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Abstract. Natural dust and pollen episodes can alter aerosol particles, meaning tiny particles suspended in air, but their
effects are not always easy to distinguish from optical measurements alone. We studied dust- and pollen-affected time periods
at the Station for Measuring Ecosystem—Atmosphere Relations II (SMEAR 1I), a boreal forest field station in Hyytidld,
southern Finland. We combined in situ measurements of aerosol light scattering and absorption, size-resolved particulate
matter mass, and aerosol particle size distributions. The merged optical and mass dataset contained 36 labelled event-affected
sampling intervals: 15 dust-affected and 21 pollen-positive intervals. A separate event-level sensitivity analysis grouped the
higher-resolution size-distribution data into 23 temporally separated episodes: 15 dust and 8 pollen episodes. Both dust- and
pollen-affected periods increased aerosol scattering, showing that an optical enhancement can indicate that an atmospheric
event occurred. However, bulk optical properties overlapped strongly and did not reliably identify whether the event was
dust or pollen. Size-resolved mass and particle size-distribution measurements provided clearer physical information.
Event—background differences increased with particle size and were strongest for particles larger than 10 micrometres, while
accumulation-mode particle surface area showed the clearest temporally controlled dust—pollen tendency. These results
show that, at this boreal forest site, dust and pollen can produce similar optical responses but different size-resolved particle
responses. The study therefore helps clarify how long-term aerosol observations should be interpreted, and it cautions against
assigning source type from optical enhancement alone. These findings support cautious use of monitoring records in boreal

and other background environments.

1 Introduction

Mineral dust and pollen episodically modify atmospheric aerosol populations by adding particles and changing particle-
size distributions, particulate matter (PM) mass, and optical properties. At SMEAR 1II (Station for Measuring Ecosystem—
Atmosphere Relations II), the Hyytidld boreal forest station in southern Finland, these perturbations occur within a boreal
background shaped by new-particle formation, biogenic emissions, meteorology, transport, and long-term variability in aerosol
composition and optics (Banerji et al., 2025; Buenrostro Mazon et al., 2009; Dal Maso et al., 2005; Heikkinen et al., 2020;
Luoma et al., 2019).
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Dust and pollen differ in source process, transport pathway, morphology, composition, and size distribution. Nevertheless,
their receptor-site optical responses can overlap. Both event types can increase supermicron particle abundance, scattering,
and PM mass. Long-range transported dust has been documented over Finland, and pollen can contribute optically detectable
depolarizing particles (Bohlmann et al., 2019, 2021; Meinander et al., 2023; Varga et al., 2023). However, in-situ scattering
and scattering Angstrom exponent (SAE) are not source-specific because they depend on particle loading, size distribution,
refractive index, hygroscopicity, and mixing state (Schuster et al., 2006; Seinfeld and Pandis, 2016; Titos et al., 2021).

The central question is therefore not only whether an aerosol event occurred, but whether the measured variables contain
source-type information. We distinguish three related tasks. The overall event response describes how dust- and pollen-affected
periods modify the aerosol population. Event detection tests whether dust- or pollen-affected observations differ from non-event
background conditions. Event typing tests whether dust-affected observations differ from pollen-positive observations within
the labelled event subset. These terms are used retrospectively for already labelled observations; they do not imply a forecasting
model, a real-time source classifier, or a prediction mechanism.

A retrospective non-parametric effect-size framework is useful because the event labels are operational, the dust and pollen
evidence streams differ, event counts are small and unequal, aerosol variables are often skewed, and repeated measurements
within one atmospheric episode are temporally dependent. The framework emphasizes effect direction, effect size relative
to background variability, confidence-interval width, consistency across temporal corrections, and stability under event-level
sensitivity checks. This keeps the interpretation close to the observational evidence and avoids presenting the analysis as a
source-classification method.

Two event counts are therefore used in this manuscript, and they refer to different observational units. The merged optical—
PM-mass analysis uses 36 labelled 2-3 d cascade-impactor sampling intervals, consisting of 15 dust-affected and 21 pollen-
positive intervals. The APSD event-level sensitivity analysis starts from native-resolution size-distribution observations and
then declusters them into 23 temporally separated episodes, consisting of 15 dust and 8 pollen episodes under the primary 48 h
rule. The 23-episode count is used to reduce temporal dependence in the APSD robustness checks; it does not replace the 36
labelled sampling intervals used in the merged optical-PM-mass analysis.

The present study was therefore guided by three research objectives:

1. Quantify how dust- and pollen-affected time periods modify aerosol optical properties, aerosol particle size distributions,

and PM-mass concentrations at SMEAR 1I.

2. Identify variables derived from in-situ aerosol observations that show statistically distinguishable and physically

interpretable differences between non-event background conditions and dust- or pollen-affected conditions.

3. Refine the screened event-responsive variables by identifying which ones also show a statistically distinguishable and

physically interpretable contrast between dust-affected and pollen-positive observations.

We first compare labelled event-affected observations with the non-event background. We then test whether the event-

responsive variables also distinguish dust-affected from pollen-positive observations. Finally, we use size-distribution
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information to interpret why bulk optical properties can overlap even when size-resolved mass and accumulation-mode aerosol

particle size-distribution metrics show clearer event-type tendencies.

2 Materials and Methods
2.1 Study site and measurement datasets

Aerosol optical, PM-mass, and particle size-distribution measurements from SMEAR II, Hyytidld, southern Finland, were
analysed under background, pollen-positive, and dust-affected conditions (Banerji et al., 2025; Hari and Kulmala, 2005; Luoma
et al., 2019). SMEAR 1II is a long-term field station for ecosystem—atmosphere and atmospheric-composition measurements,
including continuous aerosol, trace-gas, meteorological, and forest-environment observations. The optical and PM-mass
measurements follow the SMEAR II supermicron aerosol measurement framework described by Banerji et al. (2025). Briefly,
the aerosol optical inlet sampled inside the forest canopy and alternated between PM; and PM;q size cuts. Particle light
scattering was measured with a TSI 3563 integrating nephelometer at 450, 550, and 700 nm, while particle light absorption
was measured with Magee Scientific AE31 and AE33 aethalometers at seven wavelengths and harmonized with co-located
absorption measurements where required. Size-resolved PM mass was obtained from Dekati gravimetric cascade-impactor
filter samples collected over 2-3 d intervals, providing mass fractions for PM;, intermediate supermicron fractions, PMy,
and super-PM; aerosol particles. Optical variables were averaged over the same impactor sampling intervals before merging
with the PM-mass and event-classification data. Aerosol particle size distributions were derived from combined mobility and
aerodynamic particle size-distribution measurements following long-term atmospheric aerosol measurement practice (Banerji
et al., 2025; Luoma et al., 2019; Wiedensohler et al., 2012). Detailed information on the measurement site, instruments,

derived variables, operational size ranges, and valid-count differences is provided in the Supporting Information, Sect. S3.
2.2 Operational event labels and background definition

Dust-affected sampling intervals were identified using the processed long-range-transported dust-event indicator based on
the Finland dust-event inventory of Varga et al. (2023), which used MERRA-2 aerosol reanalysis dust column mass density
fields followed by multistep verification with independent satellite, aerosol, trajectory, and synoptic evidence. Pollen-positive
sampling intervals were identified from the cascade-impactor filter records following the approach of Banerji et al. (2025).
When pollen material was observed on at least one corresponding cascade-impactor size-fraction filter, the complete 2-3 d
impactor sampling interval was classified as pollen affected in the merged optical-PM-mass dataset. This definition includes
pollen detected in any measured impactor size fraction; 6 of the 21 pollen-positive intervals were identified solely from pollen
detected in the super-PM; g fraction. The resulting pollen indicator is therefore an interval-level flag derived from filter evidence,
not a pollen concentration or a direct continuous particle-count measurement. The dust and pollen labels were therefore
not derived from identical source-measurement methods: the dust label represents an externally identified transported-dust

period based on a MERRA-2-supported and independently verified long-range transport inventory, whereas the pollen label
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represents filter-based evidence for pollen material during the sampling interval. In addition, the pollen-positive flag and the
PM-mass variables share the cascade-impactor sampling framework in the merged optical-PM-mass dataset, so PM-mass
contrasts are not treated as independent validation of the pollen label. The comparisons below should accordingly be read
as contrasts between two operational event classes rather than as a controlled source-apportionment experiment. Background
denotes the non-event reference population at SMEAR 11, not aerosol-free or source-free air. In the merged optical-PM-mass
dataset, background sampling intervals were intervals classified as neither pollen positive nor dust affected after applying
the operational event-label filters. Background observations can therefore still include ordinary boreal aerosol variability from
NPF, biogenic emissions, meteorology, transport, and other unclassified sources. No dust—pollen overlap occurred in the merged
optical-PM-mass dataset, so no class-priority rule affected the final labels. Further details of the classification logic and final

exclusive counts are provided in the Supporting Information, Sect. S1 and Table S1.
2.3 Observation units and sample-size accounting

To distinguish the observational unit from a temporally distinct atmospheric occurrence, we use three terms. A sampling
interval is one 2-3 d cascade-impactor collection period and one row of the merged optical-PM-mass dataset. An event-
affected observation is a sampling interval or native-resolution APSD observation carrying a dust or pollen label. An event
episode is a temporally distinct cluster obtained by declustering the native-resolution APSD observations. Accordingly,
“dust-event observations” and “pollen-event observations” in sampling-interval-level or timestamp-level comparisons denote
labelled observations and are not assumed to be independent events. We reserve “event-level” results for analyses based on
the declustered episode medians. This distinction follows earlier SMEAR II particle-size-distribution studies, where aerosol
records were interpreted using event and nonevent classifications rather than as independent high-frequency replicates (Dal
Maso et al., 2005; Buenrostro Mazon et al., 2009; Dada et al., 2017). It also reflects the broader time-series issue that
atmospheric measurements commonly exhibit serial dependence, so repeated measurements within one atmospheric episode
can inflate the apparent sample size if treated as independent (Collaud Coen et al., 2020). Declustering reduces within-event
temporal dependence but does not guarantee complete statistical independence among episodes.

The merged optical-PM-mass dataset contained 1581 sampling intervals before variable-specific missing-value filtering. The
final classification identified 1545 background sampling intervals, 21 pollen-positive sampling intervals, and 15 dust-affected
sampling intervals, corresponding to 36 event-affected sampling intervals (Table S1). These counts must not be interpreted
as numbers of pollen- or dust-affected calendar days or as numbers of statistically independent atmospheric episodes. The
operational-label audit is provided in Sect. S10 and Table S15, and the complete inventory of the 36 labelled merged optical—
PM-mass sampling intervals is provided in Sect. S10 and Table S16. Dust-affected intervals occurred from February to August,
whereas pollen-positive intervals occurred from April to June, with the largest number of pollen-positive intervals in May
(Table S2). Variable-specific valid counts differed after filtering. For example, the main PM-mass variables had 1563 valid
observations, while PM 0gca 550 and PMi_1g Osca 550 had 1481 and 1474 valid observations, respectively (Table S4). The

larger optical-only data availability was treated separately from the merged optical-PM-mass statistics; the optical-only counts
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are reported only as instrumental availability diagnostics and are not used as the sample sizes for the merged optical-PM-mass

comparisons (Sect. S2 and Table S3).
2.4 Statistical analysis
2.4.1 Purpose and labelled contrasts

All statistical comparisons were conducted after variable-specific missing-value filtering. Because many aerosol variables were
right-skewed and contained occasional large values, continuous variables were summarized using medians and interquartile
ranges (IQRs), and the main contrasts were expressed as differences between group medians. The statistical framework is
therefore a retrospective effect-size and uncertainty analysis. Its purpose is to describe which measured or derived variables
change during labelled dust- and pollen-affected periods, and which variables retain a dust—pollen contrast after temporal-
control and event-level sensitivity checks. It is not intended to train, validate, or propose a predictive event-classification
algorithm. The analysis separated event detection from event typing. Event detection compared the pooled event-affected class,
FE = DU P, with background, B, where D denotes dust-affected observations and P denotes pollen-positive observations.
Dust—pollen typing compared D with P within the event-affected subset. In the merged optical-PM-mass analysis, these
symbols represent classified sampling intervals; in the event-level APSD analysis, they represent declustered episode medians.

For a measured or derived variable X, event detection was quantified as a background-IQR-scaled median shift,
_ median(X|E) — median(X|B)

Al = 1
Dust—pollen typing was quantified as

" median(X|D) — median(X|P
AL (X) = (X1D) (X[P) )

IQR(X|B)

The direction of A, is therefore dust minus pollen. Positive values indicate larger values in the dust-affected group, while

typ
negative values indicate larger values in the pollen-affected group. Unstandardized median differences were retained in the
original measurement units, while the IQR-scaled values were used to compare effect magnitudes across variables with different
units and ranges.

This normalization is central to the interpretation because it prevents the analysis from ranking variables simply because they
are expressed in large numerical units. A variable is considered useful only when its effect direction, standardized magnitude,
uncertainty, temporal robustness, and physical meaning are mutually consistent. The framework therefore functions as an
evidence audit for labelled atmospheric episodes: it identifies variables that respond to event occurrence, tests whether those

variables also retain dust—pollen information, and makes clear when the evidence is too dependent on sampling interval, season,

diurnal timing, or a small number of episodes.
2.4.2 Merged optical-PM-mass uncertainty

For the merged optical-PM-mass analysis, the classified sampling interval was the observational unit entering the group

comparisons. Uncertainty in the median differences was quantified using 95 % percentile confidence intervals from 5000 block-
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bootstrap resamples (Efron and Tibshirani, 1994; Kiinsch, 1989). Contiguous day blocks were resampled with replacement to
preserve temporal dependence within sampling periods, a concern widely recognized for atmospheric measurement time series
(Collaud Coen et al., 2020). A data-driven procedure selected the block length separately for each particle-size fraction and
feature set using the sampling-interval duration and the decay of the background autocorrelation function, with the selected
length constrained to 1-3 d. This day-blocking is pseudo-daily only in the resampling sense: the measurements themselves
remain the 2-3 d cascade-impactor sampling intervals used in the supermicron aerosol framework of Banerji et al. (2025),
while calendar-day blocks are used to keep adjacent intervals together during bootstrap resampling. Cliff’s ¢ and two-sided
Mann—Whitney tests were calculated as supporting non-parametric distributional measures (Cliff, 1993; Mann and Whitney,
1947; Vargha and Delaney, 2000). Cliff’s § describes the direction and degree of pairwise dominance between two groups:
positive values indicate that the first group tends to have larger values, negative values indicate the opposite, and values near
zero indicate substantial distributional overlap. Because several related optical, PM-mass, and APSD-derived variables were
examined, individual p values were not used as stand-alone discovery criteria. Instead, conclusions were based primarily
on effect direction, magnitude, confidence-interval width, consistency across related variables and sensitivity analyses, and

physical interpretability; Mann—Whitney p values were treated as supporting diagnostics.
2.4.3 APSD metrics and temporal background correction

Particle number size distributions were constructed from differential mobility particle sizer (DMPS) and aerodynamic
particle sizer (APS) measurements after applying instrument-specific size limits. The DMPS-based mobility size-distribution
measurements follow the long-term atmospheric particle number size-distribution measurement framework used at SMEAR-
type stations and related European aerosol networks (Wiedensohler et al., 2012). The distributions were expressed as number,
cross-sectional-area, and volume distributions. Cross-sectional-area and volume distributions were used to connect particle-
size structure to scattering-relevant particle area and particulate material (Seinfeld and Pandis, 2016). The main APSD-derived
metrics were accumulation-mode cross-sectional area, S,..; accumulation-mode volume, V,..; coarse-mode volume, Voarse;
the volume-ratio metric, Ry ; and Aitken-mode number concentration, V. Because the DMPS and APS characterize particle
size using different equivalent diameters, APSD-derived cross-sectional-area and volume metrics should be interpreted as
operational size-distribution metrics unless aerodynamic diameters are converted to geometric or volume-equivalent diameters
using explicit density and shape assumptions (Sect. S3).

The APSD-derived metrics were analysed separately at their native time resolution and therefore had much larger timestamp-
level sample sizes than the merged optical-PM-mass dataset (Sect. S7 and Table S9). To reduce confounding by seasonal and
diurnal changes in the boreal background aerosol, two anomaly forms were examined. Month anomalies were obtained by
subtracting the corresponding background calendar-month median from each observation. Month-plus-hour anomalies were
obtained by subtracting the background median for the corresponding calendar month and hour of day and were used as the
preferred temporal correction. The preferred Pool B background baseline was restricted to 2011-2014 because all pollen-
positive observations occurred within this period; restricting the background to the same pollen-observation era reduced

confounding from longer-term differences in data coverage. A stricter common-support-year baseline was used as a sensitivity
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check. These anomaly comparisons test whether dust—pollen differences persist after removal of typical seasonal and diurnal
background structure. They reduce, but cannot eliminate, confounding by meteorology, transport history, source timing, and
local phenological conditions; consequently, the controlled APSD contrasts are interpreted as receptor-site associations rather
than source-intrinsic properties.

APSD records from the same event-affected period are repeated measurements. They are time-correlated, so they are not

independent event replicates. We used two sensitivity checks for temporal dependence.
2.4.4 Event declustering and temporal-dependence sensitivity

First, month-plus-hour anomalies were declustered within each event class into event episodes. Operationally, a new episode
was defined when the gap between consecutive observations was at least 48 h. The 48 h threshold is an operational run-
declustering choice, not a physical lifetime for dust or pollen events. Similar event-sequence or run-declustering logic is used
in atmospheric extreme-event and dust-event analyses to avoid treating closely spaced, temporally correlated records as fully
independent events (Tuel and Martius, 2021; Sarafian et al., 2023). Each episode was then represented by one median anomaly,
yielding 15 dust episodes and 8 pollen episodes that were treated as the event-level units of inference. These episode counts
were derived from the native-resolution APSD records and must not be equated with the 15 dust-affected and 21 pollen-positive
sampling intervals in the merged optical-PM-mass dataset. As a threshold sensitivity check, the declustering was repeated with
24, 48, and 72 h gap criteria. The 24 h threshold yielded 15 dust and 9 pollen episodes, whereas the 48 and 72 h thresholds
produced the same episode lists, with 15 dust and 8 pollen episodes. Thus, the 24 h threshold split one additional pollen episode,
but the dust-minus-pollen median-difference directions were unchanged for all five APSD metrics (Table S12). The complete
declustered APSD episode inventory and episode-median anomaly values are provided in Sect. S10 and Tables S17-S18. The
48 h rule reduces dependence among the event-level units but cannot establish that all episodes are fully independent. Event-
level dust—pollen differences were evaluated using median differences, Cliff’s §, Mann—Whitney tests, and 95 % confidence
intervals from 2000 balanced bootstrap resamples of the episode medians.

Second, as a sensitivity check that retained the timestamp-level data, 24 h moving-block bootstraps with 2000 resamples

were used to preserve short-term dependence within the anomaly series (Kiinsch, 1989).
2.4.5 Evidence hierarchy

The APSD results were interpreted using an explicit hierarchy of evidence. Native-resolution contrasts quantified the observed
distributional differences and their persistence after month and month-plus-hour correction, but were treated primarily as
descriptive because many timestamps originated from the same event-affected periods. Greater inferential weight was placed
on consistency of effect direction across temporal corrections, declustered episode-level comparisons, declustering-threshold
sensitivity, moving-block-bootstrap sensitivity analyses, and leave-one-episode-out checks, in which the dust—pollen contrast
is recalculated after removing one dust or pollen episode at a time. Very small timestamp-level p values were not treated as
primary evidence. A confidence interval crossing zero indicates that the data are compatible with no difference and with effects

in either direction; it does not establish the absence of a physically meaningful difference. Because only 15 dust and 8 pollen
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episodes remained after the primary 48 h declustering, wide event-level intervals were interpreted as evidence of substantial
uncertainty and limited precision. Accordingly, the results are presented as physically interpretable event-type tendencies
and not as a definitive operational classification model. Further statistical definitions, unit-of-inference considerations, and
sensitivity results are provided in Sect. S4 and Tables S10-S14.

The complete analysis workflow is summarized in Figure 1. The schematic emphasizes that the methodology is a
retrospective non-parametric effect-size framework for interpreting labelled observations, not a prediction mechanism or a

real-time classifier.

Aerosol-response workflow

1 SMEAR/Il observations —

Optical, PM mass, size distributions

2 Dust labels
Varga et al., 2023

3 Pollen labels
Cascade-impactor filters

4 Event classes -
Background, dust, pollen

5 Analysis units —»| 6 Response variables
Intervals, timestamps, episodes Optical, mass, size-distribution metrics

|

8 Robustness checks <«=| 7 Statistical evidence
Bootstrap, declustering, single-episode deletion Medians, 95%ile Cls, Mann-Whitney, Cliff's &

Figure 1. Aerosol-response workflow. SMEAR II optical, PM-mass, and aerosol particle size-distribution observations were combined with
two event-evidence streams: transported-dust labels from the MERRA-2-supported inventory and verification procedure of Varga et al.
(2023), and pollen-positive labels from the Hyytidld cascade-impactor filter evidence described by Banerji et al. (2025). The workflow
assigns background, dust, and pollen classes; separates sampling intervals, native timestamps, and declustered episodes; derives response
variables; evaluates median contrasts with non-parametric uncertainty and dominance diagnostics; and applies bootstrap, declustering, and

single-episode deletion checks. It is a retrospective receptor-site workflow, not a predictive source classifier.
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3 Results and Discussion
3.1 Optical-property response during dust- and pollen-affected periods

Dust- and pollen-affected sampling intervals both showed enhanced aerosol light scattering relative to background sampling
intervals in the merged optical-PM-mass analysis (Figure 2). For PM; 0, 550, the standardized event-background median
shift was A%, = 0.88, with a raw median-difference confidence interval of 3.85-12.29 Mm ™! and Cliff’s § = 0.463. PM;_1¢
Osca,550 also increased under event-affected conditions, although more weakly, with A%, = 0.81, a confidence interval of 0.48—
2.88 Mm™~?, and Cliff’s § = 0.342. These sampling-interval-level effect sizes refer to the merged optical-PM-mass dataset,
where the corresponding valid observation counts were 1481 and 1474, respectively (Table S4). The full event-detection effect-
size results are provided in Table S5.

The optical event-detection response did not translate into robust dust—pollen typing. The dust—pollen median-difference
confidence intervals crossed zero for both PM; and PM;_ig 0sca 550 (Table S6). SAE also provided limited source-type
information. PM; SAE showed a small event-background response, with A}, = 0.38 and a confidence interval of 0.08—
0.21, while PM;_;9 SAE did not show a robust event-detection response (Table S5). Dust—pollen SAE typing was not robust in
either size fraction (Table S6).

This behaviour is consistent with the non-unique nature of aerosol optical signatures. Scattering and SAE respond to particle
number, particle size, hygroscopicity, refractive index, and mixing state, so physically different aerosol perturbations can
produce overlapping optical responses (Schuster et al., 2006; Seinfeld and Pandis, 2016; Titos et al., 2021). Thus, the optical

variables answered whether an aerosol perturbation occurred, but not reliably which event type occurred.
3.2 Size dependence of PM-mass responses

Size-resolved PM mass showed a stronger size dependence than the optical variables (Figure 3). Event detection increased
from PM; mass to PM;_;o mass and super-PM;y mass, defined operationally here as the derived mass fraction above 10 pm.
PM; mass had A}, = 1.01 and a median-difference confidence interval of 1.55-3.88 ug m 3. PM;_1( mass had A%, = 1.64
and a confidence interval of 1.28-7.07 ug m~3. The strongest event-detection response occurred for super-PM1o mass, with
A%, =3.72 and a confidence interval of 1.56-5.68 g m~3 (Table S5). These PM-mass statistics were calculated from the
merged optical-PM-mass dataset, in which each of the main PM-mass variables had 1563 valid observations (Table S4).
Dust—pollen typing showed a different pattern from event detection. PM; mass and PM ;o mass did not robustly distinguish
dust from pollen because their dust—pollen confidence intervals crossed zero (Table S6). The clearest mass-based labelled-class
contrast occurred for PM;_;¢ mass, where the dust—pollen contrast was negative: A;‘yp = —3.25, with a median difference of
—4.83 g m—3 and a confidence interval of —7.26 to —0.53 ug m~2 (Table S6). Because the contrast is defined as dust
minus pollen, this indicates higher PM;_1o mass during pollen-positive sampling intervals than during dust-affected sampling
intervals in the present event set. super-PM;y mass showed a similar negative tendency, but its bootstrap confidence interval

slightly crossed zero, so it is interpreted as a distributional tendency rather than as a clean median-shift result. The mass-based
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Figure 2. Aerosol optical-property response during background, dust-affected, and pollen-positive sampling intervals in the merged optical—

PM-mass analysis. Panels show PM; scattering, PM1 SAE, PMi_io scattering, and PMi_10 SAE. Boxes show the interquartile range,

horizontal lines indicate medians, and whiskers show the 5th-95th percentile range. Both dust- and pollen-affected intervals show enhanced

scattering relative to background intervals, but their optical distributions overlap substantially.
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Figure 3. Size-resolved PM-mass response during background, dust-affected, and pollen-positive sampling intervals in the merged optical—
PM-mass analysis. Panels show PM; mass, PM1_1¢ mass, and super-PM 1o mass. Boxes show the interquartile range, horizontal lines indicate
medians, and whiskers show the 5th-95th percentile range. Event-related PM-mass enhancement strengthens with particle size. Because the
pollen-positive label and PM-mass variables both derive from the cascade-impactor sampling framework, these panels are interpreted as

PM-mass response diagnostics rather than independent source-validation tests.
typing results are therefore useful for describing the labelled event set, but they are not interpreted as an independent classifier
of dust and pollen source type.

This size dependence is physically consistent with the approximate cubic scaling of particle volume, and therefore mass for
particles of comparable density and morphology, with particle diameter (Seinfeld and Pandis, 2016). Coarse and supermicron
particle changes can therefore produce large PM responses even when optical variables remain only weakly discriminatory.
Negative derived mass values occurred only under background conditions and did not drive the PM-mass conclusions (Sect. S6
and Table S7). Excluding negative derived mass values produced only minor changes in the effect-size estimates, including a

change in super-PM; detection A* from 3.72 to 3.58 and a change in PM;_1¢ typing A* from —3.25 to —3.24 (Table S8).
3.3 APSD-derived area and volume responses

The weak source specificity of the optical variables and the stronger size dependence of the PM-mass response indicate
that event-type tendencies are more likely to be expressed in the redistribution of particles across size than in bulk optical
enhancement alone. We therefore examined APSD-derived number, cross-sectional-area, and volume metrics. Both event
classes modified the aerosol population, but the most persistent dust—pollen tendency occurred in accumulation-mode metrics
rather than in bulk optical intensity or coarse-mode volume alone.

Under the Pool B month-plus-hour anomaly baseline (Figure 4), dust-affected observations had higher S,.. anomalies than
pollen-positive observations, with A* = 0.558 and a median anomaly difference of 25.39 ym? cm~3. The corresponding
confidence interval, 17.10-31.98 um? cm™3, did not cross zero, indicating that the controlled S,.. contrast persisted after
accounting for month and hour background structure at native time resolution (Table S10). After event declustering, the contrast

retained the same positive direction and had a larger standardized effect, but the bootstrap confidence interval crossed zero and
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Figure 4. Confounding-controlled dust—pollen comparison for accumulation-mode cross-sectional area. Panel (a) shows the raw dust—pollen

comparison. Panel (b) shows anomalies after subtracting the background month median, and panel (c) shows anomalies after subtracting

the background month-plus-hour median. The persistence of the native-resolution dust—pollen difference after month-plus-hour correction

suggests that the contrast is not explained solely by seasonal or diurnal background variability, but event-level uncertainty remains substantial

because only 15 dust and 8 pollen episodes were available after declustering.
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was therefore compatible with no episode-level difference and with effects in either direction (Table S11). The dust-minus-
pollen direction of S,.. was unchanged when the declustering gap criterion was varied between 24, 48, and 72 h; the 48 and
72 h thresholds produced identical episode-level S,.. values, while the 24 h threshold retained the same positive direction
despite one additional pollen episode (Table S12). Therefore, Sy is interpreted as the clearest APSD-based tendency in this
dataset, rather than as a stand-alone source-identification criterion.

Accumulation-mode volume, V.., showed a consistent supporting response, with A* = 0.520, a median anomaly difference
of 1.00 um3 cm~3, and a confidence interval of 0.686-1.238 um?® cm~3 in the native-resolution Pool B month-plus-hour
anomaly analysis (Table S10). However, after event declustering, the V,.. dust—pollen confidence interval crossed zero
(Table S11). Thus, V,.. supports the accumulation-mode interpretation but is treated as secondary evidence.

By contrast, coarse-mode volume, Vioarse, did not provide a robust dust—pollen separation. Its Pool B month-plus-hour
anomaly confidence interval crossed zero, and the standardized effect was small at native time resolution (Table S10).
The event-declustered analysis and moving-block-bootstrap sensitivity check also gave confidence intervals crossing zero
(Table S11). The volume-ratio metric, Ry, was statistically separated in the native-resolution analysis but had a small
standardized effect, and the event-declustered and moving-block-bootstrap sensitivity checks crossed zero (Tables S10 and
S11). It is therefore best interpreted as secondary supporting information rather than as a primary event-type metric.

A leave-one-episode-out sensitivity analysis of the declustered episode medians showed no sign reversals for Sacc, Vaces
Veoarses v, or Naj, when any single dust or pollen episode was removed (Table S13). For each APSD-derived metric, the
contrast was recalculated after deleting each of the 15 dust episodes and each of the 8 pollen episodes, giving 23 deletion
tests per metric and 115 recalculated contrasts across the five metrics. Thus, the directions of the episode-median contrasts
were not controlled by one individual episode. The largest absolute shifts were tied across multiple deletions, so the leave-one-
episode-out analysis is interpreted as a sign-stability diagnostic rather than as evidence for a unique influential episode. The
wide bootstrap intervals still indicate limited episode-level precision.

The apparently different directions of the PM;_ ;9 mass and S, results are not contradictory because the two variables
weight the size distribution differently. PM mass is approximately volume-weighted and scales with particle diameter cubed,
so PM;_1 mass can be strongly influenced by larger supermicron and coarse-tail particles. In contrast, S, is an accumulation-
mode cross-sectional-area metric that scales with particle diameter squared and is more directly linked to scattering-relevant
particle geometry. Thus, pollen-positive intervals can show higher PM;_;y mass in the present event set, while dust-affected
APSD observations can show higher controlled accumulation-mode cross-sectional area. This interpretation is a size-weighting
and receptor-site consistency argument, not a direct chemical or morphological closure between the PM-mass and APSD
measurements. The reconciliation is summarized in Sect. S8. The clearest source-type tendency was therefore not in bulk
optical intensity alone, but in how aerosol area and mass were redistributed across particle size.

Additional diagnostic visualizations of the feature-screening logic, detection-versus-typing distinction, and volume-metric
sensitivity are provided in Figures S7-S9. These figures are used only to summarize the screening framework; the interpretation
above is based on the effect-size tables, confidence intervals, event-declustered analyses, moving-block-bootstrap checks, and

leave-one-episode-out diagnostics.
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Figure 5. Mean aerosol particle size distributions during background, pollen-positive, and dust-affected conditions. Panels (a)—(c) show the

full-range mean particle number size distribution (PSD), cross-sectional-area size distribution (SAD), and volume size distribution (VSD),

respectively. Panels (d)—(f) show the corresponding zoomed larger-particle ranges for PSD, SAD, and VSD. Blue, green, and red lines denote

non-event background, pollen-positive, and dust-affected conditions, respectively. The comparison illustrates that the two operational event

classes can produce non-unique bulk optical responses while redistributing particle number, cross-sectional area, and volume differently

across particle diameter.
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The mean size distributions further illustrate why the optical and PM-mass responses are not equivalent (Figure 5). In the
particle number size distribution, event-period differences extend into the Aitken-mode size range, especially during pollen-
positive periods. In the cross-sectional-area and volume size distributions, however, the more relevant dust—pollen differences
shift toward the accumulation and larger-particle size ranges. This supports the interpretation that PM;_;o mass and S,.. need

not show the same dust—pollen direction because they weight the particle size distribution differently.
3.4 Sub-100 nm particle behaviour as process context

The motivation for examining the sub-100 nm size range came from the mean particle number size distributions, where event-
period differences extended into the Aitken-mode size range. Because intact dust and pollen particles are not primarily sub-
100 nm particles, this feature should not be interpreted directly as a source signature. At SMEAR I, nucleation- and Aitken-
mode variability is strongly influenced by new-particle formation and early growth processes (Dal Maso et al., 2005; Dada et al.,
2017). Dust can also interact with NPF through competing mechanisms, including condensation-sink effects and dust-related
photochemistry, but these effects are site and condition dependent (Nie et al., 2014; Casquero-Vera et al., 2023). Similarly,
pollen may contribute to submicron particles through rupture, fragmentation, or release of subpollen particles, but this is
distinct from classical gas-to-particle NPF (Steiner et al., 2015; Hendrickson et al., 2023).

The 100 nm cutoff was used as a practical diagnostic boundary rather than as a strict physical threshold. Particles below
100 nm largely represent the nucleation- and Aitken-mode size range, where NPF, early growth, and survival against losses
to the pre-existing aerosol population are most relevant. In contrast, particles above about 100 nm increasingly contribute
to accumulation-mode cross-sectional area, volume, PM mass, light scattering, and potential cloud-condensation-nuclei
relevance. However, the transition is not fixed, because CCN activation depends on particle size, hygroscopicity, composition,
mixing state, and supersaturation. Example NPF-like and non-NPF-like cases during both dust and pollen event periods are
shown in Figure 6. These examples illustrate that sub-100 nm particle evolution is not uniquely determined by the dust or
pollen event label.

We therefore treat the sub-100 nm analysis as process-level context rather than as a primary dust—pollen typing criterion.
Although raw Aitken-mode number concentration was higher during pollen-positive observations than during dust-affected
observations, this contrast weakened after temporal correction and event declustering (Table S14). Thus, the main dust—pollen
interpretation is based on size-resolved PM mass and APSD-derived accumulation/coarse particle metrics, not on sub-100 nm
variability alone.

The full interval-resolved sub-100 nm particle number, volume, and cross-sectional-area size-distribution panels for all
pollen-positive and dust-affected sampling intervals are provided in Figures S1-S6. These Supporting Information figures
document the variability among labelled intervals and support the interpretation that sub-100 nm structure is process context

rather than a dust- or pollen-specific source marker.
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Figure 6. Example sub-100 nm particle size-distribution behaviour during selected pollen-positive and dust-affected periods with and without
NPF-like behaviour. Columns show representative NPF-like and non-NPF-like cases for pollen-positive and dust-affected periods. Rows show
particle number size distributions, cross-sectional-area size distributions, and volume size distributions below 100 nm. The selected examples

are illustrative and are not used for statistical inference.

3.5 Implications

These results have three implications for interpreting this boreal aerosol event record and similar receptor-site analyses. First,
bulk optical enhancement is not sufficient evidence for event type. Dust-affected and pollen-positive periods both enhanced
aerosol scattering, and their optical signatures overlapped. Source typing based only on oyca 550 or SAE could therefore be
misleading.

Second, size-resolved information is essential for this event set. Event occurrence was most strongly detected in larger PM
fractions, especially super-PM;o mass, while event type was better expressed in PM;_;o mass and accumulation-mode APSD
metrics. Among the APSD metrics, the clearest and most persistent dust—pollen tendency was found in Sycc, supported by Vice,
rather than in coarse-mode volume. This indicates that the operationally classified dust- and pollen-affected periods influenced
the receptor-site aerosol population through different redistributions of accumulation-mode area and volume, even when their

bulk optical responses overlapped.
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Third, sub-100 nm particle behaviour should be interpreted as process context rather than as a primary event-typing signal.
Event-period sub-100 nm structure can reveal whether nucleation- and Aitken-mode processes were active, but the strongest
dust—pollen information in this analysis was found in size-resolved PM mass and APSD-derived accumulation/coarse particle
metrics.

Fourth, the framework has broader methodological implications for atmospheric event studies. Long-term observatory
datasets commonly combine operational labels, uneven event counts, non-normal aerosol variables, and serially dependent
observations. In such cases, a retrospective effect-size framework provides a reproducible intermediate step between qualitative
event description and predictive source classification. It can be used to screen which variables carry physically meaningful event
information before investing in site-transfer tests, chemical or microphysical source validation, or supervised classification.
Applied across additional years, sites, and event types, the same framework could help determine whether a candidate dust,
pollen, smoke, sea-salt, or biological-aerosol indicator is site-specific or transferable across receptor environments.

The main limitations follow directly from the observational design. The event labels are operational and were derived
from different evidence streams for dust and pollen; therefore, the study tests labelled receptor-site event classes rather
than controlled source samples. The pollen-positive label and PM-mass variables also share the cascade-impactor sampling
framework, so PM-mass contrasts describe responses within the labelled event set and should not be treated as independent
validation of pollen source type. The number of independent APSD episodes is small, especially for pollen, which limits
precision even when effect directions are stable under threshold and leave-one-episode-out sensitivity checks. Finally, SMEAR
IT is a well-characterized boreal forest receptor site, but dust and pollen sources, transport pathways, meteorology, and
phenology are site dependent. The results are therefore most appropriately used as a mechanistic case study of event detection

and event typing at SMEAR I, not as a universal boreal classification rule.

4 Conclusions

Dust- and pollen-affected periods both perturbed the aerosol population at SMEAR II, but the response was not expressed
equally across optical, PM-mass, and size-distribution variables. Both event classes enhanced aerosol scattering relative to
the non-event background. However, scattering coefficients and scattering Angstrt’)m exponents overlapped strongly between
dust-affected and pollen-positive observations and did not provide robust event typing.

Event detection was strongest in variables that captured enhanced particle loading, especially larger PM fractions. The
clearest event-background response occurred for super-PM;g mass, showing that event occurrence at the receptor site was
most strongly expressed through size-resolved mass enhancement. Because the pollen-positive label and PM-mass variables
share the cascade-impactor sampling framework, these PM-mass results are interpreted as responses within the labelled event
set rather than as independent validation of pollen source type.

The variables that detected event occurrence were not always the variables that distinguished dust from pollen. PM;_;¢ mass
gave the clearest mass-based dust—pollen contrast in the present event set. Among APSD-derived metrics, accumulation-mode

cross-sectional area, S,cc, showed the clearest temporally controlled dust—pollen tendency, with support from accumulation-
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mode volume, V... Coarse-mode volume did not robustly distinguish event type. Thus, dust—pollen differences were expressed
more clearly in the size-resolved redistribution of aerosol area and mass than in bulk optical enhancement alone.

Sub-100 nm particle behaviour provided process context, not a primary event-typing criterion. Differences in the Aitken-
mode size range motivated the sub-100 nm analysis, but these differences weakened after temporal correction and event
declustering. The sub-100 nm results therefore describe concurrent aerosol processes during event periods rather than direct
dust or pollen source signatures.

The main limitations are the operational nature of the labels, the different evidence streams for dust and pollen, the shared
cascade-impactor basis of pollen flags and PM mass, and the small number of declustered episodes, especially for pollen. The
results should therefore be interpreted as physically interpretable receptor-site tendencies, not as a universal boreal dust—pollen
classifier. The broader methodological message is that in-situ aerosol event studies should separate variables that detect an
aerosol perturbation from variables that help interpret the type of perturbation. Future work can test the transferability of these
tendencies by applying the same event-detection and event-typing framework at additional sites and by adding independent

chemical, lidar, microscopic, or biological source constraints.
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