transport of mineral dust contribute to aerosol variability in boreal regions
36 (Manninen et al., 2014).

37  Coarse-mode particles in boreal environments are dominantly primary aerosol particles—particles emitted
38 directly into the atmosphere rather than formed through chemical reactions. These include dust, pollen, fungal
39  spores, plant debris, and sea salt, as well as particles from episodic sources like wildfires or small-scale wood
40 combustion, which could explain higher concentrations in winter. Mineral dust is typically transported long
41 distances, while pollen and spores often originate from more local biogenic emissions that are highly episodic and
42  seasonal. Sea salt, though typically associated with marine environments, can occasionally reach boreal forests
43 during strong winds. Wildfire emissions, though predominantly in the fine mode, can contain coarse-mode

44 particles, particularly in smoldering phases or from ash deposition.

45  The size fractions of these coarse-mode particles range from 1 um to over 10 um. Pollen grains and larger fungal
46  spores often exceed the PMyo cut-off and may not be fully captured by standard PM1p measurements, leaving their
47  contributions underrepresented in coarse-mode analyses. Understanding the extent to which these particles are

48 detected or left out of PM1o measurements is crucial for characterizing their impacts.

49 The natural components of coarse-mode aerosol particles contribute to atmospheric heterogeneity, influencing
50 key microphysical processes, such as the activation of ice-nucleating particles (INPs), and playing a vital role in
51 atmospheric processes like cloud formation, nutrient cycling, and radiative interactions (Brasseur et al., 2024;
52 Després et al., 2012; Mahowald et al., 2014; Schneider et al., 2021). Despite their recognized importance, the
53 interactions between these natural components and atmospheric dynamics in boreal environments remain poorly
54 characterized, particularly in the context of episodic events like pollen releases, dust transport, and potential

55  contributions from biomass burning.

56  The coarse-mode size range also presents challenges for optical instruments, with upper size cut-offs typically set
57 to 10 pum, potentially leaving a significant fraction of aerosol mass unquantified (Zieger et al., 2015). This
58  undetected mass fraction is crucial for achieving optical closure and improving vertical column density estimates
59 in boreal environments. Furthermore, the detection of coarse-mode particles depends on their size: particles larger
60 than 10 um, such as pollen, may escape standard measurements, whereas smaller coarse-mode particles, such as

61  fungal spores and dust, are more likely to be captured.

62  The knowledge gaps regarding coarse-mode aerosol particles hinder our ability to fully understand their optical
63 and mass properties and their contributions to regional and global atmospheric processes. Addressing these gaps
64 requires a detailed investigation that accounts for both long-term trends and episodic variability. Our study offers
65  acomprehensive analysis, focusing on the optical properties and PM mass of PM1.1 aerosol particles, from the
66  SMEAR Il station in Hyytidla, Finland, to improve the understanding of the sources, behavior, and impacts of
67 PMa.1o aerosol particles, which is essential for advancing knowledge of their role in atmospheric and climatic
68  processes. While this study focuses on PM1.19 particles, it also examines the PM mass of super-PMy particles

69  using gravimetric analysis of cascade impactor filters. Specifically, this study aims to:
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70 (a) Investigate the measurements of optical properties and mass of PMy.1o aerosol particles at the SMEAR 11
71  station to analyze long-term trends of coarse-mode aerosol particles and their variability in boreal environments.

72 (b) Quantify the PM mass fraction of coarse-mode aerosol particles beyond the detection limits of optical
73 instruments, constrained by the 10 pm size cut-off (super-PMao), with implications for optical closure and vertical

74 column density estimates.

75 (c) Assess the statistical significance of episodic events, such as pollen outbreaks and dust transport, on the optical

76 properties of PM1.10 aerosol particles.

77 (d) Examine the PM mass of the super-PM1 aerosol particles to fully capture the contributions of larger particles

78  and their episodical significance in events such as pollen outbreaks or dust transport.
79 2. Measurement and methods
80 2.1 SMEAR 11

81  The Station for Measuring Ecosystem—Atmosphere Relations (SMEAR 1) is located in Hyytiala, southern Finland
82 (61°51'N, 24°17'E; 181 m.a.s.l.). It is located in a boreal forest and is classified as a background site where no
83 major local sources of aerosol particles from anthropogenic activities are observed (Hari & Kulmala, 2005).
84  However, there are some sources of pollution in the region, such as the city of Tampere (60 km in the southwest
85 direction with a population of 241,000 in 2021) and the activity of the buildings in the station (Boy, 2004; Kulmala
86 et al., 2001). Thus, SMEAR II represents the typical conditions that may be found in a boreal forest (Hari et al.,
87 2013). It has instruments to measure interactions between the forest ecosystem and the atmosphere. It is a part of
88 the European Aerosols, Clouds, and Trace Gases Research Infrastructure or ACTRIS (Laj et al., 2024). The station
89  has various aerosol instruments, including the three instruments used in this study: a Magee Scientific
90  aethalometer (models AE31 and AE33) to obtain the light absorption coefficient at seven wavelengths, a TSI
91 integrating nephelometer (model 3563) to calculate the light scattering coefficient at three wavelengths and a
92 Dekati cascade gravimetric impactor to measure the PM mass of different size fractions (i.e. <PMj, <PM;i-PMgs,
93 < PMz2s5-PMyg, < PMio, > PMyg). The instruments are described in more detail in the following sections. All these

94 instruments are in a ‘Hitumékki,” i.e., the ‘Aerosol Cottage’.

95 2.2 Measurement setup and instruments

96 The measurement setup for the aerosol optical instruments included a pre-impactor designed to remove the aerosol
97 particles with an D, >10 pm sampling PM1 aerosol particles. The inlet is located at a height of 8 m above ground
98 inside the forest canopy. Following the pre-impactor, the airflow sequentially passed through an inlet flow splitter.
99  This configuration allowed us to sample aerosol particles with aerodynamic diameter <1 um (hereafter PM;
100  aerosol particles) or PMyo every ten minutes. The switching inlet system has been described in detail by Luoma
101 et al. (2021). Subsequently the size selected sample with a flow rate of 30 | min is split into three streams to

102  optical instruments.
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103 One of the airstreams from the splitter goes into a Nafion dryer connected to an integrating nephelometer (TSI
104  model 3563). With the Nafion dryer, the relative humidity of the sampled air is aimed be kept below 40%. The
105 integrating nephelometer maintains a flow rate of 8.3 I min-%.

106  The second airstream from the splitter passes through a different Nafion dryer and then enters the Magee Scientific
107  aethalometer (models AE31 and AE33). The AE31 operated at SMEAR 11 until December 2017 and was replaced
108 by the newer model AE33 in February 2018. The aethalometers maintain a flow rate of 5 | min™.

109  The third airstream is directed into a Thermo Fischer multi-angle absorption photometer (MAAP; model 5012)
110  through a Nafion dryer. The MAAP maintains the flow rate of 16.7 | min,

111 2.2.1 Aethalometer

112 The aethalometer quantifies the aerosol absorption coefficient (cans) by measuring the reduction in light intensity
113 as particles collect on a filter, facilitating continuous aerosol sampling (Zotter et al., 2017). The AE31 and AE33
114  models compare photon counts from light transmitted through a particle-laden filter spot to a clean reference filter.
115 Correction algorithms account for aerosol particle scattering and multiple scattering within the quartz fiber filter.
116 As light-absorbing particles build up, the effective optical path length shortens, necessitating adjustments for the
117 filter-loading effect (Collaud Coen et al., 2010; Weingartner et al., 2003). The multiple-scattering correction factor
118 (Crer) addresses the enhancement of light scattering within the filter matrix due to the filter material, while the
119  filter loading correction factor (R(ATN)) accounts for the non-linear instrument response caused by particle
120  accumulation on the filter (Liousse et al., 1993). Further refinement in measurement accuracy is achieved by using
121 single-scattering albedo (wo), which combines scattering and absorption coefficients to enhance the

122 characterization of aerosol properties (Weingartner et al., 2003).

123 The Magee Scientific AE31 Aethalometer was operated at SMEAR Il from October 2010 to December 2017 for
124 continuous measurements of caps at seven discrete wavelengths between 370 and 950 nm. Due to the single-spot
125 filter design of the AE31, post-processing corrections were applied to account for artifacts arising from both
126 multiple scattering within the quartz fiber filter matrix and the filter-loading effect. In this study, a Cres of 3.13
127  was uniformly applied across all wavelengths, following the methodology presented by (Luoma et al., 2021). This
128  value was derived using the correction algorithm developed by (Arnott et al., 2005), based on comparisons with
129  absorption measurements from a Multi-Angle Absorption Photometer (MAAP) at the same site. The R(ATN) was
130  also applied to compensate for the reduction in the effective optical path length as particles accumulated on the
131 filter. These corrections were essential for ensuring accurate oass retrievals and for addressing known biases in
132 AE31 measurements associated with the scattering properties of the filter substrate. The corrected data enable

133 reliable characterization of aerosol light absorption and its spectral dependence in the boreal environment.

134 From January 2018 to October 2022, the AE33 aethalometer replaced the AE31 at the SMEAR |1 station. The
135  AE33 incorporates a dual-spot filter design that continuously compares two filter spots with different particle
136 loads, enabling real-time corrections for the filter-loading effect (Drinovec et al., 2015). Unlike the AE31, the
137 AE33 does not require post-processing correction factors such as R(ATN), as its dual-spot approach automatically

138  compensates for loading effects during measurements. Additionally, the AE33 utilizes updated algorithms for
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139 scattering corrections, including adjustments to Crer, improving measurement accuracy under varying aerosol
140 concentrations and environmental conditions.

141 The key difference between the two instruments lies in their handling of the filter-loading effect. The AE31
142 requires manual post-processing to address non-linear responses caused by particle accumulation, while the AE33
143 performs these corrections in real time, reducing the need for post-processing and enhancing data reliability. This
144 distinction, combined with the AE33's improved algorithms, allows for more accurate and consistent

145 measurements of aerosol properties in dynamic environments.
146  2.2.2 Multi-angle absorption photometer

147 The Thermo Scientific model 5012 multi-angle absorption photometer (MAAP) measures light absorption
148  coefficient and equivalent black carbon concentration at a 637 nm wavelength (oans,s37 and eBC, respectively) with
149 a one-minute resolution and maintains a 16.67 Imin * airflow using an external pump. It collects aerosol particles
150  on glass fiber filter tape (Saturno et al., 2017). When particle accumulation reaches a threshold, the tape advances
151  to a new place to avoid saturation. A 637 nm light source measures transmitted photon counts at a 0° detection
152  angle, while reflected counts are measured at 130° and 165° to assess hemispheric backscattering (Petzold et al.,
153 2005; Petzold & Schonlinner, 2004). The aerosol layer and filter matrix are modeled as a two-layer system, using
154  the adding method and radiation budget equations (Petzold et al., 2005; van de Hulst, 1980). These equations are
155 solved iteratively using the single-scattering albedo of the aerosol-loaded filter layer and the layer’s optical depth
156 until convergence is achieved (Petzold & Schénlinner, 2004). The oaps 637 is then determined, from which the eBC
157 concentration per unit volume is calculated. This conversion is based on a default mass absorption cross section
158 of 6.6 m*g™, as recommended by Petzold et al. (2005).

159 2.2.3 Integrating nephelometer

160  The TSI Incorporated model 3563 integrating nephelometer measures the light scattering and backscattering
161  coefficients (osca @and onsca, respectively) of the aerosol particles in their airborne state (Anderson et al., 1996). The
162 instrument comprises three primary elements: a measurement chamber, a light source, and a detector. A diffuser
163 guarantees that the light source emits a wavefront resembling a Lambertian distribution into the chamber. The
164 chamber has a detector at one end and a light trap at the other. The chamber's interior is covered with black flocked
165 paper to absorb stray light. The reference chopper positioned in front of the detector consists of three distinct
166 sections: a signal section responsible for integrating light scattering within the range of 7° to 170°, a dark portion
167 used to measure background noise, and a calibration section utilized to ensure the stability of the light source. A
168  correction to address the scattering in blind angles (< 7° and > 170°) is applied according to Anderson and Ogren
169  (1998).

170 A revolving backscatter shutter obstructs light within a scattering angle range of 7-90°, allowing for the
171 measurement of hemispheric backscattering between 90° and 170°. The detector consists of three photomultiplier
172 tubes and a lens that aligns dispersed light into parallel rays, dividing it into wavelengths of 450, 550, and 700 nm
173 using dichroic and bandpass filters. The osca and obsca are determined by integrating the simplified scattering phase
174  function. The data are corrected for gas molecule scattering by employing a HEPA filter. Regular span checks

175  using CO; gas are conducted to account for instrument drift (Anderson et al., 1996).
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176 2.2.4 Cascade impactor with subsequent gravimetric analysis

177  The sampling of ambient aerosol particles at SMEAR Il has been conducted since the late 1990s using a Dekati
178 PMyo cascade impactor filter with an unheated inlet for total suspended particulates (Laakso et al., 2003; Petéja et
179 al., 2025). The inlet, vertically sampling from approximately 5 m above ground level, consists of a stainless-steel
180 tube with a rain cover. The impactor separates particles into three size fractions with aerodynamic diameter cut
181  points at 10 um (PMao), 2.5 um (PM2s), and 1 pm (PM3) across its three stages. This separation is achieved with

182 a consistent volumetric air flow rate of 30 | min™' (Berner & Luerzer, 1980).

183 Collection substrates for the first two stages include 25 mm polycarbonate membranes (Nuclepore 800 203)
184  without perforations. In contrast, the final stage employs a 47 mm Teflon filter with a 2 pm pore size (R2P J047)
185 from Pall Corporation. To minimize particle rebound from the collection surfaces, the membranes are coated with
186  athin layer of Apiezon L vacuum grease and diluted in toluene. After collection, particulate samples are weighed

187 in gravimetric analysis.

188 Particulate samples are weighed to produce aerosol mass distribution in two-to-three-day averages. The mass
189  distributions are calculated based on the differences in filter weights before and after sampling. Once weighed,
190  the filters are stored in a freezer to preserve the samples for future chemical and physical analyses. This procedure
191  ensures the reliable collection, quantification, and archiving of aerosol particle data for long-term studies. The PM
192 mass data across different aerosol particle size ranges, i.e. PM1, PM1o, and super-PMio (>PM10) was merged with

193 the hourly resampled aerosol optical property data.

194 2.3 Data processing of aerosol optical and PM mass-related properties

195  The aerosol optical data analyzed in this study cover the period from 4 October 2010 to 4 October 2022. Optical
196  properties for the PMyao aerosol particle size fraction were derived by subtracting PM: aerosol particle
197 measurements from the corresponding PMso aerosol particle measurements of scattering and absorption. All
198 optical data were initially resampled to hourly averages using a +30-minute offset, resulting in timestamps
199 centered at, for example, 00:30:00, 01:30:00, 00:02:30 and so on. This offset reflects the standard timestamp
200 convention used by the Environmental Database for Atmospheric Studies (EBAS), maintained by the Norwegian
201 Institute for Air Research (NILU), where hourly values are centered within their respective averaging intervals.

202 The actual temporal resolution of each instrument is listed in Table 1.

203 To enable comparison with the gravimetric PM mass measurements, the optical data were subsequently averaged
204  within each filter sampling interval, as defined by the start and end timestamps of the impactor measurements.
205  This was achieved by identifying overlapping timestamps between the optical and gravimetric datasets and
206  computing the mean of the optical variables within each sampling window. The corresponding PM mass and
207 metadata from the filter dataset were assigned to the same time windows in the optical dataset. This procedure
208 yielded a set of time-aligned values, hereafter referred to as ‘pseudo-daily mean values’. These values provided

209 the basis for subsequent seasonal and long-term analyses across optical and mass-based variables.
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210 Hourly optical data were converted to pseudo-daily means primarily because pollen events were classified based
211  on filter samples collected every two to three days. In contrast, the specific days on which dust events occurred
212 were identified using the event classification presented by (Varga et al., 2023). The use of pseudo-daily resolution
213 ensures consistency between the time bases of the optical and mass measurements, particularly for the episodic
214  analysis. For this reason, all optical data were first resampled to the hourly timescale to facilitate precise temporal

215  alignment and averaging across the datasets before aggregation into analysis-ready values.

216 Table 1. Temporal resolutions and size cut-offs of the different aerosol optical instruments

Instrument Temporal resolution Size cut-off

Aethalometer (AE33) 2 minutes PMi, PMio

Multi angle absorption photometer (MAAP; Thermo

o 1 minute PMz, PMio
Scientific model 5012)
Integrating nephelometer (TSI Incorporated model )
1 minute PM1, PMyo
3563)
< PMy, < PM;-PM3s, <
Dekati Gravimetric Cascade Impactor (GCI) 2-3 days PMz5-PM1o, < PMyo, >

PM1o

217 In this study, we analyzed absorption data for both PM; and PMyo aerosol particles. Specifically, we utilized the
218 MAAP data to plot gans 637, and the AE31/33 data to plot oans 660 Subsequently, a scatterplot was created with the
219 MAAP data to plot oanse37 On the x-axis and the AE31/33 data to plot oapseso On the y-axis. This allowed us to
220 determine the slope and y-intercept, which were then used to scale oapsse0 data from the AE31/33 instruments to
221 match oapse37 from the MAAP instruments. The same correction factors (slope = 2.36 and y-intercept = -0.08;
222 Figure S9) derived from this analysis were extended to scale the oas data from the AE31/33 instrument at the
223 other six wavelengths of 370, 470, 520, 550, 880 and 950 nm to correct all the data from the AE31/33 instruments.

224 For calculating the trends in the different aerosol optical data, the Mann-Kendall regression was used to effectively
225 handle outliers without assuming a normal distribution (Collaud Coen et al., 2020). This method also minimizes
226 the risk of Type I errors, which can occur when a trend is incorrectly identified as ‘statistically significant’ due to
227 an anomaly in the data (i.e., autocorrelation). Additionally, Sen-Theil's slope estimator has been used to quantify
228 the slope of the trends, providing a reliable measure of the long-term changes in the aerosol optical properties,
229  even if there are non-linear trends and seasonal fluctuations in the data (Collaud Coen et al., 2020).

230 Equation (1) was used to calculate the relative slope:

231 Relative slope (%yr’l):( Sen-Theilsslope o 365 51l 100%), o

Median of aerosol optical data
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232 Two key parameters used to characterize the wavelength dependence of aerosol optical properties (AOPSs) are the
233 Absorption Angstrém Exponent (AAE) and the Scattering Angstrém Exponent (SAE). These exponents provide
234 insights into aerosol composition and particle size distributions, offering indirect information about the types of
235 aerosols present. While they are not directly used to estimate climate effects, they are important for understanding
236  the physical and chemical properties of aerosols, which influence their behavior and interactions with radiation.
237  Two key parameters that are routinely used to characterize the wavelength dependence of AOPs are the Angstrém
238  exponents: the AAE and the SAE.

239 2.3.1 Absorption Angstrém exponent (AAE)

240 The AAE represents the wavelength dependence of aerosol light absorption and provides insights into the chemical
241 characteristics of aerosol particles, such as brown carbon (BrC) or presence of coatings on a BC core, which have
242 important implications for radiative forcing (Cazorla et al., 2013). The AAE was calculated by determining the
243 slope of the ordinary least squares (OLS) linear fit of the natural logarithmic values of the gass as a function of

244 wavelength:

— Al“(”abs, )
245  AAE= “anGy )
246 where oans represents the light absorption coefficient at wavelength A. For AAE, absorption measurements are

247 taken at the following 7 wavelengths: 370, 470, 520, 590, 660, 880, and 950 nm.

248 2.3.2 Scattering Angstrém exponent (SAE)

249 The SAE quantifies the wavelength dependence of aerosol light scattering and is closely associated with aerosol
250 particle size distribution. Higher SAE values generally indicate a dominance of smaller, fine-mode particles, which
251  exhibit a stronger wavelength dependence in scattering behavior. Conversely, lower SAE values are associated
252 with larger, coarse-mode particles that scatter light more uniformly across wavelengths. This relationship makes
253 the SAE a valuable metric for assessing aerosol size distributions, providing insight into the relative abundance of
254  fine and coarse particles and their implications for atmospheric radiative properties and climate-forcing (Schuster
255  etal., 2006).

256 In this study, the SAE was calculated similarly to the AAE by applying an Ordinary Least Squares (OLS) linear
257 regression to the natural logarithmic values of the light scattering coefficients at 450, 550, and 700 nm, regressed

258  against the natural logarithmic values of these wavelengths, as shown in Equation 3:

_  Aln(oga,2)
259 SAE = Ay ®3)

260 2.3.3 Single scattering albedo (SSA)

261 The SSA is a key aerosol optical property that is defined as the ratio of the osca to the total extinction coefficient
262 (the sum of asca and oans). The SSA is instrumental in determining whether aerosols exert a net cooling or warming
263 effect on the atmosphere: higher SSA values generally indicate that aerosols are primarily scattering, contributing
264  toacooling effect, while lower SSA values suggest a more significant role in absorption, which leads to warming

8
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265 (Bond et al., 2013; Luoma et al., 2019; Tian et al., 2023). SSA can be calculated at any wavelength; in this study,
266  SSA was calculated explicitly at 550 nm (hereon SSAsso).

267  2.3.4 Mass absorption coefficient (MAC)

268 The MAC represents the efficiency with which aerosol particles absorb light per unit mass (not to be confused
269 with MAC of BC, which is used in convertion of gaps to BC). The MAC is sensitive to changes in aerosol chemical
270  composition and is a valuable indicator of shifts in absorbing components, such as BC and certain light absorbing
271  organic compounds (i.e., BrC). These changes in the MAC often reflect variations in aerosol sources or chemical
272 aging processes (Andreae & Gelencsér, 2006; Bond & Bergstrom, 2006). Long-term studies on MAC can reveal
273 trends in aerosol composition, especially in regions like the Arctic and boreal environments, where variations in

274 pollution sources and climate-driven changes are prevalent.
275 2.3.5 Mass scattering coefficient (MSC)

276  The MSC quantifies the efficiency with which aerosol particles scatter light per unit mass. In contrast to the MAC,
277 the MSC is primarily influenced by the physical characteristics of aerosols—especially particle size, shape, and
278  composition—as these properties impact light-scattering efficiency per unit mass (Bates et al., 2005; Seinfeld &
279 Pandis, 2016). Higher MSC values are typically associated with a more significant proportion of scattering
280 particles, such as sulfate, nitrate, and other non-absorbing components, which contribute to a cooling effect in the
281 planetary boundary layer (PBL), partially counteracting the warming effect of absorbing aerosols (Pandolfi et al.,
282 2014).

283 3. Results and discussion

284 3.1 General characteristics of PM1-10 aerosol particles

285 Long-term observations at SMEAR |1 indicate that PM1_10 primarily contributes to aerosol scattering, with
286 minimal absorption due to its composition, which is predominantly influenced by aerosol particles of biogenic
287  origin (e.g., pollen, fungal spores) and mineral dust (Luoma et al., 2019; Zieger et al., 2015). The SSA remains
288 consistently high (>0.90), while the MSC is lower than that of PM3, aligning with Mie theory predictions for larger
289  particles (Pandolfi et al., 2018; Titos et al., 2021). A summary of these descriptive statistics for PM1-10 aerosol
290 particles is provided in Table 2. Seasonal variations reveal increased PM1_1 scattering during spring and early
291 summer due to enhanced biogenic activity, particularly from pollen and fungal spores (Heikkinen et al., 2020;
292  Yli-Panula et al., 2009), whereas winter conditions favor fine-mode aerosols, reducing the relative contribution
293 of PMy10 (Luoma et al., 2021).

294 Intermittent mineral dust intrusions, predominantly from the Aral-Caspian region, contribute to episodic increases
295 in atmospheric dust concentrations over Finland (Varga et al., 2023). While these events introduce coarse-mode
296  aerosols, their influence on the absorption properties of PMy. 1, particularly in terms of MAC variability, remains
297  poorly characterized due to limited long-term observations and uncertainties in aerosol source contributions.

298 Lihavainen et al. (2015) analyzed long-term aerosol optical properties at the Pallas Global Atmospheric Watch
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299 station, focusing on PMjo rather than specifically PM1_1o, but their findings on seasonal variations in scattering
300 and absorption provide useful context for interpreting boreal aerosol trends.

301 Hygroscopic growth measurements suggest that PM11o is less effective as cloud condensation nuclei (CCN)
302  compared to fine-mode aerosols, influencing its atmospheric lifetime and radiative effects (McFiggans et al.,
303 2006). While Lihavainen et al. (2015) examined aerosol hygroscopic properties in northern Finland, their study
304  primarily covered PMyo rather than isolating the PMi_3o fraction. The contribution of PM1 1 to total PMyo
305 scattering at SMEAR Il remains substantial, though its representation in optical measurements is uncertain due to
306 limitations in nephelometry and aethalometry, which tend to underestimate coarse-mode aerosol properties
307 (Brasseur et al., 2024; Zieger et al., 2015).

308 Table 2. Descriptive statistics of the aerosol optical properties for all the valid data of the PM1.1o particles.

Wavelength
PMu1-10 aerosol particles
(nm)
Extensive variables 25%ile | Mean | Median | 75%ile | Std. dev.

Gabs (Mm™L) 520 0.09 0.18 0.14 0.22 0.16
osca (MM™) 550 175 | 335 | 275 4.19 2.55
PM mass (ugm-3) 0.97 2.33 1.58 2.55 351
AAE (dimensionless) 370-950 0.57 0.73 0.74 0.89 0.33
SAE (dimensionless) 450-700 0.11 0.24 0.32 0.58 0.81

Intensive _ _
. SSA (dimensionless) 550 0.93 0.94 0.95 0.96 0.04

variables

MAC (m%g?) 520 0.05 0.11 0.08 0.14 0.86
MSC (m?gt) 550 1.07 1.92 1.61 2.65 11.64

309 3.2 Long-term trends of extensive properties

310 Extensive properties refer to the properties of aerosol particles that depend on the amount of the aerosol particles.
311 From the studied extensive properties, oscass0, gans,520 and mass for PM1_10 aerosol particles show a clear long-term
312  negative trend from October 2010 to October 2022, reflecting a decline in optical and mass properties (Figure. 1).
313 To compare the relative differences with PM;_10, trends for PM1 and PMyy size fractions are also studied, and all
314  the trends are presented in Table 3.

315 This decrease aligns with earlier findings at SMEAR 11, as reported by Luoma et al. (2019), where reductions in
316  extensive properties were attributed to declines in particle number concentration and volume concentrations,
317  particularly impacting larger accumulation mode and coarse-mode aerosol particles with peaks at approximately

318 700 nm and 5 pm, respectively.

319 Pollen and dust events, marked as green and red stars in all figures where they are plotted, contribute additional
320 variability to the observed optical and mass properties. Pollen events are typically seasonal, occurring during
321 spring and summer, and contribute significantly to particle mass and scattering in the PM1._19 Size range. Dust

322 events, which are more intermittent and often result from long-range transport, enhance scattering and mass
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concentrations in the coarse mode, including PMy 1o aerosol particles. While these events introduce short-term

variability, they do not alter the overall long-term declining trends. The pseudo-daily mean values used in this

analysis help to better highlight such events by providing a finer temporal resolution, enabling the identification

of short-term peaks in optical and mass properties alongside the broader trends.

Table 3. Long-term trends and statistical significance of PM;_1o aerosol optical and PM1.10 mass properties.

S. No. Variable Slope Relative trend p-value Statistical
significance
(a) Osca, 550 (MM™?) 1.05x 102 +0.05 Mm™ | 0.39 + 1.67 %yr* 0.71 No
lyr—l
(b) Gabs, 520 (Mm'?) -9.57 x 103+ 2.46 x 10 | -7.38 + 1.90 %yr? 6.23x 10 | Yes
3 Mm-lyr-l
(© SAE -0.05+0.02 yrt -12.83+463%yr? | 3.01x10% | Yes
(dimensionless)
(d) AAE 0.03+7.86 x 10%yr! | 4.60 + 1.09 %yr* 6.73x 10 | Yes
(dimensionless)
(e) PM mass (ugm™>) | -0.04+0.04 ugm>yrt | -2.94 + 2.43 %yrt 0.02 Yes
(f) SSAss0 2.63 x 10°+8.88 x 10" | 0.28 + 0.09 %yr* 1.31x107 Yes
(dimensionless) 4 yrt
(@) MSCsso (M?g) 6.43x 102 + 1.07 x 10 | 0.39 + 0.66 %yr* 0.22 No
2 mZg-lyr-l
) MACs20 (m%g?) -2.66 x 103+ 6.69 x 10" | -3.47 + 0.87 %yr! 1.44x10% | Yes
4 ng-lyrl
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330 Figure 1. Time series of (a) gscass0, (D) avs 520 and (c) PM mass for the PM3_1 size aerosol particles from October
331 2010 to October 2022.

332 3.2.1 Scattering coefficient (oscass0)

333 Scattering due to PM.: aerosol particles at SMEAR 1I shows a trend of —0.26 = 0.17 Mm™ yr'; —3.48 £ 2.33 %
334  yr! (Figure S2(a); Table S4(a)). Submicron particles dominate aerosol light scattering at the site (Virkkula et al.,
335  2011), suggesting that oscasso is influenced primarily by fine-mode aerosol loading. The observed negative trend
336 is consistent with reductions in anthropogenic sulfur dioxide (SO2) emissions, which contribute to secondary
337  sulfate formation, a major component of PM; aerosol mass and associated optical properties (Smith et al., 2011).
338 Regionally, similar decreases in aerosol scattering have been reported at multiple European background stations
339  (Pandolfi et al., 2018), further supporting the possibility of a widespread decline in fine-mode aerosol scattering.
340 SMEAR Il is also subject to seasonal biogenic emissions, particularly monoterpenes that contribute to secondary
341 organic aerosol (SOA) formation (Hakola et al., 2003; Hallquist et al., 2009; Rantala et al., 2015). However, long-
342 term records indicate that biogenic VOC emissions at this site have remained relatively stable over the past two
343 decades (Kulmala et al., 2001). As such, no evidence currently supports a significant contribution of BVOC
344  variability to the observed multi-year decline in PM. scattering. Taken together, the trend observed at SMEAR 11
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345 is consistent with known reductions in anthropogenic precursor emissions, particularly SO, though additional

346 factors cannot be excluded.
347  3.2.2 Absorption coefficient (cabs, 520)

348  The absorption coefficient (oans;520) for PM110 shows a statistically significant decrease, with a trend of -9.57 x
349  10°+2.46 x 10° Mm'yr; 7.38 = 1.90 %yr ' (Figure 1(b); Table 3(b)). This slower decline compared to smaller
350  particles highlights the lower sensitivity of PM1_10 to reductions in absorbing materials. By contrast, capss20 Of the
351 PMyo aerosol particles decline at -0.11 + 0.03 Mmyr; -8.18 & 1.94 %yr ! (Figure S1(b); Table S3(b)) and of the
352 PM; aerosol particles decline (-0.10 + 0.02 Mmtyr?; -8.38 + 2.03 %yr) (Figure S2(b); Table S4(b)). These
353 differences emphasize the limited role of absorption in PM1.10, likely due to its composition and the dominance
354 of coarse-mode aerosols such as mineral dust, pollen, and fungal spores, which scatter light more efficiently than
355 they absorb it (Laskin et al., 2005; Moosmuller et al., 2009).

356 The weaker absorption trend in PM3_1 suggests that reductions in absorbing aerosols, such as BC and BrC, have
357  hadamore pronounced effect on fine-mode particles. Coarse-mode absorption is typically associated with mineral
358  dust and biological aerosols rather than combustion-related emissions, which dominate absorption in finer
359 particles. While super-PMyq particles (>10 um) share similar scattering properties, their influence on absorption
360 trends remains less certain due to their shorter atmospheric residence time and more efficient removal via
361  gravitational settling (Emerson et al., 2020; Zhang et al., 2001). The role of instrumental differences, despite
362  calibration with MAAP, should also be considered when interpreting these trends, as sensitivity variations

363 between instruments may affect long-term trend analyses (Collaud Coen et al., 2010).

364 3.2.3 PM mass concentration

365  Although this study focuses on PM; and PM1.1o fractions, investigating trends in super-PMio aerosols may provide
366 additional insights into long-term shifts in coarse-mode aerosol composition that are not detected by the optical
367 instruments and the used 10 um cut-off. Super-PMyo particles, which include biological aerosols (e.g., pollen,
368 fungal spores) and mineral dust, are strongly influenced by episodic events such as seasonally driven biological

369  emissions and long-range dust transport. However, their long-term trends remain poorly constrained.

370 The variability in super-PMyo aerosols likely reflects a combination of natural and anthropogenic influences.
371 While mineral dust and pollen contribute significantly to coarse-mode particles, their variability is largely seasonal
372 and event-driven. In contrast, fine-mode particles (PM1) and PM1.10 aerosols exhibit more consistent long-term
373  trends due to anthropogenic emissions. The decline in PM1 mass concentrations aligns with reductions in both
374  primary and secondary anthropogenic aerosol sources. However, PM1.3o contains a larger fraction of natural

375  aerosols, which exhibit substantial variability but may not necessarily follow a long-term trend.

376 Previous studies (Leskinen et al., 2012; Varga et al., 2023) have highlighted the episodic nature of coarse-mode
377 aerosol contributions, including periods of increased dust transport to Finland, particularly after 2010 (Varga et
378 al., 2023). The frequency of these events, combined with changes in regional meteorology and source
379 contributions, may introduce variability in observed PM1.1o trends. In this study, we further assess the relative
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contributions of biological aerosols and mineral dust by comparing super-PMjo variations with PM1.1o, providing
insights into their role in long-term aerosol trends and atmospheric transport patterns.

3.3 Long-term trends of intensive properties

0.85
0.50

w 175 ‘w0 2.00
@g - : ©)3
€ 135 < 1.209 : . i
2 S
@ 0.95 { W 2 0.40
) e )
£ 055 o f £ -0.40 !
2 015 i 2 120 - : :
< 025 S -2.00
© 1112 13 14 15 16 17 18 19 20 21 22 23 (g 11 12 13 14 15 16 17 18 19 20 21 22 23
£ 1.00 - 8oo
5 0.97 5 6:40
&
£ 0.947 : =2 Y E 480
{ <
£ 001 b F320 Ty
= @ 1.60 8 :
<%0.88 g o0 : ] ﬁ"@?
a ’ 19 20 21 22 23

(e

11 12 13 14 15 16 17 18 19 20 21 22 23
= Py T T Year

@® Monthly median value

o 0401 Y R t g (O Pseudo-daily mean value
£ 0.301 ; : Monthly median line plot
8 0.201 ' s ey —— Mann-Kendall trend line (statistically significant)
Q o & & oo X . L. N
< 0.1094 3 ; 2 ---- Mann-Kendall trend line (statistically not significant)
= 0.00 A - % L% B W .| & Pollen
’ 13 14 15 16 17 18 19 20 21 22 23 % Dust

11 12

Year
Figure 2. Time series of (a) AAE, (b) SAE, (c) SSAsso, (d) MSCsso and (e) MACszo for the PM1_10 aerosol particles
from October 2010 to October 2022.

3.3.1 Absorption Angstrém exponent (AAE)

The AAE for PM1.10 aerosol particles exhibits a statistically significant decreasing trend with a slope of 0.03
7.86 x 10 yr?; 4.60 + 1.09 %yr* (Figure 2(a); Table 3(d)), suggesting a shift in aerosol composition. PM aerosol
particles also display a negative trend of -1.13 x 102 + 5.03 x 10 yr; -1.01 + 0.45 %yr* (Figure S3(a); Table
S3(d)), while PM; aerosol particles exhibit a smaller but still decreasing trend of -1.37 x 102 + 6.29 x 103 yr?, -
1.16 + 0.54 %yr* (Figure S4(a); Table S4(d)), which could be attributed to the dominance of BC in the fine
aerosol particle fraction. The more pronounced decrease in PMy.10 suggests a potential decline in BrC, possibly
due to enhanced oxidation processes or a shift toward less absorbing organic aerosols. This aligns with long-term
reductions in BC concentrations at Hyytiéla (Luoma et al., 2021) and shifts in organic aerosol sources (Aijala et
al., 2019; Heikkinen et al., 2020). Given that BC is predominantly submicron, the decreasing AAE in PM1._y is
more likely to reflect changes in BrC absorption characteristics in the coarse-mode fraction rather than BC

variability alone.

A notable abrupt change in AAE values is observed between pre-2018 and post-2018, which may be linked to the
instrumental transition from AE31 to AE33 in March 2018. The AE33 Aethalometer introduces real-time filter-
loading corrections through a dual-spot measurement approach, which effectively reduces filter-loading biases
inherent to the AE31 model (Drinovec et al., 2015). This methodological difference has been shown to impact BC
and BrC estimates, particularly influencing AAE calculations (Backman et al., 2017; Zotter et al., 2017). Also,
Luoma et al. (2021) showed how AAE varies between different aethalometer correction algorithms. Interestingly,
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404  this discontinuity is not observed in PM; or PM1o AAE trends, which suggests that the AE31-to-AE33 transition
405 might have introduced size-dependent effects in AAE calculations. Previous studies indicate that AE33 generally
406 yields lower AAE values than AE31, especially at shorter wavelengths where BrC absorption dominates, which
407 could affect how BrC in coarse-mode aerosols (PMi_10) is quantified (Bernardoni et al., 2021; Zotter et al., 2017).

408 While these differences align with known AE31-to-AE33 biases, further analysis is needed to determine whether
409  the observed AAE shift stems solely from instrumental changes or also reflects atmospheric variations. Examining
410 the AAE wavelength dependence across size fractions and assessing potential modifications in BrC optical
411 properties could help separate instrumental artifacts from real aerosol composition trends. At least one previous
412 study, Bali et al. (2024), highlights the importance of BrC optical properties in interpreting long-term aerosol

413 trends, particularly in environments influenced by SOA and episodic biomass-burning events.

414 3.3.2 Scattering Angstrém exponent (SAE)

415  The SAE for PMy.1o particles exhibits a negative trend of -0.05 + 0.02 yr?; -12.83 %yr* (Figure 2(b); Table 3(c)),
416 indicating a declining influence of smaller particles (closer to 1 um) or a slower decline of larger particles (closer
417 to 10 um), given concurrent decreases in osca,550 and PM mass. This suggests that fine-mode aerosols within PM.
418 10 are decreasing at a faster rate than those in the 2.5-10 um range, leading to a relative dominance of larger
419 particles rather than an absolute increase. The observed trend may be driven by reduced secondary aerosol
420 formation or changes in atmospheric processing (Maso et al., 2005; Seinfeld & Pandis, 2016). A decline in fine-
421 mode SOA condensation onto pre-existing particles could limit fine-mode growth, shifting the relative
422  contribution of supermicron particles (>1 pm). Additionally, long-term reductions in sulfate emissions make it
423 unlikely that an increase in sulfate mass is responsible for the shift in SAE. Instead, changes in dust concentrations
424 could play a role, although long-term dust trends remain uncertain. The negative SAE trend observed for PMio
425 (Figure S3.b) further suggests a greater relative contribution of larger particles within PMao, likely due to a slower
426  decline in the 2.5-10 pm range compared to fine-mode particles (1-2.5 pm). Aerosol particles in this size range,
427 including mineral dust, sea salt, pollen, and fungal spores, exhibit different atmospheric lifetimes and removal

428  processes than finer particles, contributing to differences in observed trends.

429 For PM; (Figure S4(b)), SAE remains stable, suggesting no major shifts in fine-mode size distributions. This
430  stability indicates that the ratio of BC to scattering components, primarily sulfate and organics, has not changed
431 significantly over time. Luoma et al. (2019) reported a decrease in volume mean diameter (VMD) from ~0.25 um
432 to ~0.2 um (2006-2017), indicating a long-term shift toward smaller aerosol sizes. While this period does not
433 fully overlap with this study, the trend likely continued, though more recent data would be needed to confirm this
434 assumption. The observed differences between PM; and PMi.;o SAE trends highlight the distinct processes
435 influencing fine and larger aerosols, including atmospheric processing, long-range transport, and primary
436 emissions. Reduced SOA condensation onto fine particles may further enhance the relative contribution of larger
437 particles in PMio. However, while pollen (>10 um) is classified as a coarse aerosol in this study, its influence on
438  SAEtrendsis likely minimal, as infrequent high concentrations from pollen events are statistically down-weighted
439 in the calculation of monthly medians. The concurrent decline in oscas50 and PM mass indicates that the negative

440 SAE trend is not due to an absolute increase in large particles but rather a differential reduction in size fractions.
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441 Together, these findings suggest that ongoing changes in secondary aerosol formation and primary emissions are
442 influencing the evolution of aerosol size distributions in different size fractions.

443 3.3.3 Single scattering albedo (SSAsso)

444  The SSAss for PMy.1 particles exhibits a small positive trend with a slope of 2.63 x 10 + 8.88 x 10 yr; 0.28
445 + 0.09 %yr (Figure 2(c); Table 3(f)), indicating an increase in scattering relative to absorption. This trend has
446 been attributed to reductions in BC contributions or increases in non-absorbing components such as sulfates and
447  organic matter (Bond et al., 2013; Luoma et al., 2019; Pandolfi et al., 2014). However, these references provide
448 general evidence on aerosol composition rather than site-specific confirmation for Hyytidla. Given the decline in
449  SO;emissions over recent decades, a significant increase in sulfate in the coarse fraction appears unlikely. Instead,
450  anenhanced contribution from mineral dust, a known scattering agent, could provide a more plausible explanation.
451 However, trends in dust concentrations at the site remain uncertain due to a lack of direct long-term observations.
452 A similar increasing SSAsso trend is observed for PMyo particles (Figure S3(c)), reinforcing the hypothesis that
453 larger particles within PMy are playing a greater role in scattering. In contrast, SSAsso for PM; particles (Figure
454  S4(c)) remains stable, suggesting no significant long-term shift in the relative proportions of absorbing and
455 scattering aerosols in the fine mode. This stability does not necessarily indicate the dominance of strongly
456 absorbing BC but rather suggests that the ratio of BC to scattering components, primarily sulfate and organics,

457 has not changed significantly over time.

458 Long-term chemical composition measurements at Hyytidla provide additional insight into these trends.
459 Heikkinen et al. (2021) and Aijal4 et al. (2019) reported that organic aerosol remains the dominant fraction, but
460 its variations have been largely seasonal rather than indicative of a sustained long-term increase. OA consists of
461  both primary organic aerosol (POA), which is directly emitted from sources such as biomass burning and fossil
462  fuel combustion, and SOA, which forms through gas-phase oxidation of volatile organic compounds (VOCs).
463 While these studies discuss OA in the context of its chemical composition and seasonal variations, they do not
464  explicitly distinguish between POA and SOA when assessing long-term trends. Additionally, ammonium sulfate,
465 a key scattering component, has not shown an increasing trend in the coarse fraction that would explain the
466  observed SSA rise in PM1.10 and PM1o. The increase in SSAsso in these size fractions may instead be influenced by
467 changes in dust concentrations or primary aerosol sources, though direct evidence for these trends at Hyytiéla is
468 lacking. While mineral dust is a plausible explanation for the increase in SSAsso, long-term regional data on dust
469  concentrations are needed to confirm this hypothesis. The observed stability of SSAsso in PM; particles further
470 suggests that the balance between absorbing and scattering components in the fine mode has remained relatively
471 unchanged. This indicates that while SSAsso trends in PMi.10 and PM3o may be influenced by shifts in scattering
472  aerosol composition, the fine mode remains relatively stable in its overall composition.

473 3.3.4 Mass scattering coefficient (MSCsso)

474  The MSCsso represents the scattering efficiency of aerosol particles per unit mass and is a key parameter in
475  assessing their radiative effects. The PMyo aerosol particles exhibit an upward trend, albeit statistically significant,
476  with aslope of 0.04 + 1.19 x 102 m?glyr?; 1.65 + 0.45 %yr* (Figure S3(d); Table S3(g)), reinforcing the role of
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477 scattering aerosols across different size fractions. The observed changes may be linked to long-term reductions in
478  anthropogenic emissions and variations in aerosol sources, which influence particle composition and optical
479  properties (Ehn et al., 2014; Pandolfi et al., 2014). Additionally, shifts in aerosol size distribution could contribute
480 to the increasing MSCsso trend for the PMyo aerosol particles, as larger particles scatter light less efficiently per

481  unit mass compared to the PM; aerosol particles.

482 Even the PM; aerosol particles exhibits a similarly increasing trend in MSCsso, with a trend of 0.05 + 1.21 x 1072
483  m?glyr?; -1.46 + 0.37 %yr? (Figure S4(d); Table S4(g)). This increase indicates that fine-mode aerosol particles,
484  which are primarily composed of secondary organic aerosols and sulfates, have experienced a more or less similar
485 trend in their scattering efficiency per unit mass. This trend may reflect changes in precursor emissions, aerosol
486 aging processes, or chemical transformations in the atmosphere. Additionally, reductions in sulfate mass fractions
487 within PM; could lead to a lower MSCsso, as sulfates are highly efficient scatterers (Pandolfi et al., 2014; Seinfeld
488 & Pandis, 2016). Given the importance of scattering aerosols in modulating radiative forcing, long-term
489  observations of MSCsso remain essential for understanding aerosol-radiation interactions and improving climate

490 model predictions.
491  3.3.5 Mass absorption coefficient (MACs20)

492 The MACs for PMa1.19 aerosol particles exhibits a statistically significant decreasing trend, with a slope of -2.66
493  x10%°+6.69 x 10* m?gtyr?; -3.47 + 0.87 %yr (Figure 2(e); Table 3(h)). This decline suggests a reduction in
494  the light-absorbing efficiency per unit mass, likely driven by decreasing BC contributions or chemical
495 transformations in absorbing aerosol particles (Bergstrom etal., 2007; Lack & Cappa, 2010). The decreasing trend
496 is consistent with long-term reductions in anthropogenic emissions, although the observed MACsy, trend in the
497 PM1.10 fraction raises questions regarding its underlying causes. While the MACsy is defined for all aerosol size
498  fractions, its variability in PM1.10 aerosol particles is influenced by both the presence of black carbon (BC) and
499 the potential effects of measurement uncertainties. This raises the possibility that either (1) BC-containing
500 particles contribute to the MACsy in the coarse mode or (2) measurement artifacts are affecting the trend. A similar
501  decreasing trend in PMy (Figure S3(e)) suggests that changes in absorbing components are affecting multiple size

502 fractions, while the weaker trend in PM; (Figure S4(e)) aligns with the persistence of BC in finer aerosols.

503 A potential contributing factor to this trend is the transition from Aethalometer AE31 to AE33 in March 2018.
504  This instrument change may have introduced a discontinuity in the MACsy values due to differences in filter-
505 loading correction and multiple-scattering adjustments (Drinovec et al., 2015). Unlike AE31, which requires post-
506 processing corrections, AE33 applies a real-time dual-spot correction method, known to yield systematically
507 lower absorption values (Zotter et al., 2017). This suggests that part of the observed decline in the MACsz may

508  be attributed to instrument-related biases rather than actual atmospheric changes.
509 3.4 Seasonal variability of the extensive properties

510  The oanss20 follows a strong seasonal cycle, with the highest values observed in winter (December, January and

511 February) due to increased BC emissions from residential wood burning (Kukkonen et al., 2020; Pandolfi et al.,

17



https://doi.org/10.5194/egusphere-2025-1776
Preprint. Discussion started: 13 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

512 2014) in Finland. Additionally, the lower PBL during winter reduces vertical dispersion, leading to higher near-
513  surface aerosol concentrations due to thermal inversion (Petdjé et al., 2016). These findings are consistent with
514 Hyvérinen et al. (2011), which reported elevated BC concentrations in Finland during winter, primarily due to
515 increased heating emissions and stable atmospheric conditions. In contrast, oanss20 Values are lower in May, June
516  andJuly, mainly due to reduced heating emissions and an elevated PBL, which enhances aerosol dispersion (Arola
517  etal., 2011). Itis also possible that the correction algorithms were not entirely sufficient to minimize the sensitivity
518  of the absorption measurements to the accumulation of aerosol particles on the filter. Meanwhile, the oscasso for
519 PM1o, PMy, and PM1_1¢ also exhibits distinct seasonal variability, with the highest values occurring in summer
520  (June, July and August) and the lowest in April and October (Figures S5.a, S6.a, and 3.a). The summer peak is
521  attributed to increased emissions of BVOCs and enhanced SOA formation, consistent with findings that SOA

522  dominates aerosol composition in boreal regions during summer (Kourtchev et al., 2016; Tunved et al., 2006).
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524  Figure 3. Monthly variations of aerosol optical properties for the PM1.1 aerosol particles from October 2010 to
525 October 2022 (a) oscas50, (b) Gapss20, and (€) PM mass. Box plots represent the interquartile range, with the first
526 horizontal line showing the 25" percentile, the middle line showing the median (50" percentile), and the third

527  horizontal line showing the 75" percentile. Whiskers extend to the 10" and 90" percentiles.

528  The April and October minima are linked to reduced household heating emissions in spring and their delayed
529 onset in autumn, along with weaker long-range transport contributions during these transitional months (Hienola
530  etal, 2013). The seasonal variation in PM mass at Hyytidla, as shown in Figure S5(c) for PMyo, Figure S6(c) for
531 PM; and Figure 3(c) for PM1_10 aerosol particles, further highlights differences between aerosol size fractions.
532 PM; mass concentrations increase significantly during June—August, coinciding with enhanced SOA production,

533  as indicated by the concurrent rise in oscasso for PMy Figures S6(a). These trends align with long-term aerosol
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534 observations in Finland (Luoma et al., 2019), which report similar seasonal variations in PM mass and
535  composition. Meanwhile, PM1o and PM1-30 mass also show seasonal variability, increasing in May, coinciding
536 with the peak in birch pollen emissions (Yli-Panula et al., 2009). Additionally, June and July peaks in these
537 fractions may indicate long-range transported mineral dust from the Aral-Caspian and Middle Eastern regions
538 (Varga et al., 2023). Seasonal variations in atmospheric transport and aerosol sources further contribute to these
539  trends, with summer months favoring photochemical activity and secondary aerosol formation, while winter

540 remains dominated by local primary emissions.
541 3.5 Seasonal variability of the intensive properties

542 The seasonal variability of intensive aerosol properties at Hyytidla provides insight into the sources and
543 composition of PMjo and PMi.10 aerosol particles. Figures 4(d) and 4(e) illustrate the monthly variations of the
544  MACsy and the MSCsso. MACsgo peaks in winter due to increased emissions from biomass burning and residential
545  heating, as shown by Heikkinen et al. (2021) and Virkkula et al. (2011). Reduced boundary-layer heights further
546  enhance BC accumulation, leading to higher MACsgo values. Conversely, the MACszo declines in summer due to
547  the dominance of SOA from biogenic sources (Aijél4 et al., 2019). Organic aerosols scatter more light than they
548 absorb, reducing the MACsy values. The seasonal minimum in the imaginary part of the refractive index further
549 indicates lower absorption capacity in summer, reinforcing the shift toward scattering-dominated aerosols
550 (Virkkula et al., 2011).

551  The MSCss follows a distinct seasonal cycle, with peak values in winter (Figure 4(d)). The prevalence of fine-
552 mode PM; particles, primarily from residential heating, enhances light scattering (Hellén et al., 2008). Although
553 BC is present, the aerosol mixture includes significant amounts of scattering species such as SOA and sulfates,
554  leading to high MSCsso values (Seinfeld & Pandis, 2016). Despite an increase in the PM mass in summer, MSCsso
555 declines due to a shift toward larger particles that scatter light less efficiently per unit mass (Tunved et al., 2006).
556 The seasonal reduction in the MSCssg aligns with greater contributions from pollen, mineral dust, and sea salt
557  aerosols in the PMy.yo fraction, altering the aerosol size distribution (Latimer & Martin, 2019). These shifts

558  emphasize the importance of size-dependent scattering efficiency in shaping seasonal aerosol optical properties.
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560  Figure 4. Monthly variations of aerosol optical properties for the PM1.1o aerosol particles from October 2010 to
561 October 2022 (a) AAE, (b) SAE, (c) SSAsso, (d) MSCsso and (e) MACsz. Box plots represent the interquartile
562 range, with the first horizontal line showing the 25" percentile, the middle line showing the median (50%"
563  percentile), and the third horizontal line showing the 75" percentile. Whiskers extend to the 10" and 90%
564  percentiles.
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566 Figure 5. Temporal trend comparisons of PM mass in (a) PMio, (b) super-PMyo aerosol particles and seasonal
567 variation comparisons of PM1g and super-PMiq aerosol particles in terms of (c) PM mass concentration and (d)
568 PM mass fraction.
569  The PMu.yo fraction significantly influences seasonal aerosol dynamics, particularly in spring and summer when
570  pollen and mineral dust events contribute to coarse-mode aerosol mass. However, optical measurements in this
571  study are constrained by the PMy inlet, excluding particles larger than 10 um. Figure 5 quantifies this missing
572 PM fraction, showing substantial coarse-mode mass is unaccounted for, especially during episodic events. The
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seasonal increase in PM1.;0 and PMjo mass suggests coarse-mode aerosols dominate specific periods, yet their
optical contributions remain uncertain. Complementary measurement techniques are needed to capture the full
size distribution of coarse-mode particles and improve the representation of their optical properties. The exclusion
of super-PMy, from optical instruments introduces uncertainties in radiative forcing assessments, underscoring

the necessity of including larger particles in aerosol characterization.

Pseudo-daily peaks in super-PM1o mass (Figure 5) indicate that episodic events, such as pollen and dust outbreaks,
significantly impact aerosol optical properties. These events contribute to short-term fluctuations in the MACszo
and the MSCss, reflecting shifts in aerosol composition and size distribution. The variability of super-PMio mass
suggests coarse-mode particles play a crucial role in modifying scattering and absorption properties, further
complicating aerosol-radiation interactions. Without direct optical measurements of these particles, their
contribution to aerosol optical closure remains uncertain. The high mass fraction of super-PMyo during episodic
events suggests that excluding these particles leads to an underestimation of coarse-mode aerosol influences in
climate models. The seasonal trends and episodic peaks observed in Figures 4 and 5, respectively emphasize the
need for improved measurement techniques and better parameterization of coarse-mode aerosols in radiative

forcing assessments.

4. Role of episodic variability

4.1 Optical and mass properties of PM1o aerosol particles at Hyytiéléa: Episodic events and long-term trends

The optical and mass properties of PM;o aerosol particles at Hyytiala exhibit variability influenced by episodic
events and long-term trends. To classify the dominant aerosol types, we applied the framework by Cazorla et al.
(2013), which utilizes the SAE and the AAE, as shown in Figure 6.
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Figure 6. Aerosol classification matrix for the PMio aerosol particles.
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Figure 6 presents the aerosol classification for PMio particles, which include both PM: and PMi— size fractions,
thereby providing a broader perspective on aerosol interactions across size ranges. The data indicate that PMio
particles are predominantly located in the EC/OC-dominated and Dust/EC mix regions, suggesting substantial
contributions from BC, SOA and aged mineral dust.

Pollen and dust events appear sporadically, clustering in moderate to high AAE and SAE regions, reinforcing
their episodic nature. These events introduce short-term fluctuations in aerosol properties but do not significantly
alter the long-term classification. Dust events cluster near the ‘Dust/EC-dominated’ region, suggesting
interactions between long-range transported dust and combustion aerosols. Pollen events align with higher SAE

(~1.5-2), indicating smaller particles with strong scattering properties.

Despite episodic variability, the dominant aerosol classification remains stable, with PM1o aerosols primarily
linked to EC/OC sources and aged dust.

Table 3 summarizes the classification scheme used in this study, differentiating aerosol types based on their optical

properties:
(1) High SAE (>1.5) and low AAE (~1): BC-dominated aerosols from fossil fuel combustion and biomass burning.
(2) High AAE (>2) and low SAE (<1): Mineral dust, often associated with long-range transport.

(3) Intermediate AAE (1-2) and SAE (~1): Aged dust mixed with BC, indicative of interactions between
transported dust and combustion aerosols.

Table 3. Summary of aerosol classifications in Figure 6.

Region in . Aerosol ) )
. AAE SAE Size o Supporting studies
Figure 6 classification
Cazorla et al. (2013): AAE ~2.5,
SAE ~0.5.
Mineral dust Russell et al. (2010): Dust, coarse
. Coarse (>2.5 .
Dust Dominated | >2 <1 ) (e.g., desert mode, high AAE.
m
. regions) Malm and Hand (2007): Dust
from desert regions with low
scattering efficiency.
Cazorla et al. (2013): Mixed
Dust/EC 1o 1 Mixed (fine + | Dust mixed values for overlapping dust/BC.
Dominated coarse) with aged BC Clarke et al. (2007): Combustion
aerosols interacting with dust.
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Schuster et al. (2006): AAE ~1 for
. BC.
Fossil fuel
) . o Clarke et al. (2007): SAE >1.5 for
EC Dominated | ~1 >1.5 | Fine (<1 pm) combustion (i.e. | )
BC) fine combustion aerosols.
Sheridan and Ogren (1999): BC
classification with low AAE.
Cazorla et al. (2013): AAE ~1.8
for OC, moderate SAE.
Fine to . Russell et al. (2010): AAE 1.5-2
. . Biomass .
OC Dominated | 1.5-2 1-1.5 | accumulation . linked to OC.
burning, SOA
mode Malm and Hand (2007): OC from
regional biomass burning or SOA
formation.
Malm and Hand (2007): Sulfate
coating reduces SAE and AAE.
Aged aerosols,
Coated Large . . Clarke et al. (2007): Coated
. <0 <0.5 | Mixed/coarse | sulfate coating . .
Dominated particles with low SAE.
on dust .
Sheridan and Ogren (1999):
Mixed aerosols with coatings.
Cazorla et al. (2013): Mixed
AAE/SAE values for overlapping
Mixed sources: | sources.
Dust/OC or 115 ! Mixed (fine + | urban, Clarke et al. (2007): Mixing of
EC/OC Mixed ' coarse) industrial, or dust and pollution aerosols in
forest urban environments.
Malm and Hand (2007): Regional
mixing.

4.2 Episodic and long-term variability: One-sided Mann-Whitney U test

To assess the impact of episodic events (i.e., pollen and dust) on aerosol properties, a one-sided Mann-Whitney
U test was conducted. This non-parametric statistical test is particularly suited for comparing two independent
datasets without assuming normality, making it effective for aerosol optical property distributions, which often

exhibit non-Gaussian behavior due to episodic influences.

The dataset was categorized into:
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620  (a) Observations including pollen and/or dust events
621  (b) Observations excluding these events

622 Pollen events were identified using cascade impactor filter records. If the PMy filters contained pollen, the

623 corresponding PM1.1o fraction was also assumed to contain pollen.

624 Dust events were identified based on time periods from Varga et al. (2023), cross-referenced with aerosol optical
625  and mass data from Hyytiéla.

626  Table 4. One-sided Mann-Whitney U-test results for the aerosol optical and mass properties in the presence

627  of pollen and/or dust events for the PM1-10 aerosol particles

Number of
Number of .
. data points
data points . .
. (excluding . Statistical
Variable (pollen U-statistic | p-value o Trend
pollen and significance
and/or dust
for dust
events)
events)
Oabs 520 29 3336 51394 0.56 No No trend
Osca,550 30 3914 79862 6.63 x 10* Yes Increasing
PM mass 36 3626 94548 3.51x 106 Yes Increasing
AAE 29 3254 66718 1.21x10* Yes Increasing
SAE 30 3880 52785 0.38 No No trend
SSAss0 23 3174 28940 8.65 x 102 No No trend
MACs20 29 2990 31641 1.22x 107 Yes Decreasing
MSCsso 30 3515 38484 1.07 x 1072 Yes Decreasing

628

629 Table 4 summarizes the statistical results. Statistically significant increases in cscasso (30 pseudo-daily mean
630 values) were observed during identified pollen and/or dust events relative to periods without such events,
631 indicating enhanced contributions from PM1.1¢ particles to aerosol scattering.

632  Conversely, significant decrease in MACsz (29 pseudo-daily mean values) suggest reductions in absorbing
633 components and a shift toward smaller, more scattering aerosols. While PMyq particles primarily scatter light,
634  mineral dust within this size range can also absorb radiation, influencing aerosol radiative properties (Adebiyi et
635  al, 2023).
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636 No significant trends were detected for SSAsso (23 pseudo-daily mean values), AAE (29 pseudo-daily mean values)
637  or SAE (30 psudo-daily mean values). However, MACs exhibited a significant decreasing trend (29 psudo-daily
638 mean values), suggesting a declining contribution from BC and other absorbing components. The stable SSAsso
639 values, combined with declining MACsy, indicate a shift toward aerosols with higher scattering-to-absorption

640 ratios, likely due to increased sulfate or organic aerosol contributions.

641 Intensive properties also show variability during dust transport events, emphasizing the need to differentiate
642  episodic contributions from long-term trends when interpreting radiative forcing estimates (Adebiyi et al., 2023;
643 Che et al., 2018).

644  The aerosol classifications and trends observed in this study align with prior boreal aerosol research:

645 1. Virkkula et al. (2011) found that secondary organic aerosols (SOA) dominate boreal environments, with
646  episodic pollen and dust events temporarily increasing coarse-mode contributions, aligning with the ‘Dust-

647 dominated’ and ‘Dust/EC-dominated’ regions.

648 2. Hyvérinen et al. (2011) reported that long-range transported BC interacts with local aerosols, producing
649 intermediate AAE values (~1-2), characteristic of the ‘Dust/EC-dominated’ region.

650 3. Laing et al. (2016) emphasized the role of SOA and organic carbon aerosols from biomass burning in boreal
651 forests, corresponding to the ‘OC-dominated’ classification (AAE 1.5-2, SAE 1-1.5).

652 Coarse-mode aerosol measurements are affected by instrument-specific errors, such as angular truncation in
653 nephelometers and artifacts in filter-based absorption techniques (Muller et al., 2011; Sheridan & Ogren, 1999).
654  These uncertainties should be considered in climate models to improve estimates of aerosol-radiation interactions.

655 5. Summary and conclusions

656  This study provides new insights into the long-term evolution of aerosol optical properties and PM mass at the
657  SMEAR Il station in Hyytiéla, southern Finland, over the past 12 years. A significant decrease in extensive aerosol
658 properties in PMyo aerosols suggests a shift in size distribution and chemical composition, likely driven by
659  declining anthropogenic emissions, including SO, across northern Europe (Terseth et al., 2012; Zieger et al.,
660 2010). Seasonal patterns show that absorbing aerosols peak in winter due to biomass burning and residential
661 heating, while scattering aerosols peak in summer, influenced by biogenic SOA formation and episodic pollen
662  and dust events. These findings reinforce previous research on boreal aerosol processes and highlight the complex

663 interactions between anthropogenic and natural aerosol sources at this site.

664  To address the challenge of incomplete optical closure, this study examines the role of supermicron aerosol
665 particles across multiple seasons. The first-ever quantification of super-PMio particles at Hyytidla underscores
666  their role in aerosol scattering and absorption processes, contributing to uncertainties in aerosol-radiation
667 interactions. Statistical analysis revealed that pollen and dust events significantly affected five of the eight PM1.10
668 aerosol optical and mass-related properties examined. The observed trends in MACszo and MSCssp suggest changes
669 in aerosol composition and size distribution, which must be considered in radiative forcing assessments. Future

670 work should improve the representation of supermicron aerosols in climate models by leveraging advanced
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671  analytical techniques, such as machine learning-based aerosol classification (Schuster et al., 2006) and integrating
672 multi-platform observational datasets to reduce uncertainties.

673 Code/Data availability
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