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18 Abstract

19  Chemical cloud processing has the potential to substantially modify atmospheric aerosol properties and
20 influence air pollutant lifetimes, yet these processes remain challenging to empirically quantify from
21 observations. Previous observational evidence have largely relied on short-term aircraft campaigns, providing
22 only episodic snapshots of cloud—aerosol interactions. Here, we demonstrate that continuous ground-based
23 observations at the SMEAR II boreal forest station enable the identification and characterization of cloud-
24 processed aerosols over multi-year timescales. We show that bimodal aerosol number size distributions
25  exhibiting a pronounced local minimum between the Aitken and accumulation modes —commonly referred to
26  as the Hoppel minimum-— are closely linked to the presence of clouds over the boreal forest. These bimodal
27  distributions serve as efficient proxies for cloud-processed aerosols, allowing their physicochemical properties
28  to be examined using long-term in-situ data. This approach provides a novel framework for studying cloud
29  processing effects as an important, long-term complement to aircraft-based observations. Our analysis reveals
30 that cloud processing leads to a clear enrichment of sulfate aerosol mass in the accumulation mode, while
31  impacts on organic aerosol mass concentration and chemical composition remain insignificant. The observed
32 impacts of cloud processing on aerosol composition are consistent with previous estimates derived from
33 trajectory-based analyses, while extending them to a statistically robust, long-term observational context.

34

35 1. Introduction

36 One of the earliest recognized chemical reactions occurring in cloud droplets is the formation of sulfate, o
37  from sulfur dioxide, SO, (Calvert et al., 1985; Brandt and van Eldik, 1995), that is an oxidation reaction from
38  sulfur in oxidation state IV (Siv) to sulfur in oxidation state VI (Svi). This transformation alters the
39  physicochemical properties of cloud droplet residuals that remain in the atmosphere as aerosol particles after
40  cloud droplet evaporation. In particular, such chemical cloud processing increases particle size and
41 hygroscopicity (e.g., Kreidenweis et al., 2003; Petéjd et al., 2005; Crumeyrolle et al., 2008; Ervens et al., 2018),
42 thereby enhancing their ability to scatter incoming solar radiation (Choularton et al., 1997; Zieger et al., 2013)
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43 and act as cloud condensation nuclei (CCN; e.g. Petters and Kreidenweis, 2008). Although this process does
44 not generate new CCN, it modifies existing particles such that they can activate at lower water vapor
45  supersaturations in subsequent cloud cycles (e.g., Choularton et al., 1997). The net effect of cloud water
46 chemistry on cloud properties can be bidirectional, potentially increasing or decreasing cloud droplet number
47  concentrations in the following cloud cycle depending on environmental conditions (e.g., Choularton et al.,
48 1997; Feingold and Kreidenweis, 2000; Romakkaniemi et al., 2005; Ivanova and Leighton, 2008). The sign of
49  the cloud response mainly depends on the degree to which the addition of hygroscopic mass decreases the
50  maximum supersaturations reached in the following cloud cycles (due to an enhanced water vapor sink) relative
51  to the updraft velocities (sources of supersaturation) in these cloud cycles (Behr et al., 2026, in prep.).

52 Current estimates suggest that ~60-90% of tropospheric sulfate is formed through aqueous phase
53  chemistry in cloud water (e.g., Ervens, 2015, and references therein), with hydrogen peroxide (H>0O-) and ozone
54  (0O3) acting as key oxidants. These oxidants are produced in the gas phase through photochemical reactions,
55  linking in-cloud sulfate formation to broader atmospheric chemistry involving hydroperoxyl radical (HO,) and
56  nitrogen oxide (NOx) cycles. Despite a well-established mechanistic understanding of in-cloud sulfate formation
57  involving several oxidants, atmospheric models still struggle to reproduce observed sulfate concentrations
58 across different environments (Bian et al., 2024; Shao et al., 2019; Turnock et al., 2015).

59 Attributing the mismatch in sulfate concentrations to various sulfate formation pathways (in-cloud vs
60  photochemical gas-phase chemistry) is challenging. The difficulty partly arises from the challenge of
61  distinguishing primary sulfate from secondary sulfate formed in the atmosphere. Additional uncertainty
62  originates from imperfect representation of key parameters controlling in-cloud sulfate formation, such as cloud
63  liquid water content, cloud droplet spectra and cloud water pH. While the role of these parameters on in-cloud
64  sulfate formation is well understood, they might not be accurately modelled. Among these, cloud water pH has
65  been identified as a particularly important and uncertain factor influencing sulfate production rates (Lee et al.,
66  2013; see also Turnock et al., 2019).

67 Beyond sulfate, cloud water chemistry may also contribute to the formation of secondary organic
68  aerosol (SOA; e.g. Ervens et al., 2011). However, SOA is traditionally understood to form via gas-phase
69  oxidation of volatile organic compounds (VOCs) and the condensation of their oxidation products. Biogenic
70  VOCs (BVOCs), mainly isoprene (CsHg) and monoterpenes (CioHis), such as a-pinene, constitute one of the
71 main sources of non-fossil SOA (Shrivastava et al., 2017 and references therein). While the scientific
72 understanding of SOA formation has advanced substantially in the past decades (Hallquist et al., 2009;
73 Shrivastava et al., 2017; Bianchi et al., 2019), models still struggle to capture vertical SOA profiles (Carlton et
74 al., 2008; Hodzic et al., 2020), and dry smog chamber experiments yield lower oxygen-to-carbon ratios (O:C)
75  than atmospheric observations (Ervens et al., 2011), requiring long hydroxyl radical (OH) exposures (Massoli
76  etal., 2010) in order to match the laboratory-generated SOA with ambient observations (Jimenez et al., 2009).
77 Aqueous phase chemistry in cloud droplets could provide an alternative pathway instantly generating SOA with

78  high characteristic O:C (e.g., Ervens et al., 2011).
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79 In terms of BVOCs, more observational evidence exists in suggesting isoprene oxidation products to
80  act as efficient aqueous-phase SOA precursors (e.g., Lim et al., 2005; Giorio et al., 2017; Lamkaddam et al.,
81  2021) as compared to monoterpene oxidation products. While the gas-phase oxidation of monoterpenes
82  produces several highly oxygenated reaction products that are presumed as relatively water-soluble (e.g.,
83  Kotlodziejczyk et al., 2019) and reactive in the atmospheric aqueous phase, laboratory studies provide
84  conflicting evidence regarding net impact of aqueous phase chemistry on SOA mass concentrations in
85  monoterpene-rich environments. Some studies report substantial aqueous-phase SOA formation, for example
86  from the photo-oxidation of cis-pinonic acid, a major a-pinene photo-oxidation product (Aljawhary et al.,
87  2016). Others suggest that monoterpene-derived SOA is susceptible to photolysis and hydrolysis reactions
88  during cloud processing, causing formation of volatile products and hence reductions in SOA concentrations
89  (Romonosky et al., 2017).
90 Similar ambiguity is also found in ambient observations. Some studies report enhanced SOA mass
91  formation associated with cloud processing (Crahan et al., 2004; Sorooshian et al., 2006, 2007), whereas others
92  find little evidence of this process (Isokdénté et al., 2022; Wagner et al., 2015). A major reason for this ambiguity
93  could be the scarcity of direct ambient observations of aerosol physicochemical properties in cloudy conditions.
94  Long-term measurements are typically ground-based and often limited to fog or orographic clouds (e.g.,
95  Paglione et al., 2020; Li et al., 2020; Karlsson et al., 2021), which represent only a narrow subset of cloud types
96  not necessarily representative of all clouds e.g. in terms of liquid water contents, droplet spectra or cloud water
97  pH. Aircraft observations, in contrast, represent a wider range of cloud conditions, but are limited in the amounts
98  of in-cloud data and to short-term campaigns rather than long-term observations (e.g., Hilario et al., 2021 and
99 references therein).
100 Since the lifetime of aerosol particles in the troposphere can be several days, cloud-processed aerosols
101  are continuously measured also by ground-based observations, but a major challenge in quantifying the impacts
102 of chemical cloud processing in ambient conditions is the lack of robust observational tracers (Ervens et al.,
103 2018). Commonly used chemical markers, such as oxalate, are not unique to in-cloud processes and can
104  originate from multiple sources, such as biomass burning (Ervens et al., 2018; Hilario et al., 2021).
105  Hydroxymethanesulfonate (HMS) could be a more robust marker (Munger et al., 1986; Gilardoni et al., 2016),
106  but its quantification via commonly used aerosol measurements, such as aerosol mass spectrometry
107  (Canagaratna et al., 2007) is challenging (Dovrou et al., 2019). Similarly, sulfur and oxygen isotopic ratios
108  could be used to distinguish primary sulfate from in-cloud sulfate (Alexander et al., 2009; Moon et al., 2024),
109  yet such observations are not commonly available.
110 In contrast, microphysical signatures of cloud processing may provide a more direct and observable
111 indicator of in-cloud chemistry. When CCN undergo chemical cloud processing, they may (e.g., in the presence
112 of SO,) grow and shift size distributions toward larger particles, creating a characteristic bimodal pattern with
113 a “Hoppel minimum” separating an unprocessed aerosol mode from a cloud-processed aerosol mode (e.g.,
114 Hoppel et al., 1994; O’Dowd et al., 1999). This is why bimodal particle number size distributions (PNSDs)

115  exhibiting a Hoppel minimum have been used in many studies to infer maximum supersaturation levels in
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116  clouds, as the position of the Hoppel minimum could be taken to reflect the activation diameter in the clouds
117 (Gong et al., 2023; Hoppel et al., 1996; Hudson et al., 2015).

118 Consistent with in-situ observations, aerosol volume size distributions retrieved from AERONET
119  ground-based remote sensing observations also frequently exhibit bimodality following fog or low-level cloud
120  dissipation, with a larger mode associated with cloud processed particles and a smaller mode representing the
121 unprocessed aerosol (Eck et al., 2012). These observations across diverse environments support the
122 interpretation of bimodality as a robust signature of chemical cloud processing. Complementary in-situ chemical
123 analysis capturing one fog event in London also revealed aerosols rich in HMS (Dall’Osto et al., 2009)
124  coexisting with the bimodal volume size distributions retrieved through co-located AERONET observations.
125  Beyond this, however, bimodal PNSDs have not been exploited to investigate the associated in-cloud chemical
126 processing. In particular, it remains unclear whether aerosol populations exhibiting Hoppel minima also show
127  systematic differences in chemical composition.

128 In this study, we address the challenge in characterizing cloud-processed aerosol populations by using
129  bimodal PNSDs with Hoppel minima as proxies for cloud processed aerosol and systematically investigate their
130  associated chemical signatures. We focus on a boreal forest environment at the Station for Measuring
131 Ecosystem-Atmosphere Relationships (SMEAR 1I) in Southern Finland, where long-term measurements of
132 PNSDs and chemical composition are available alongside extensive meteorological and trace gas observations.
133 Atthis site, acrosol mass is dominated by organic aerosol (OA) and ammonium sulfate (NH4)2SO4) (Heikkinen
134 etal., 2020), with OA consisting almost completely of SOA (detected as oxygenated organic aerosol; Heikkinen
135 et al.,, 2021). During the growing season, SOA forms from the oxidation of BVOCs and the subsequent
136  condensation of their oxidation products (Mohr et al., 2019; Riipinen et al., 2012; Roldin et al., 2019).
137 Monoterpenes are the dominant BVOCs emitted by the surrounding forest (Rantala et al., 2015), and their
138  emissions, as well as resulting SOA formation, are strongly temperature-dependent (Guenther et al., 2012; Yli-
139 Juuti et al., 2021). Overall, SOA concentrations at SMEAR 1I are highly sensitive to meteorological conditions
140  (Petdjd et al., 2022), particularly temperature and boundary layer dynamics leading to pronounced diel cycles
141 in SOA concentrations, especially during summer, whereas sulfate concentrations exhibit no diel cycle
142 (Heikkinen et al., 2020, 2021).

143 Previous work at SMEAR 1I has investigated aerosol cloud processing using air mass back trajectories
144  combined with a relative humidity (RH)-based proxy for cloud exposure (Isokaénté et al., 2022; Talvinen et al.,
145  2025). They found that the time spent in non-precipitating clouds was associated with enhanced sulfate mass
146  concentrations and an increased number of particles with dry diameters exceeding 200 nm, consistent with in-
147  cloud sulfate formation. In contrast, no significant impact on OA concentrations was observed, suggesting a
148  limited role for aqueous phase SOA formation in this environment. While the insignificant SOA response to
149  airmass exposure to non-precipitating clouds at SMEAR 1II could result from a number of aqueous-phase
150  reactions causing equal enhancements and decreases in SOA concentrations, as discussed earlier, the impact of
151  clouds on SOA formation via gas phase chemistry perturbations via reductions in SOA precursors should not

152 be overlooked.
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153 Ambient observations can also be impacted in complex ways through the interactions between liquid
154  water clouds and tropospheric photochemistry and oxidant concentrations (Lelieveld and Crutzen, 1990). In
155  particular, cloud processing reduces NO, through heterogeneous reactions involving nitrogen pentoxide (N2Os;
156  Dentener and Crutzen, 1993; Heikes and Thompson, 1983; Holmes et al., 2019), while cloud attenuation of
157  solar radiation suppresses photolysis rates can lower below-cloud NO, O3 and HO. concentrations (Ervens,
158  2015). In addition, humid and cloudy conditions may enhance ozone deposition onto wet canopy surfaces and
159  increase stomatal uptake (Monks et al., 2015) leading to significantly reduced surface O3 concentrations (Chen
160 et al.,, 2018). Together, these processes can alter the oxidation capacity of the lower troposphere and influence
161  SOA formation and aging, which can be further influenced by dry deposition of soluble BVOC oxidation
162  products as well (Hodzic et al., 2014; Nguyen et al., 2015). These processes can therefore offset any SOA
163  production that took place via cloud water chemistry. Consequently, the absence of enhanced SOA
164  concentrations under cloud-processed conditions does not necessarily imply insignificant aqueous-phase SOA
165  formation, but may instead reflect a near balance between competing cloud-driven processes.

166 Building on the work of Isokdénti et al. (2022), the present study uses bimodal PNSDs with Hoppel minima
167  as an alternative and more physically direct proxy for cloud processing, enabling a complementary assessment
168  ofits impacts on aerosol composition and the surrounding chemical environment. The specific objectives of this
169  study are to (i) evaluate whether bimodal PNSDs with Hoppel minima can serve as reliable indicators of cloud-
170  processed aerosol populations, (ii) assess whether these populations exhibit systematic differences in sulfate,
171 OA and key oxidant abundances associated with these air masses (e.g., O3), and (iii) determine to what extent
172 the observed differences can be attributed to chemical cloud processing as opposed to co-varying meteorological
173 conditions. By addressing these objectives, this work provides a proof-of-concept for the use of bimodal PNSDs
174  with Hoppel minima as proxies for cloud-processed aerosol populations, as well as a boreal forest case study to
175  demonstrate how this proxy can be used to provide insights into chemical cloud processing in other

176  environments in the future.

177
178 2. Methods
179 2.1. Data sets

180  The data sets used in this work are collected at the Station for Measuring Ecosystem—Atmosphere Relationships
181  (SMEAR) II (Hari and Kulmala, 2005) in Hyytiél4, Southern Finland. SMEAR 1l is a boreal forest measurement
182  site, where BVOCs are a major source of aerosol mass during the growing season (Tunved et al., 2006; Mohr
183  etal.,, 2019; Roldin et al., 2019; Heikkinen et al., 2020, 2021). During the wintertime, the measured aerosol is
184  highly influenced by anthropogenic emissions (Heikkinen et al., 2020) as well as during times when the sampled
185  air masses have been transported over heavily industrialized areas (e.g. over St. Petersburg, Russia; Kulmala et
186  al., 2000). Local sources of anthropogenic pollution are low, apart from the emissions from the nearby sawmill
187  located southeast of the station (Ylivinkka et al., 2025). In the following, the measurements of key parameters
188  at SMEAR II are described.

189
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190 2.1.1. Particle number size distribution (PNSD)
191  PNSD measurements have been conducted at SMEAR 1I since 1996 (Mékel4 et al., 1997; Aalto et al., 2001;
192 Dada et al., 2017) and the data set has been analyzed from multiple angles during the last decades. These data
193 are used in this study to isolate cloud-processed aerosol populations through identifying bimodal PNSDs with
194  Hoppel minima. The data included in this study are limited to the years 2012-2020 due to the availability of
195  aerosol chemical composition data during this period. The measurements were conducted using a dual
196  Differential Mobility Particle Sizer (DMPS) system (Aalto et al., 2001), which measures the PNSD from 3 to
197 1000 nanometers in electrical mobility diameter. The sampling is performed eight meters above ground level,
198  providing a dried PNSD every ten minutes. These data are hereafter averaged to hourly time resolution. A more
199  detailed description of the DMPS setup between 2012 and 2020 is provided in Heikkinen et al. (2020).
200
201 2.1.2. Aerosol chemical composition
202 The aerosol chemical composition measurements have been conducted using an Aerosol Chemical Speciation
203  Monitor (ACSM; Aerodyne Research Inc., Billerica, MA, USA; Ng et al., 2011). These data are used in the
204  study to characterize the chemical composition of cloud-processed aerosols and compare that to the composition
205  of other types of aerosol populations. The ACSM provides the mass concentrations of OA, sulfate, nitrate,
206  ammonium and chloride with the requirement that these chemical species need to undergo flash vaporization at
207  600°C, which is true for only non-refractory aerosol components. The size-range of particles measured by the
208  ACSM is up to one micrometer in vacuum aerodynamic diameter. The sampling is conducted with a ca. 3-
209  meter-long inlet line, which comprises a Nafion dryer after 2013. The original time resolution of the data is 30
210  minutes, and the data are again averaged to hourly time resolution. A more detailed description of the ACSM
211  measurement setup and data treatment is provided in Heikkinen et al. (2020).
212 Further characterization from OA is also done in this work through using the oxygen-to-carbon ratios
213 (O:C) and hydrogen-to-carbon ratios (H:C) derived from the ACSM measurements. These are based on the
214 organic mass fractions of mass-to-change ratio (m/Q) 44 Th and m/Q 43 Th signals in the ACSM mass spectra
215 (fis and fis, respectively). O:C is calculated using the formula:
216
0:C=0.079+431 xf,, (€))]

217 and H:C using the formula

H:C=112+6.74 xf,, - 17.77 % f, ©)
218
219  —both derived in Canagaratna et al. (2015). The applicability of ACSM in deriving O:C has received criticism
220 due to the potential release of CO; (at m/Q 44 Th) from ACSM vaporizers (Pieber et al., 2016). As discussed
221 in Heikkinen et al. (2021), this is a minor issue for the SMEAR II ACSM.
222 Finally, we use the modal chemical composition of the Aitken and accumulation modes previously

223 derived for years 2016-2020. These data are taken from Ranjan et al. (2025). The modal composition was
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224 determined by minimizing the mismatch between the measured and predicted CCN using DiffeRential
225  Evolution Adaptive Metropolis Markov Chain Monte Carlo algorithm (DREAM-MCMC; Vrugt et al., 2013).
226 The measured CCN concentrations were measured using a CCN counter (Droplet Measurement Technologies,
227  Colorado, USA; e.g., Paramonov et al., 2013), while the predicted CCN concentrations were calculated from
228  the total sub-micron aerosol composition data (ACSM data products and black carbon from Aethalometer
229  measurements; Luoma et al., 2019) and PNSDs from DMPS (see Sect. 2.1.1.) using k-Kdhler theory (Petters
230  and Kreidenweis, 2007). The DREAM-MCMC algorithm was used to explore how the mass fraction of aerosol
231 chemical species should be distributed between the Aitken and accumulation modes to achieve the best CCN
232 closure, while also accounting for the variability of PNSDs during each CCN measurement cycle. Sulfate
233 detected by the ACSM are assumed to be present as ammonium sulfate (NH4),SO4) while nitrate is distributed
234 between an organic nitrate and ammonium nitrate (NH4NO3) component. For more methodological details, we
235  refer the reader to Ranjan et al. (2025). The modal composition is available in 2-hourly time resolution.

236

237 2.1.3. Monoterpene, sulfur dioxide and oxidant concentrations

238 The concentration of monoterpenes i.e., the key BVOCs emitted at SMEAR II (Rantala et al., 2015), O3, NO,
239 NO,, NO; and OH (proxy) are used in this study to evaluate how SOA precursors respond to cloudy conditions.
240  All trace gas concentrations described in this section are averaged to hourly resolution. Monoterpene
241  concentrations were measured using a proton transfer reaction quadrupole mass spectrometer (PTR-MS, Ionicon
242 Analytik GmbH, Innsbruck, Austria; Lindinger and Jordan, 1998). The measurement setup is described
243  previously in Rantala et al. (2015). Normalized sensitivities and volume mixing ratios were calculated based on
244 the method introduced in Taipale et al. (2008). Monoterpene concentrations are taken as the signal measured at
245  m/Q 137 Th at 8.4 meters above ground level (a.g.L.).

246 The measurements of NO, NO, and ozone are also obtained from 67.2 m a.g.l. NO and NO; were
247  measured with an TEI 42 iTL chemiluminescence analyzer equipped with a photolytic converter (Thermo Fisher
248  Scientific, Waltham, MA, USA) and ozone with an TEI 49C monitor (Thermo Fisher Scientific, Waltham, MA,
249  USA). SO; concentrations are taken from a fluorescence TEI 43 BS (Thermo Fisher Scientific, Waltham, MA,
250  USA) monitor from 67.2 meters a.g.l. Finally, a proxy for hydroxyl radical (OH) concentration (OHproxy) is
251  calculated through the empirical formula derived in Petdji et al. (2009):

OH, ., = aUVB?, 3)

proxy
252 where UVB refers to the measured ultra-violet B radiation and a and b are empirical constants equating to
253 976.7442 and 0.1644, respectively (Kontkanen et al., 2016). UVB was measured at 18 m a.g.1. until 2017 and
254  at 35 ma.g.l. thereafter (ensuring measurements above the forest canopy) using an SL 501 A pyranometer (Solar
255  Light, Philadelphia, PA, USA). The OH,roxy concentrations derived using Eq (3) are lower than those that would
256 be modelled for SMEAR 1I (6.3x10° molec. cm™ vs 17.9x10° molec. cm; Petiji et al., 2009). As suggested in
257  Petdjd et al. (2009), the reason for the discrepancy between modeled and measured OH is likely to arise from

258  missing VOC chemistry acting as an important sink for OH radicals.
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259

260 2.1.4. Cloud base height and cloud fraction

261  Surface-based observations of cloud base height (CBH) from SMEAR II were obtained via ACTRIS Cloudnet
262  data portal for 2012-2020. These data are used to indicate cloud presence at SMEAR II upon detection of cloud-
263  processed aerosol populations. CBH in the data portal are provided in the CloudNet classification product
264  (Moisseev and O’Connor, 2026) computed automatically using CloudnetPy (Tukiainen et al., 2020). This
265  product is generated only when both cloud lidar (for liquid clouds) and radar (for ice clouds) data are available,
266  supporting high accuracy for both cloud types. Sub-minute raw data were averaged to 1-minute resolution, after
267  which CBH was derived for each minute. Total cloud fraction (CF, values between 0 and 1) was then calculated
268  for each 5-minute interval from the 1-minute series as the number of cloudy minutes in each 5-minute bin
269  divided by five. For this work, hourly averages were then calculated from the 5-minute resolution data.

270

271 2.1.5. Back trajectories and ERAS meteorology

272 Airmass back trajectories were calculated using HYSPLIT (Stein et al., 2015) using ERAS meteorology
273 (Hersbach et al., 2020) as input. These were used as an alternative method to identify cloud-processed aerosol
274 populations, following the method introduced in Isokéénta et al. (2022). The trajectories are calculated 96 hours
275  backwards with hourly time resolution, and for every three hours from 2012 to 2018. The trajectory arrival
276 height at SMEAR 1II was set as 100 meters. Using the relative humidity (RH) output along the trajectories, a
277  proxy for the time the sampled air masses had spent in non-precipitating clouds during the past 24 hours is
278  calculated as in Isokdénti et al. (2022). Thus, the time spent in non-precipitating clouds during the past 24 hours
279  is the sum of hours in conditions where RH>94% and where ERAS5 records no precipitation. Additionally, this
280  work involves progressive precipitation filtering, in which the observations coinciding with air masses that had
281  experienced precipitation —as reported in the HYSPLIT back trajectories— in the past 24-96 hours in 12-hour
282  intervals were omitted from the analysis. Opposite to cloudy conditions, time the sampled air mass had been
283 exposed to dry conditions is taken as time spent in RH<65%. This RH threshold was chosen as it was high-
284  enough to also enable a reasonable sample size in winter, when RH is always high. The back trajectories were
285  temporally co-located to the observations.

286 Airmass source region analysis was performed using HY SPLIT back trajectories to identify the impact
287  of airmass origin on the observation frequency of bimodal PNSDs with Hoppel minima. This was done with a
288  1° x 1° geographic grid. The total number of PNSD observations and observations of bimodal PNSDs were
289  calculated for each grid cell if the back trajectories indicated a minimum of 50 visits to the cell. Hereafter, the
290 fraction of observations with bimodal PNSDs was calculated. The resulting maps identify regions where air
291  masses are most often associated with bimodal PNSDs with Hoppel minima relative to the overall measurement
292 periods grouped seasonally. The method for identifying the aforementioned bimodal PNSDs with Hoppel
293  minima is described in Section 2.2.1.

294 The ERAS meteorology along back trajectories or over SMEAR 1I is used in the analysis, either for

295  calculating anomalies associated with various aerosol populations (see Sect. 2.2.3) or for estimating boundary



https://doi.org/10.5194/egusphere-2026-5082
Preprint. Discussion started: 17 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

296 layer heights (BLH) at the SMEAR II station in which case we chose the BLH recorded for the station

297  coordinates from the trajectory.

298

299 2.2. Statistical methods

300

301 2.2.1. k-means clustering

302  k-means clustering is used to classify PNSD data into & clusters by minimizing the squared Euclidean distance
303  between individual observations and their respective cluster centroids. ~-means clustering was used in this work
304 to isolate cloud-processed aerosol populations from long-term PNSD observations (1% purpose of using k-
305  means), or to determine the most common PNSD types (ideally the most cohesive cluster with most members;
306 2" purpose of using k-means) when the HY SPLIT back trajectories indicated varying number of hours spent
307  under non-precipitating clouds (e.g., (0,4], (4, 8] hours etc.) or under dry conditions (RH < 65%).

308 Prior to clustering the long-term PNSD observations to identify cloud-processed aerosol populations (1%
309  purpose of using k-means), each PNSD is normalized by its integral in order to emphasize similarities in PNSD
310  shape rather than absolute particle number concentration. The data are classified using seven clusters (k= 7), as
311  this configuration performed best in identifying bimodal PNSDs exhibiting a Hoppel minimum (hereafter
312 PNSDHoppel)- The choice of k£ was evaluated using silhouette scores, which quantify both cluster cohesion and
313 separation. The median silhouette score for the PNSDuopper cluster is 0.86, indicating well-defined clustering.
314  As the aim of the k-means clustering is to extract a clean set of PNSDupper profiles, additional post-clustering
315 filtering is applied. Cluster members with silhouette scores below 0.8 are excluded, as well as members
316  exhibiting more than one local minimum in the PNSD between 50 and 200 nm in diameter. These criteria result
317  in the removal of approximately half of the initially identified PNSDoppel members. Finally, the remaining data
318  are grouped into two categories: PNSDuoppel and other PNSDs (PNSDother). Importantly, PNSDomer does not
319  include the PNSDs discarded from the PNSDHopper cluster. Instead, PNSDomer comprises all other remaining
320  PNSD shapes, such as distributions associated with new particle formation events or monomodal accumulation
321 modes.

322 In order to identify the typical PNSD characteristics associated with different air mass transport conditions
323 derived from HYSPLIT back trajectories (2" purpose of using k-means), each k-means clustering is applied as
324  an unsupervised approach. Here, k is determined automatically (due to the high number of conditions explored)
325  using the elbow method. This means that k-means is performed for values of k ranging from 2 to 7, and the total
326  sum of distances from each cluster member to every centroid of each k~means solution is calculated and stored.
327  The second-order finite difference of the resulting “sum of summed distances” vector is then computed, and the
328  optimal k is defined as the point where the reduction in the “sum of summed distances” vector decreases most
329  strongly, indicating the elbow of the curve. For the selected £, the cluster containing the largest number of
330 members is considered representative of the corresponding transport condition. If no single optimal k£ can be
331  clearly identified using the elbow method, then a median PNSD is calculated instead to represent the transport

332  condition, because it is assumed that the ideal £ would be one.
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333

334 2.2.2. Wilcoxon rank sum test

335  The Wilcoxon rank sum test is used to evaluate the statistical significance of differences in aerosol chemical
336  composition observed in PNSDyioppel VS PNSDoer. This nonparametric, two-sided test is suitable for independent
337  samples with different sample sizes. The null hypothesis is that the data from both samples are from continuous
338  distributions with equal medians is rejected at p < 0.05 (at the 95% confidence interval).

339

340 2.2.3. Anomalies

341  This study makes use of anomalies calculated for periods when PNSDyoppel Was observed. Anomalies are defined
342  as the difference between the median value of a given parameter (e.g., cloud fraction, CF) during each hour of
343 the year for PNSDHoppet cases and the corresponding climatological mean for that hour, calculated using all
344  available observations (generally 2012-2020). For CF and CBH, variability in the computed anomalies is
345  additionally characterized using interquartile ranges (IQRs). For HYSPLIT/ERAS -based variables, RH,
346  temperature and specific humidity anomalies along each back trajectory were calculated relative to a time- and
347  height-resolved climatology. For every hour of the year, back time step and 200 m height bin, a climatological
348  value was calculated by averaging the variable across all trajectories that occupied that height bin at that back
349  time hour and were initialized at the same hour of the year. The trajectory-specific anomaly was then obtained
350 by subtracting this climatological value from the actual variable value (e.g., RH) at the corresponding back time
351  and height.

352

353 3. Results and discussion

354  We begin this section by evaluating whether bimodal PNSDs exhibiting Hoppel minima can serve as simple
355  proxies for cloud-processed aerosol populations. We first assess the extent to which these PNSDs reflect cloud
356  exposure in the boreal environment, and then examine the chemical composition and atmospheric conditions
357  associated with these aerosol populations.

358

359 3.1.Bimodal PNSDs with Hoppel minima as proxies for cloud-processed aerosol

360  To assess whether bimodal PNSDs with Hoppel minima can be used as proxies for cloud-processed aerosol, we
361  analyze how PNSD shape varies as a function of air mass cloud exposure history. For this purpose, we use the
362  RH-based proxy for time spent in non-precipitating clouds (see Sect. 2.1.5) introduced in Isokéanti et al. (2022).
363  The dominant PNSD shapes were identified (see Sect. 2.2.1) for air masses that had spent different amounts of
364  time in non-precipitating clouds prior to arrival at SMEAR II. The analysis reveals the gradual emergence of
365  PNSD bimodality as a function of time spent in non-precipitating clouds (Fig. 1a). In contrast, when the
366  dominant PNSD shapes are examined as a function of time the airmasses had spent under dry conditions
367  (RH<65%), the PNSD shape remains monomodal and shows little systematic evolution (Fig. 1b). This finding
368  supports the interpretation of bimodal PNSDs with Hoppel minima as microphysical signatures of cloud

369  processing.

10
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371 Figure 1 Evolution of PNSD shape as a function of time the sampled air mass had spent in RH>94% (a) or RH<65% (b)
372 as predicted by the HY SPLIT back trajectories, in the absence of precipitation (see Sect. 2.1.5). Normalized dN/dlogD
373 refers to the PNSD being normalized by the sum of the PNSD over all the PNSD size bins.

374

375 Next, we classified the PNSDs measured over the 8-year observation period to identify all occurrences
376  of bimodal distributions exhibiting a Hoppel minimum (PNSDgoppel). Applying k-means clustering yields a
377  distinct bimodal PNSD cluster, which was the most cohesive of all clusters (measured by the silhouette score,
378  see Sect. 2.2.1) with a relatively stable location of the Hoppel minimum i.e., in terms of the diameter that
379  separated the Aitken and accumulation modes (Fig. 2a). PNSDoppel cases occur most frequently during winter
380  (~40% of the time) and least frequently during summer (ca. 5-10% of the time; Fig. 2b). Outside winter, it is

381  more common to measure them during daytime than nighttime (Fig. S.1).
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383  Figure 2 (a) PNSDsoppei cluster. The shaded blue bands indicate the 5"-95%, 10"-90", 15"-85", and 25%-75" percentile
384  ranges, from lightest to darkest, and the thick line shows the median. (b) The observation frequency of PNSDuoppel cluster
385 members.

386

387 Comparison of RH histories along HYSPLIT back trajectories further supports the link between
388  PNSDhoppel and cloud exposure. Consistent with Figure 1, airmasses associated with PNSDyoppel consistently
389  experienced higher RH than the overall climatology, particularly during spring and summer (Fig. 3). These
390  positive RH anomalies are primarily driven by low temperatures rather than increased moisture (Figs. S.2—-S.3).
391  In winter, differences between PNSDuoppel and the overall RH histories are less pronounced (Fig. 3a), consistent
392 with the high occurrence frequency of PNSDyoppel influencing the baseline climatology (Fig. 2b). However,
393 unlike during other seasons, they coincide with increases in both temperature and specific humidity (Figs. S.2a,
394  S.3a), suggesting that wintertime PNSDyoppei is associated with warmer and more saturated (with respect to

395  water vapor) air masses.
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396 Because the positive spring- and summertime RH anomalies extend to short back-trajectory times (<20h;
397  Fig. 3b—c), we further examine whether they can be associated with local cloud presence using ground-based
398  observations of CF and CBH. During summer, PNSDyoppel is consistently associated with enhanced CF (median
399 1 vs 0.78 for PNSDogmer both at 13:00 UTC+2) and lower CBH (median 1730 m vs 2060 m with PNSDower both
400  at 13:00 UTC+2; Fig. 4, Figs. S.4-S.5) providing direct observational evidence that low-level clouds above
401  SMEAR II are closely linked to the occurrence of bimodal PNSDs. In contrast, winter shows no clear CF or
402  CBH anomalies relative to PNSDomer, suggesting that cloud processing responsible for the bimodal PNSDs
403  often occurred well upstream of the measurement site. We infer that recent cloud processing is required for
404  PNSDyoppel detection in summer, because rapid SOA formation (via condensation) reshapes the PNSD (e.g.,

405  Riipinen et al., 2012) and gradually obscures the cloud-processing signature over longer transport times.

406
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408  Figure 3 RH anomalies (medians of RHuoppe—RHaun calculated for each hour of month for each displayed height and back
409  time cell) associated with the detection of PNSDuoppel cluster members. A height-resolved 3-hourly RH climatology is
410 derived using all HYSPLIT back trajectories run over the 8-year-long period. Different panels reflect different seasons: (a)
411 winter (December—February; DJF), (b) spring (March-May; MAM), (¢) summer (June—August; JJA), (d) fall (September—
412 November; SON). Gray colors refer to no data.
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415 Figure 4 Median monthly cloud fraction (CF) (a) and cloud base height (CBH) (b) anomalies (e.g., medians of XHoppel—xan
416 and xomer—xa1 for each hour within a month, where x represents CF or CBH) for cases when PNSDwoppel and PNSDomer were
417 detected, respectively. The error bars refer to the interquartile ranges of the anomalies (see Sect. 2.2.3 for the anomaly
418 definition and the calculation of anomalies and anomaly IQRs). The number of data points for each month is given in gray
419 and blue for PNSDother and PNSDroppel respectively, at the top of the figures.

420
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421 Finally, we examine the geographical origin of air masses associated with PNSDyoppel using HY SPLIT
422 back trajectories (see Sect. 2.1.5; Fig. 5). During winter (December to February, DJF), PNSDuopper 0ccurs for
423 air masses arriving from a wide range of source regions (Fig. 5a), consistent with long lived cloud processing
424 signatures in background aerosol. In spring (March to May, MAM) and summer (June to August, JJA), however,
425  apronounced preference for northerly and northeasterly airmasses emerges (Figs. Sb—c). These air masses are
426  typically cold and can provide suitable conditions for low-level cloud formation over Southern Finland, and
427  may transport SO emitted from the Kola peninsula (Riuttanen et al., 2013; Riva et al., 2019; Sipilé et al., 2021),
428  providing precursor gases for aqueous sulfate production. As the occurrence frequency of PNSDyoppel increases
429  again in autumn (September to November, SON; Fig. 2b), the associated source regions become more
430  widespread (Fig. 5d) as in winter. Taken together, these independent analyses consistently associate PNSDHoppel

431 with cloud processing at this boreal continental site.
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433 Figure 5 Observation frequency of the PNSDhoppel cluster members associated with airmass origins as calculated by
434  HYSPLIT for different seasons: (a) winter (December—February; DJF), (b) spring (March-May; MAM), (¢) summer
435 (June—August; JJA), (d) fall (September—November; SON).

436

437 3.2. Chemical characterization of cloud-processed aerosol: sulfate
438  Next, we examine whether the aerosol populations identified by PNSDpoppel also exhibit distinct chemical
439  characteristics. We begin by comparing sulfate mass fractions and sulfate mass concentrations between

440  PNSDuoppet and other types of PNSDs (PNSDotner).
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441 Differences between the two aerosol populations are illustrated using cumulative density function
442  (CDF) plots (Fig. 6). The CDF of sulfate mass fraction for PNSDyppel is consistently shifted toward higher
443 values relative to PNSDoger periods. The shift is observed across the full distribution of sulfate mass fraction
444 values and is not driven by a small number of extreme events. Accordingly, median sulfate mass fractions are
445  higher for PNSDuopper in all seasons: 29 vs 21% in DJF; 29 vs 18% in MAM; 17 vs 13% in JJA; 25 vs 17% in
446  SON. In terms of absolute concentrations, median sulfate levels are also generally higher for PNSD#opper, €xcept
447  in summer when medians are comparable (Fig. 7). However, these enhancements are not uniform across the
448  sulfate mass concentration distributions: at high sulfate mass concentrations, particularly in winter and autumn,

449  sulfate concentrations associated with PNSDoger can exceed those of PNSDroppel-
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450

451 Figure 6 Cumulative density functions (CDF) of sulfate mass fractions (fso4) measured in the presence PNSDmoppel (in
452 blue) and absence (in black) of PNSDuoppet. The y-axes show the cumulative density function, and the x-axes show the fsoa.
453 The median values (Qso, unitless) are indicated by markers and reported in the legend. Panels correspond to different
454 seasons: (a) winter (December—February; DJF), (b) spring (March-May; MAM), (¢) summer (June—August; JJA), (d) fall
455  (September—November; SON).

456
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457
458 Figure 7 Cumulative density functions (CDF) of sulfate (SO4) mass concentration measured in the presence PNSDuoppel

459 (in blue) and absence (in black) of PNSDuoppel. The y-axes show the cumulative density function, and the x-axes show the
460 SO4 mass concentrations. The median values (Qso, in pg m™) are indicated by markers and reported in the legend. Panels
461 correspond to different seasons: (a) winter (December—February; DJF), (b) spring (March-May; MAM), (¢) summer
462 (June—August; JJA), (d) fall (September—November; SON).

463

464 To examine the role of wet removal on sulfate concentrations, progressively stricter precipitation filters
465  were applied by excluding air masses that had experienced precipitation (as estimated by ERAS) during the
466  previous 24-96 hours. Increasing the precipitation-free period leads to systematically higher sulfate
467  concentrations for both aerosol populations (Fig. 8). For PNSDuoppel, @ Weak but statistically significant increase
468  is observed in all seasons except summer, whereas for PNSDouer, this relationship is evident only in winter and
469  autumn (see also Figs S.6—S.7). A similar picture emerges when sulfate is examined as function of accumulated
470  precipitation (as estimated by ERAS) along the trajectories (Fig. 9). Under low accumulated precipitation,
471 sulfate concentrations (and mass fractions) are consistently higher during PNSD#oppe1, Wwhereas sulfate decreases
472 more rapidly with increasing precipitation than during PNSDouer (Fig. 9). This behavior most likely reflects
473 efficient nucleation scavenging of cloud-processed aerosol, which means that the results shown both indicate
474 that cloud processing contributes to sulfate formation, but that the observed enhancement reflects the balance
475  between aqueous sulfate production and wet removal.

476
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Figure 8 Cumulative density function (CDF) of sulfate (SO4) mass concentration measured in the presence PNSDuoppel
(shades of blue) or absence (shades of gray) of PNSDnoppel. The y-axes show the cumulative density function, and the x-
axes the sulfate mass concentrations. The different shades of blue and gray indicate progressively stricter precipitation
filtering: trajectories that have experienced precipitation within the past 24-96 hours are increasingly excluded. The lightest
shades exclude only cases with precipitation in the past 24 h, while the darkest shades exclude all cases with precipitation
during the 4-day transport to the station, as calculated with HYSPLIT. Panels correspond to different seasons: (a) winter
(December—February; DJF), (b) spring (March-May; MAM), (¢) summer (June—August; JJA), (d) fall (September—
November; SON).
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Figure 9 (a) Sulfate mass concentration and (b) sulfate mass fraction binned to accumulated precipitation as predicted by
ERAS in HYSPLIT back trajectories. The blue markers represent measurements associated with PNSDmoppel While gray
markers denote PNSDoter. Numbers at the top of each panel indicate the number of data points within each OA bin for
PNSDHoppet (blue) and PNSDower (gray) respectively. Horizontal error bars show the interquartile range (IQR) of
accumulated precipitation in mm within each bin, and vertical error bars indicate the IQR of sulfate concentrations or mass
fractions. Shaded regions highlight statistically significant differences between PNSDHoppel and PNSDouer, with medians
of PNSDHoppel > PNSDotmer with 95% confidence interval in blue, and PNSDuoppel < PNSDotner in grey.

While sulfate source-sink balance contributes to some sulfate enrichment in PNSDpoppel, it does not
fully explain why sulfate mass fractions are significantly higher in PNSDuoppet than in PNSDouer. Instead, the
elevated sulfate mass fractions are primarily driven by lower OA concentrations during PNSD#oppel periods (Fig.
10). Because sulfate and OA dominate aerosol mass at SMEAR II (Heikkinen et al., 2020), reductions in OA
lead to higher relative sulfate contributions even when absolute sulfate concentrations change only modestly.

Nevertheless, when sulfate concentrations are evaluated within fixed OA ranges, PNSDyopper remains
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consistently enriched in sulfate (Fig. 11). Because this feature remains, when dividing the measured ammonium
sulfate into Aitken and accumulation modes (Fig. 12; see also Figs S.9-10), and a reverse feature is observed
for SO: (Fig. S.8), we can confirm the formation of sulfate as result from chemical cloud processing. These
findings highlight that bulk composition metrics, such as sulfate mass fraction, must be interpreted in the context

of co-varying aerosol components. In the following section, we therefore examine the processes controlling OA
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Figure 10 Cumulative density functions (CDF) of organic aerosol (OA) mass concentration measured in the presence
PNSDuoppet (in blue) and absence (in black) of PNSDuoppet. The y-axes show the cumulative density functions, and the x-
axes the OA mass concentrations. The median values (Oso, in pg m™) are indicated by markers and reported in the legend.
Panels correspond to different seasons: (a) winter (December—February; DJF), (b) spring (March—-May; MAM), (¢) summer

17



https://doi.org/10.5194/egusphere-2026-5082
Preprint. Discussion started: 17 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

(a) DJF (b) MAM
4 3
980 1083 655 262 129 97 42 12 3 399 536 333 218 61 50 16 8 4 1
= 37 )
i 4 To -5
= 21 o
2 L4 | H
2 1] L% SN 'S b o
HH &+ hoppel %‘ b ! % o
Ty sh 33 -
0 . . . : . 04— - ! } |
0 1 2 3 4 5 0 1 2 3 4 5
(c) JJA (d) SON
21 4
60 219 226 189 119 81 52 40 19 12 857 1199 695 299 109 57 32 5 9
o 157 3
£
2 14 2
< L
o ® I
@D 0.5 — 1 ,L_ %, QL.;; ;:'_ 9 1 % _4)‘ P
0 0
0 1 2 3 4 5 0 1 2 3 4 5
517 OA [ug m] OA [ug m™]

518 Figure 11 Median sulfate concentrations as a function of organic aerosol (OA) concentration, shown for different seasons:
519 (a) winter (December—February), (b) spring (March—May), (¢) summer (June—August), (d) fall (September—November).
520 Blue markers represent measurements associated with PNSDuoppet while gray markers denote PNSDower. Numbers at the
521 top of each panel indicate the number of data points within each OA bin for PNSDuoppel (blue) and PNSDowmer (gray)
522  respectively. Horizontal error bars show the interquartile range (IQR) of OA concentrations within each bin, and vertical
523 error bars indicate the IQR of sulfate concentrations. Shaded regions highlight statistically significant differences between
524 PNSDuoppel and PNSDotner (medians of PNSDoppet > PNSDomer with 95% confidence interval).
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528 Figure 12 Median ammonium sulfate ((NH4)2SO4) concentrations as a function of organic aerosol (OA, taken as sum of
529  Aitken and accumulation mode OA) concentration in Aitken (a) and accumulation (b) modes, respectively. The blue
530 markers represent measurements associated with PNSDuoppet While gray markers denote PNSDotner. Numbers at the top of
531 each panel indicate the number of data points within each OA bin for PNSDuoppel (blue) and PNSDouwer (gray) respectively.
532 Horizontal error bars show the interquartile range (IQR) of OA concentrations within each bin, and vertical error bars
533 indicate the IQR of (NH4)2SOs concentrations. Shaded regions highlight statistically significant differences between
534 PNSDuoppet and PNSDother (medians of PNSDroppel > PNSDotner with 95% confidence interval).

535

536 3.3.Chemical characterization of cloud-processed aerosol: OA and oxidants

537  The lower OA concentrations during PNSDyoppel €vents (Sect. 3.2) are primarily driven by meteorological
538  conditions rather than chemical cloud processing. Beyond winter months, PNSDuoppel periods are consistently
539  associated with lower temperatures with median differences approximately 2°C in summer and approximately

540  4°C in spring and fall (Fig. S.9). During the growing season (7 > 5 °C), emissions of BVOCs are strongly
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541  temperature dependent (Guenther et al., 2012), and SOA formation at SMEAR II is largely governed by the
542  condensation of their oxidation products (Mohr et al., 2019). As a result, OA concentrations increase
543  exponentially with temperature (Blichner et al., 2024; Yli-Juuti et al., 2021). The colder conditions associated
544  with PNSDyoppel therefore directly translate into reduced BVOC emissions and lower SOA concentrations. This
545  effect explains the observed OA differences during daytime, as OA concentrations for PNSDyoppel and PNSDogher
546  converge when compared within fixed temperature ranges (Fig. 13a).

547 At night, however, a discrepancy remains: OA concentrations are consistently higher for PNSDoger even
548  under similar temperatures (Fig. 13b), indicating the influence of additional processes. This difference is
549  accompanied by higher nighttime monoterpene concentrations during PNSDoer (Fig. 13d), while daytime
550  concentrations remain comparable between the two aerosol populations (Fig. 13¢). Because monoterpenes can
551  be efficiently oxidized at night, for example through reactions with nitrate radicals and ozone, their higher
552  concentrations during PNSDoger are consistent with enhanced nighttime SOA formation through these
553  pathways. The nighttime monoterpene also points to differences in boundary layer dynamics: higher nighttime
554  monoterpene concentrations under fixed temperature ranges during PNSDomer suggest shallower nocturnal
555  mixing layers which trap emissions near the surface (Fig. 13f). The formation of these stable nighttime mixing
556  layers may be favored during PNSDowmer conditions because clearer skies permit greater net longwave cooling
557  at the surface. In contrast, nocturnal low clouds during PNSDgoppel periods can enhance nighttime turbulence
558  through cloud top radiative cooling (Lilly, 1968; Hogan et al., 2009) and may reduce surface radiative cooling
559  through downward longwave emission, thereby weakening the surface inversion and limiting the development
560  of a shallow, stable layer. During daytime, the situation is reversed, with deeper boundary layers estimated for
561  PNSDowmer (Fig. 13e). Reduced cloud cover during PNSDouw.r allows stronger surface heating and potentially
562  promotes deeper and more efficiently mixed boundary layers, whereas clouds associated with PNSDyoppet may
563  suppress boundary layer growth through cloud-boundary layer interactions and associated cloud mass fluxes
564  (Van Stratum et al., 2014).

565 Next, we account for differences in atmospheric dilution by examining the product of OA concentration
566  and boundary layer height, which provides an estimate of OA mass per unit surface area i.e., the OA burden.
567  During daytime, the OA burden is significantly higher for PNSDoyn.r across several temperature bins (Fig. 13g).
568  Atnight, in contrast, OA burden is higher for PNSDgopper (Fig. 13h). Both day and nighttime differences reflect
569  the corresponding differences in BLH (Figs. 13e—f) rather than differences in OA concentrations (Figs. 13a—
570  b). However, the apparent nighttime enhancements in OA burden for PNSDgoppel is not robust to seasonal
571  separation: when a seasonal analysis is repeated e.g., for 14:00 EET (JJA) and 23:00 EET (SON), no systematic
572 differences in nighttime or daytime OA burden remains (see Fig. S.12). This example demonstrates that the
573  differences in the temperature-binned data likely reflect larger scale seasonal variability rather than effects
574  caused by clouds. Further support for this interpretation comes from normalizing OA concentrations by
575  monoterpene concentrations. Because both OA and monoterpene concentrations are affected by dilution, this
576  normalization reduces the influence of boundary layer height variability. The resulting OA-to-monoterpene

577  ratios show no clear systematic differences between PNSDyioppet and PNSDoer during either day or night (Figs
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578  13i—j). This suggests that, at least for the monoterpene-derived fraction of OA, cloud processing does not lead

579  to a detectable net change in SOA formation.
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582 Figure 13 (a—b) Median organic aerosol (OA) concentrations, (b—¢) median monoterpene (MT) concentrations, (d—e)
583 median boundary layer heights (BLH), (g—h) median OA X BLH (OA burden) and (i—j) median OA/MT ratios as function
584  of temperature (7), shown separately for daytime (10:00-16:00 EET; left panels) and nighttime (22:00-04:00 EET; right
585  panels), respectively. Growing season is defined as time periods where daily rolling median temperature exceeds 5°C. Blue
586 markers represent measurements associated with PNSDuoppet While gray markers denote PNSDoter. Numbers at the top of
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587 each panel indicate the number of data points within each temperature bin for PNSDnoppel (blue) and PNSDouer (gray),
588 respectively. Horizontal error bars show the interquartile range (IQR) of temperature within each bin, and vertical errorbars
589 indicate the IQR of the corresponding variable. Shaded regions highlight statistically significant differences (p<0.05)
590  between PNSDHhoppet and PNSDower: Gray shadings indicate higher values for PNSDower, while blue shading indicates higher
591 values for PNSDHoppel.

592

593 These findings are consistent with Isokédnti et al. (2022), who also found no net enhancement of OA
594  associated with cloud exposure during transport to SMEAR II. However, the absence of an OA increase does
595  not necessarily imply that aqueous-phase SOA formation is negligible. In particular, cloud processing can
596  simultaneously affect several processes controlling SOA, including aqueous-phase production, wet removal,
597  and gas-phase oxidation. Aqueous-phase SOA formation could therefore occur without producing a detectable
598 net enhancement in OA if it is offset by concurrent losses or by reduced gas-phase SOA production. To
599  investigate whether cloud processing is associated with changes in the atmospheric chemical environment that
600  could contribute to such compensation, we next compare oxidant concentrations between PNSDyopper and
601  PNSDowmer conditions. Specifically, we compare daytime (13:00 EET) oxidant concentrations within fixed
602  temperature bins to minimize the influence of diel and seasonal variability.

603 Ozone concentrations are systematically approximately 5 ppb lower during PNSDgoppel periods than
604  during PNSDower (Fig. 14a), corresponding to an approximately 17% reduction. This magnitude agrees well
605  with previous estimates of cloud-induced ozone reductions summarized by Ervens (2015). Such reductions
606  could arise either from suppressed photochemical ozone production or enhanced deposition. Because neither
607  NO nor NO; concentrations differ significantly between the two aerosol populations (Figs. 14b—c), our
608  observations do not support reduced NO; photolysis as the dominant mechanism. Instead, the lower
609  concentrations are more consistent with enhanced deposition under cloudy and humid conditions. At SMEAR
610  II, wet canopy surfaces are known to constitute an efficient ozone sink (Chen et al., 2018; Zhou et al., 2017).
611 If ozone is depleted through enhanced deposition to wet surfaces, other highly soluble compounds are
612  likely to behave similarly. Many oxygenated BVOC oxidation products possess Henry’s law constants
613  substantially larger than that of ozone and are therefore expected to be even more susceptible to removal during
614  the aforementioned conditions. Supporting evidence is available from SMEAR II, where measurements of
615  formic acid fluxes show persistent downward fluxes (> —1 ppb cm s™') during cloudy and humid periods
616  (Schobesberger et al., 2016). Although formic acid is not an important SOA precursor, it represents a highly
617  soluble BVOC oxidation product whose behavior may be indicative of other oxygenated compounds that
618  contribute to SOA formation at SMEAR II. Model simulations accounting for the deposition of semi-volatile
619  oxidation products predict SOA mass reductions approaching 50% over the summertime USA (Hodzic et al.,
620  2014). Together, these observations suggest that enhanced deposition processes during certain cloudy and
621  humid conditions may reduce the atmospheric abundance of gas-phase SOA precursors near the surface, thereby
622  suppressing SOA formation.

623 Besides influencing ozone concentrations, clouds can also affect the atmospheric oxidation capacity
624  through changes in OH concentrations. We therefore compare OHyroxy concentrations between PNSDyopper and

625  PNSDoter. During summer (710 °C), no significant differences are observed (Fig. 14d), whereas during colder
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626  temperatures OH,roxy concentrations are on average 21% higher for PNSDoyner than for PNSDyoppel. Despite these
627  differences, both O:C nor OA concentrations (Fig. 14e—f) remain remarkably similar indicating comparable
628  degrees of photochemical aging. For reference, freshly formed SOA or emitted primary organic aerosol typically
629  exhibit lower O:C ratios (<0.5), while aqueous-phase SOA formation can yield values approaching unity (e.g.,
630 Ervens et al., 2011; Gilardoni et al., 2016). The similarity of O:C for both aerosol groups therefore does not
631  provide evidence of reduced photochemical aging nor enhanced aqueous SOA formation for PNSDgoppel-

632 Taken together, the analyses presented here provide no evidence that cloud processing leads to a
633  detectable net enhancement of SOA mass or O:C at SMEAR 11, consistent with the findings from Isokdénti et
634  al. (2022). However, the results also suggest that SOA formation via gas phase chemistry under cloudy
635  conditions may be reduced, as reflected in the nearly 20% reduction in measured ozone and approximated OH
636  concentrations. The relative importance of these competing processes cannot be quantified with the present

637  observations.
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640 Figure 14 Median (a) ozone (O3), (b) nitrogen monoxide (NO), (¢) nitrogen oxides (NOx = NO + NO), (d) hydroxyl
641 radical (OHproxy) concentrations, as well as (e) oxygen-to-carbon ratios (O:C) and (f) organic aerosol (OA) as function of
642 temperature (7), shown for daytime 13:00 East European Time (EET, UTC+2). Blue markers represent measurements
643 associated with PNSDuoppet While gray markers denote other PNSDowmer. Numbers at the top of each panel indicate the
644  number of data points within each temperature bin for PNSDhoppel (blue) and PNSDowmer (gray), respectively. Horizontal
645 error bars show the interquartile range (IQR) of temperature within each bin, and vertical errorbars indicate the IQR of the
646 corresponding variable. Shaded regions highlight statistically significant differences (p<0.05) between PNSDHopper and
647 PNSDouwer: Gray shadings indicate higher values for PNSDotner.
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648

649  Conclusions

650  This study demonstrates that bimodal particle number size distributions with Hoppel minima provide a robust
651  proxy for cloud-processed aerosol populations at SMEAR 11, as their occurrence increases systematically with
652  time spent in non-precipitating clouds and enhanced low-level cloud cover. Cloud processing leaves a clear
653  signature in aerosol microphysics and inorganic composition, with enhanced sulfate mass fractions and a distinct
654  enhancement of sulfate in the accumulation mode, consistent with aqueous phase sulfate production. However,
655  the magnitude of this signal is strongly modulated by wet removal and seasonal oxidant availability, particularly
656  during winter. Organic aerosol concentrations are typically found to be lower for bimodal aerosol size
657  distributions with Hoppel minima than for other aerosol populations, which can primarily be explained by lower
658  temperatures and reduced biogenic volatile organic compound emissions for the bimodal populations.
659  Furthermore, differences in boundary layer dynamics rather than chemistry, especially at night, also contribute
660  to lower organic aerosol concentrations. Ozone and OH,roxy concentrations are found to be reduced under cloudy
661  and humid conditions, which could indicate a fine balance between reduced gas-phase SOA production and
662  aging and aqueous-phase SOA formation. However, our results show overall that while cloud processing
663  strongly influences inorganic aerosol composition, it does not lead to a detectable enhancement in organic
664  aerosol concentrations in this boreal forest environment. These findings highlight the dominant role of
665  meteorology (i.e., temperature and boundary layer height) in shaping organic aerosol variability, which should
666  be carefully accounted for in similar studies in the future. The analysis framework should be expanded to other
667  locations, where long-term monitoring of aerosol size distributions and chemical composition is performed with
668  fine time resolution to gain more insights into the role of chemical cloud processing in SOA formation. In
669  addition, model evaluations of sulfate concentrations in the presence of bimodal aerosol size distributions, with
670 little to no precipitation history (similar to Talvinen et al., 2025), can help constrain parameterizations of
671  aqueous phase sulfate formation in clouds.
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