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ABSTRACT: Fine particulate matter (PM) poses a major threat OA with HOA, B80A, 00A = Iy e
to public health, with organic aerosol (OA) being a key Z 4 Fumeseor N P "”"_"E"""“:"" =8 10
component. Major OA sources, hydrocarbon-like OA (HOA), & £ E N 3 ; m
biomass burning OA (BBOA), and oxygenated OA (OOA), have | = - 8 “5,
distinct health and environmental impacts. However, OA source [ 5, 5-'-'
apportionment via positive matrix factorization (PMF) applied to = i . 6 &
aerosol mass spectrometry (AMS) or aerosol chemical speciation 3 - .y E
monitoring (ACSM) data is costly and limited to a few supersites, i . 4 i
leaving over 80% of OA data uncategorized in global monitoring i o E
networks. To address this gap, we trained machine learning models | { 14 o
to predict HOA, BBOA, and OOA using limited OA source 8" " . 2

Aof gop 10°E 20°E

apportionment data and widely available organic carbon (OC)
measurements across Europe (2010—2019). Our best performing

model expanded the OA source data set 4-fold, yielding 85 000 daily apportionment values across 180 sites. Results show that HOA
and BBOA peak in winter, particularly in urban areas, while OOA, consistently the dominant fraction, is more regionally distributed

with less seasonal variability. This study provides a significantly expanded OA source data set, enabling better identification of
continued...
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pollution hotspots and supporting high-resolution exposure assessments.

KEYWORDS: source apportionment, machine learning, deep learning, Europe data set, spatial—temporal analysis, air quality,

organic aerosols

1. INTRODUCTION

The World Health Organization (WHO) recently updated its
air quality guidelines, setting stricter limits for fine particulate
matter (PM,;) concentrations at 5 yg m™ to mitigate PM
health impacts." Currently, over 97% of the European
population lives in areas exceeding these limits.” Mitigating
PM mass concentrations requires high-resolution temporal and
spatial data on its chemical composition and sources.

Organic aerosol (OA) is the most chemically complex PM
fraction, consisting of millions of individual compounds. It can
originate from local primary sources, such as mainly traffic
emissions and industry (hydrocarbon-like OA (HOA)] or
residential biomass burning [biomass burning OA (BBOA)]. It
can also form in the atmosphere through the condensation of
oxidation products of volatile organic compounds, known as
secondary OA (SOA) or oxygenated OA (OOA). Currently, OA
accounts for over half of PM mass in Europe and is expected to
play an even larger role as regulatory measures reduce SO, and
NO, emissions as precursors of secondary inorganic com-
pounds.” This shift is compounded by climate change, which
likely increases natural emissions of OA precursors."

OA can be measured online using an aerosol mass
spectrometer (AMS) and aerosol chemical speciation monitor
(ACSM).>® Using positive matrix factorization (PMF), these
measurements provide the apportionment of OA fractions based
on their spectral fingerprints, including HOA, BBOA, and OO0A’®
(section S.1). However, OA measurements and source
apportionment are resource-intensive, requiring significant
financial investment and skilled personnel. As a result, AMS
and ACSM deployments remain limited to a few locations, with
long-term ACSM measurements available primarily at supersite
networks, such as ACTRIS’ in Europe, ASCENT" in the U.S,,
and selected sites in China.” In contrast, total OA is more widely
monitored as organic carbon (OC), which is measured offline
on filter samples at larger networks, such as EMEP'” in Europe
and IMPROVE'" in the U.S. While these networks may provide
broader spatial and temporal coverage, OC measurements lack
source information.

Here, we developed a machine learning (ML) approach to
integrate OA source apportionment data from 44 stations
(Table S1) with widespread OC measurements from 136
stations (Table S2) across Europe. This method expanded the
OA source apportionment data set 4-fold, enabling the
estimation of the contributions from three main OA
components, HOA, BBOA, and OOA, resulting in a total of
~85 000 daily concentration values between 2010 and 2019 at
180 stations.

2. MATERIALS AND METHODS

We model the contribution of three source components, HOA,
BBOA, and OOA, using tree ensembles and deep neural
networks (DNNs). The modeling framework is shown in Figure
1. ML models filled in source-specific information at locations
where only total OC data exists, incorporating inputs from
chemical transport model (CTM) outputs, land-use data,
weather conditions, and total measured OC concentrations.
Chemical transport models provided information into emission
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sources, atmospheric dynamics, and reactivity, while high-
resolution land-use data capture factors for local variability.
Models were trained using the source-specific OA database, and
model performance was evaluated using the leave-one-station-
out (LOSO) method. Model inputs are detailed in section 2.1
and are presented in Table S3. The implementation of tree-
based and deep-learning models is described in section 2.2, and
the model description and parameters are summarized in Table
S4.

2.1. Model Inputs. OC and OA Component Data. OA
source apportionment data, resulting from the application of
PMF to ACSM and AMS measurements, are available at 44
European sites,” comprising a total of 18 000 daily values from
2013 to 2019. Measurements and PMF methodology for the
ACSM data set are described in the data reference for each data
set (Table S1/section S.1). We focused on three consistently
apportioned components, HOA, BBOA, and OOA, while
excluding locally specific sources, such as cooking emissions,
identified at only a few sites. In some locations, two OOA
components were resolved from PMF, which we combined into
a single total OOA value to keep three consistent components
for all of the sites. Total OC, without a source apportionment, is
measured using a thermal—optical technique at 136 European
sites, totaling 67 000 daily values from 2010 to 2019. A detailed
temporal distribution of sampling frequency and site coverage,
including annual and monthly data, is presented in Figure S1 of
the Supporting Information. Since we have two separate data
sets, one for OC and another for OA along with the OA/OC
ratio, we required a dedicated model to estimate OA from OC.
While CTM outputs (see below) provide OA/OC estimates
(Table SS), we sought to enhance accuracy using a gradient
boosting method, CatBoost.'> We used CTM outputs, land-use
data, and meteorological variables as predictors (Table SS). The
model was trained on OA/OC ratios from AMS/ACSM data
derived from chemical composition (Table SS). Finally, the
model was applied to calculate the OA/OC ratios for all offline
samples to deduce OA mass concentrations.

We noted that AMS/ACSM data sets correspond mostly to
the PM, fraction where the overwhelming majority of OA,
HOA, BBOA, and OOA mass occurs, while OC is measured
using either PM, g and PM,, samples. Approximately 80—90% of
the HOA, BBOA, and OOA mass typically falls within the PM,
fraction of the PM, 5 sample.'” Therefore, we expect to slightly
overestimate the contributions of OA, HOA, BBOA, and OOA
when using OA estimated from OC measurements due to small
contributions from biological aerosols in the coarse mode.

CTM Outputs. We used the Comprehensive Air Quality
Model with Extensions'* (CAMx, version 6.5) to simulate daily
organic aerosol (OA) source components, inorganic aerosols,
trace gases, and oxidant concentrations across Europe for the
period 2010—2019. The simulation domain covered Europe
with a spatial resolution of 0.25° X 0.125°. Meteorological data
from Weather Research and Forecasting15 (WRF) model
simulations were used in offline mode. CAMx used annual
anthropogenic emissions from the European emission inventory
Copernicus Atmosphere Monitoring Service—Regional inven-
tory, version 4 (CAMS-REG-v4), developed by TNO.'® PM
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Figure 1. This workflow diagram illustrates the integration of two data sets (one with OA and its sources and one with OC) to model and predict OA
sources using OC. The OA and OC data sets, derived from monitoring stations, are enriched with temporal, land-use, meteorological, and chemical
transport model outputs. A CatBoost model is applied to estimate OA/OC ratios on the OC data set. Then, several machine learning methods, such as
random forest, LGBM, CatBoost, MLP, and f-VAE, are used to apportion the estimated OA. This process results in the creation of a data set with
85000 HOA, BBOA, and OOA estimations across 180 monitoring stations.

emissions are split into various chemical components, including
OC, using PM splitting factors specific to source and country for
fine and coarse aerosol modes from TNO. We used monthly,
weekly, and hourly temporal splitting profiles from TNO to
generate hourly emissions. Biogenic volatile organic compounds
(BVOC:s) from plants, critical precursors for secondary organic
aerosols (SOAs), were generated using the PSI model.'”"*
Transported wildfire BBOA emissions were not included in
CAMx simulations, as their influence on European air quality is
generally minor and episodic. Outputs from the CAMx
simulations used as inputs for ML models are detailed in Tables
S3 and SS.

Land-Use Data. Land-use variables, harmonized to a 200 m
resolution and an annual scale from their native resolution for
the entire Europe, were used as ML model inputs (Table S3 and
S$), including the fractions of 14 land-use types (e.g., urban
fraction, natural green, agriculture, and barren land), population
density, altitude, and road length and category.

Weather Data. Daily means of the temperature, surface
pressure, wind speed and direction, relative humidity, and
planetary boundary layer height simulated using the Weather
Research and Forecasting model (WREF, version 4.1) are used as
inputs for the ML models (Table S3 and S5).

2.2. ML Models. We have implemented and optimized the
following tree-based models: random forest (RF)" from scikit-
learn,”® gradient boosting from CatBoost,'” and LGBM.”’
Targets, HOA, BBOA, and OOA, were scaled using a In(1 +
ymget) transformation, a common technique used for unskewing
the data and making it closer to normally distributed.

Two DNNs have been employed: multilayer perceptron®
(MLP) and variational autoencoders’* (VAEs). Such models
allow us to easily implement a sum constraint between targets.
Specifically, we enforced the following constraint using a

5 HOA BBOA OO0A residuals .
ftMax layer:*>*° 1 = —~ 4 =% 4 200 4 IO (regid-
SoftMax laye or T on T on T on (resid
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uals represent locally specific sources). This approach led to
improved prediction accuracy, particularly for HOA and BBOA.
DNN s are prone to overfitting, as noise can significantly impact
training.25 To mitigate this issue, we implemented several
regularization techniques, including batch normalization,””
dropout,” and early stopping™ in the MLP. We also explored
a B-VAE™ approach, which balances reconstruction accuracy
with a well-structured latent space. By applying pseudo-Gibbs
sampling to the B-VAE predictions, we generated multiple
estimates for the missing OA components, thereby capturing
their uncertainty.”'

3. RESULTS AND DISCUSSION

3.1. OC to OA Conversion and OA Distribution. We
estimated the OA/OC ratio using the method described in
section 2.1 and evaluated the performance using LOSO cross-
validation. This approach outperformed OA/OC ratios derived
from CTM, achieving a root-mean-square error (RMSE) in OA/
OC of 0.055 (i.e., <5%) compared to a CAMx RMSE of 0.123
(i.e,, ~10%). Figure S2 illustrates the temporal trend of the OA/
OC ratio for both rural and urban stations. The minimum OA/
OC ratio averaged per station was 1.64 in Athens (Greece),
while the highest was 1.81 in Campisabalos (Spain).

Using OA/OC ratios, we deduced the OA mass concentration
across Europe (from 2010 to 2019) shown on Figure 1. This
extended data set contains an average of 478 OA daily
concentrations per site. The highest OA concentrations
occurred in the vicinity of Florence, Italy (19.0 ug m™?), while
the lowest levels were found at the Zeppelin Mountain, Svalbard
(0.2 ug m™3). The spatial distribution of sampling sites revealed
greater station density in western and southwestern Europe
compared to those in northern and eastern regions.

3.2. Model Performance. Model performance was
evaluated using LOSO cross-validation, 44-fold covering all
stations where the OA component is available. In this approach,
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Figure 2. Scatter plots for HOA, BBOA, and OOA using the CatBoost model with log-transformed targets, points colored according to the log density
of the best two-dimensional Gaussian. The red line corresponds to y = x. Figure S7 presents the same plots but for the CAMx model. Figure S11
presents the same plots but without using OA as an input (it significantly decreases the performance).

the model was trained on data excluding a specific station and
then tested on that station to assess its predictive accuracy.
Performance was quantified using the coefficient of determi-
nation (R*), RMSE, and mean absolute percentage error
(MAPE) metrics. Figure S3 illustrates the distribution of R*
scores achieved by the five different models.

Figure S3 demonstrates that all models achieve comparable
performance in terms of median R%. All models predict the level
of OOA with high accuracy, achieving a median R*> of
approximately 0.8, as the level of OOA represents the largest
fraction of OA. In contrast, HOA and BBOA, which contribute
less to OA, were more challenging to predict, with median R*
values of around 0.4 and 0.6, respectively.

Among the models, CatBoost consistently outperformed the
others, exhibiting higher 10th and 25th R* percentiles, which
signifies a robust performance across most stations. In
comparison, RF, which employs a simple ensemble strategy by
averaging independent trees, struggled to capture observed
patterns uniformly across all stations.'” Similarly, LGBM
showed a slight underfitting, probably because of its histo-
gram-based decision tree learning approach.”’ Both the RF and
LGBM models are inherently constrained in extrapolating
beyond the training data, leading to bounded predictions. DL
models generally perform on par with the tree-based models for
most stations, showing no significant advantages or drawbacks.
Figure S4 shows HOA, BBOA, and OOA time series for the Lille
(France) station using the six different models and CAMx,
illustrating that, for most of the stations, all five ML models
capture the variation and the magnitude of OA components.

Given the importance of achieving consistent predictive
accuracy across all stations, we selected the CatBoost model as
the optimal choice. Figure S5 shows feature importance for the
CatBoost model, which describes the model’s dependency on
different input features; OA is the most important predictor for
all components HOA, BBOA, and OOA. CAMx BBOA and
CAMx_OOA are key features for BBOA and OOA, respectively.
For HOA, CAMx_EC and CAMx_BBOA are important, with
EC reflecting similar traffic-related sources. In comparison to the
CAMx, which yielded the following coefficients of determi-

2 2
Rios = —0.17 Rloa = 0.60
nation RéBOA = —0.03, CatBoost achieved R]%BOA = 0.58.
2 2
Riop = —0.14 Riop =075

Figure 2 and Figure S6 show that the model slightly
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underestimated high values across all components but generally
well-reproduced HOA, BBOA, and OOA estimated by PMF.

Analyzing feature importance using the CatBoost model
(Figure SS) revealed that CAMx outputs strongly informed the
prediction of BBOA and OOA but contribute less to HOA,
highlighting challenges in accurately representing local HOA
emissions with CAMx. Additionally, other CAMx outputs (e.g.,
NO,, elemental carbon, and CO), meteorological parameters
(pressure and temperature), population density, and road length
as well as temporal data (year/month) also played important
roles.

The larger prediction errors observed for BBOA and HOA,
relative to those of the OOA, are consistent with the generally
higher uncertainties associated with PMF source apportionment
of primary organic aerosol fractions. As formal PMF error
analysis becomes more common, future studies should evaluate
how these uncertainties propagate into supervised learning
models and how they affect their predictive reliability.

3.3. Spatial and Temporal Variability of HOA, BBOA,
and OOA. Using CatBoost, we apportioned OA components at
136 sites in Europe with OC data. This enables us to obtain a
more robust representation of the spatial and monthly variability
of OA components across Europe from 180 sites, over 4 times
the monitored sites (Figure 3). The mean concentrations of
HOA, BBOA, and OOAare 0.5+0.3,0.7 +£0.7,and 3.2 + 1.4 g
m™> in Europe (mean =+ standard deviation).

The highest concentrations of HOA, BBOA, and OOA were
predicted in northern Italy (Po Valley and western Tuscany),
Krakow (Poland), and Bucharest (Romania). The geography of
the Po Valley causes air stagnation, allowing pollutants from
urban and industrial areas to accumulate.®” Elevated HOA levels
were observed in major western European cities, such as Paris,
Lisbon, Madrid, and Barcelona, as well as in eastern cities, such
as Bucharest and Krakow, driven primarily by urban traffic
emissions. High BBOA concentrations were detected in rural
areas near the Alps and in cities, such as Tartu, Vilnius, and
Bucharest, reflecting emissions from residential heating. OOA
showed significantly less spatial variability compared to HOA
and BBOA, consistent with its regional formation process.

Seasonally, HOA and BBOA levels were higher in the winter,
driven by increased heating and a shallower boundary layer, with
BBOA showing a more pronounced increase. Winter increases
in HOA and BBOA were more pronounced in urban areas,
where road traffic emissions, heating demand, and population
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Figure 3. Spatial and temporal distributions of OA fractions. (Left) Europe maps with scatter dots showing the mean concentration of HOA, BBOA,
and OOA at 180 locations across Europe. (Right) Line graph showing monthly trends in OA component concentrations from 180 locations. We
differentiated urban and rural areas using land-use variables that correspond to population density and impervious surface density (IMD), as described
in Table S3. Tables S1 and S2 show which stations are considered rural/urban. Figure S8 presents the same plots for the CAMx model. The size of the
point is proportional with the OA mass concentration. The data link is provided in section S.2.

density are higher. In contrast, despite greater atmospheric
dilution in the summer, the extent of adsorption of OOA shows a
discrete seasonal variability, with a small peak observed between
July and August, reflecting enhanced photochemical reactions
and biogenic emissions. However, in comparison, CAMx
consistently underestimates the concentrations of OOA during
winter (Figure S8), likely due to missing anthropogenic
precursor emissions or missing chemical processes (e.g.,
aqueous and particle phase chemistry). While urban areas
consistently exhibited higher HOA and BBOA levels than rural
areas, OOA levels were similar in urban and rural regions. The
model shows spatial and seasonal patterns, highlighting the local
influences of HOA and BBOA and the regional nature of OOA.

Although OA observations are limited in regions like southern
Spain, Portugal, the Leipzig region (Germany), and Denmark,
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ample OC data allow our model to provide high-quality OA
estimates there. By contrast, Eastern Europe has a few supersites
but insufficient OC coverage, restricting the model’s utility, and
the Balkans lack both OA and OC measurements entirely.
Overall, the expanded OA data set supports diurnal and weekly
analyses, chemical transport model evaluation, downscaling,
site-specific causal inference, and policy development.

4. IMPLICATIONS

We have trained a ML model that integrates sparse OA source
apportionment data, available only at supersites, with abundant
OC measurements to estimate the major OA fractions, HOA,
BBOA, and OOA, across large-scale networks in Europe. This
method quadrupled data coverage, revealing spatial and seasonal
patterns, and delivered a comprehensive data set of 85 000 daily
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concentrations of OA components from 180 sites. This data set
can be used to infer the causal factors driving OA pollution in
Europe and for training exposure models for future epidemio-
logical analysis. Furthermore, we introduced a novel method for
splitting OA into its major components, a common issue across
measurement networks in the EU (ACTRIS), U.S. (IMPROVE
and ASCENT), and China, where 80% of OA data remains
uncategorized.
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ments, with n being the number of daily concentrations
(Table S2), variables used as input features for HOA,
BBOA, and OOA modeling (Table S3), description of
used machine learning and deep learning models (Table
S4), variables used as features in OA/OC ratio modeling
(Table SS), distribution of the number of sites per year
and per month with OA and OC (Figure S1), temporal
analysis of the predicted OA/OC ratio at stations where
only OC is available (Figure S2), boxplots showing the
range of R” obtained by the six ML models at the different
sites during LOSO cross-validation for HOA, BBOA, and
OOA (Figure S3), time series of HOA, BBOA, and OOA
at the Lille (France) station (Figure S4), feature
importance of HOA, BBOA, and OOA using the
CatBoost model (with log transformation) (Figure SS),
residuals of HOA, BBOA, and OOA using the CatBoost
model with log-transformed targets (Figure S6), scatter
plots for HOA, BBOA, and OOA using the CAMx model
vs PMF from AMS/ACSM (Figure S7), spatial and
temporal analysis of OA fractions from CAMx (Figure
S8), map showing coefficient of determination (R?) values
for HOA, BBOA, and OOA from LOSO cross-validation
using the CatBoost model across all monitoring stations
with the OA component data set across Europe (Figure
S9), relative contribution of HOA, BBOA, and OOA to
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increasing latitude from 35 N to 70 N (Figure S10),
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CatBoost model without OA as an input with log-
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