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Abstract. Biomass burning (BB) aerosol significantly affects climate by altering the radiation budget and atmospheric chem-
istry. Accurate source estimation is vital for climate modeling, yet global observations remain scarce. This study introduces a
novel framework for assessing the contribution of transported BB aerosol to smoke-associated aerosol optical depth (BB AOD)
at selected locations. The approach integrates satellite fire data (Moderate Resolution Imaging Spectroradiometer Active Fire
Product) with air parcel trajectory models (HYSPLIT), aerosol transport models (NAAPS), BB emissions (FLAMBE), and
plume rise (CAMS GFAS).

Tested in Warsaw (Poland, Central Europe) over 2006-2022, the methodology reveals a prominent influence of long-
range BB aerosol transport from North America. Analysis indicates that USA (without Alaska) (37.3% =+ 3.4%), Canada
(25.4% £ 6.7%) and the Alaska (2.6% =+ 2.1%) together contribute approximately 65% of BB AOD during the BB sea-
son in the Northern Hemisphere, surpassing nearer European sources. Among European regions, Eastern Europe accounts
for 16.6% + 5.3% of BB AOD, followed by the Iberian Peninsula (10.6% 4+ 1.5%) and Southern Europe (7.5% =+ 2.1%).
Incorporating vertical plume dynamics is crucial: a planetary boundary layer plume-top threshold underestimates Canadian
contribution while overestimating European sources, whereas removing altitude constraints overestimates Canadian influence.
These findings underscore the importance of transatlantic transport, plume-rise processes, and vertical aerosol distribution in
regional climatology.

The presented framework for assessing BB AOD contributions is universal and can be applied at any location. Future work

should incorporate the specific aerosol types emitted during BB events and their aging processes.

1 Introduction

Biomass burning (BB) aerosol affects the Earth’s climate by altering the radiation budget, disrupting the hydrological cycle
and often changing the chemistry of the atmosphere (Crutzen and Andreae, 1990; Jacobson, 2014; Reid et al., 2005). It absorbs
or scatters solar radiation and also serves as condensation nuclei for cloud droplets (Liu et al., 2020; Moroni et al., 2020).
However, characterizing the quantitative impact of BB aerosol on the global radiation balance is very difficult because they
have strong temporal and spatial variability (van Leeuwen and van der Werf, 2011; Chuvieco et al., 2021; van der Werf et al.,

2006). Moreover, according to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), there
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is a global shortage of observations of carbonaceous aerosol (Szopa et al., 2021; Brown et al., 2021), which further complicates
the characterization of their quantitative impact on the Earth’s climate. Vertical distribution is also an important factor while
considering the effect of BB aerosol suspended in the atmosphere (Walter et al., 2016; Jacobson, 2014; Gupta et al., 2021).
Due to advection, aerosol can move over a large area during their lifetime (days) and can travel a considerable distance from
the source region (Szkop and Pietruczuk, 2017; Markowicz et al., 2016; Stachlewska et al., 2018; Ancellet et al., 2016). The BB
aerosol itself can exhibit opposite behavior depending on what it is composed of—if organic carbon predominates in the BB
aerosol, the scattering effect dominates (Bond et al., 2013; Thornhill et al., 2021). If the noticeable part is black carbon,
absorption becomes significant (Jacobson, 2001; Bond et al., 2013; Jacobson, 2014). Such differences in BB aerosol depend on
the different vegetation types that burned down and its aging process, which consists of condensation, oxidation, coagulation
and water uptake (Engelhart et al., 2012; Shi et al., 2019).

Global BB aerosol direct radiative forcing (RF) is low, equal to —0.07 Wm~2 (Brown et al., 2021). This near-zero RF
of BB aerosol results from the offsetting effect of a positive RF from black carbon being balanced by a negative RF from
organic aerosol (Myhre et al., 2013). On regional scales, however, direct RF due to the inflow of BB aerosol may be large. In
the Amazon Basin, there was registered RF due to BB events of around —30 to —40 Wm~—2 (Sena et al., 2013), —20 Wm 2
in Southeast Asia (Li et al., 2022), and —15 to —25 Wm™2 in Sub-Saharan Africa (Zhang et al., 2014). In Central Europe,
during the transport of BB aerosol from Canadian wildfires in July 2013, the direct radiative forcing was estimated to reach up
to —30 Wm ™2 at the ground level (Markowicz et al., 2016). It can change the altitude of the planetary boundary layer (PBL)
and make the atmosphere in the PBL more stable (Singh et al., 2020; Luo et al., 2022; Walter et al., 2016; Zawadzka et al.,
2017).

When detecting BB aerosol in the atmosphere, it should be considered that aerosol suspended in the atmosphere is usu-
ally a mixture of local and long-range transported fine particles. Hence, it is usually very difficult to identify the source of
the observed aerosol load (Zhang et al., 2018; Poulain et al., 2021; Martins et al., 2018). While several studies have reported
incidents of BB aerosol influx over Europe, comprehensive analyses of these phenomena, particularly over Central Europe,
are still scarce. Nevertheless, smoke layers over Central Europe have been documented in earlier work. A pronounced aerosol
layer at 3—6 km over Germany in August 1998 was attributed to Canadian wildfires (Forster et al., 2001). Potential smoke
layers over Warsaw spanning a range of source regions were examined by (Janicka et al., 2023), who found that layers that
could originate from North America occurred between about 2 and 8.5 km, whereas layers attributed to Eastern Europe were
most frequently detected between 2 and 4 km, with some reaching as high as 7 km. In addition, (Ortiz-Amezcua et al., 2017)
reported smoke layers of 1-2 km thickness located at roughly 5 km above sea level (ASL) over Granada and Leipzig, and
around 2.5 km ASL over Warsaw, linked to long-range transport from North America. On the 2™ of June 2013, there was
a transport of BB aerosol from Canada to Europe (Markowicz et al., 2021a; Ortiz-Amezcua et al., 2017). The BB aerosol
influx led to an anomalous increase of total Aerosol Optical Depth (AOD)—up to 1.5, several times bigger than the mean value
of AOD in Poland, which is 0.22 (Markowicz et al., 2024). Another event of BB aerosol transport over Poland was registered
in August 2015 and its origin was attributed to fires in Ukraine (Szkop and Pietruczuk, 2017; Markowicz et al., 2021a). During

this event, BB aerosol caused aerosol RF equal to —30 Wm ™2 on the Earth’s surface and led to increased AOD up to 0.6.
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BB aerosol had also an impact on sensible and latent heat fluxes—averaging over the day, during the BB aerosol inflow event,
the sensitivities of sensible heat, latent heat fluxes and radiation fluxes to AOD were reduced by about 50 %, 20 %, and 70 %,
respectively (Markowicz et al., 2021a). The next occurrence of inflow of BB air masses was described by (Stachlewska et al.,
2018), in which fresh, 1-day-old BB aerosol mixed with 3-to-5-day-old aerosol from Ukraine was detected in Warsaw. An
increase in AOD, Angstr'dm exponent, and surface PM;y and PMs 5 were registered.

Given the diverse vegetation types across source regions and the aging processes that BB aerosol undergoes during trans-
port, identifying its origins is essential. This knowledge is crucial for accurately assessing its impact on atmospheric prop-
erties and RF. Therefore, this study aims to estimate the percentage contribution of BB aerosol to the AOD associated with
smoke (BB AOD) arriving in Warsaw from specific regions: Canada, USA excluding Alaska (hereafter USA) and Alaska,
Eastern Europe, Southern Europe, and the Iberian Peninsula during the years 2006-2022, focusing on the months from May
to September when the Northern Hemisphere experiences the highest incidence of significant fires. This work represents a first
step toward understanding how BB aerosol affects the atmosphere over Central Europe, contributing to the missing knowledge
necessary for climate impact modeling.

The paper is divided into several sections. Section 2 outlines the methodology, including a description of the data sources

and data processing. Section 3 presents the results, and Section 4 provides conclusions drawn from the results.

2 Data and methods

To assess the contribution of BB regions to BB AOD at a selected location during the BB season, a new framework was
developed. This methodology integrates satellite data of fire outbreaks (Moderate Resolution Imaging Spectroradiometer
(MODIS) Active Fire) with models of air parcel trajectories HYbrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT), aerosol transport Navy Aerosol Analysis Prediction System (NAAPS), BB emissions Fire Locating and Monitoring of
Burning Emissions (FLAMBE), and plume rise Copernicus Atmosphere Monitoring Service Global Fire Assimilation Sys-
tem (CAMS GFAS). The framework was tested on Warsaw (Poland) for the years 2006-2022, allowing the identification of

potential BB aerosol sources and estimation of their percentage contributions to BB AOD in Warsaw.
2.1 Data
MODIS Active Fire Product

MODIS is a scanning radiometer onboard NASA’s polar-orbiting Terra and Aqua satellites, which orbit at 705 km in a near-
polar, sun-synchronous path to capture data at consistent sun angles. MODIS provides near real-time fire location and thermal
anomaly data, disseminated by the Fire Information for Resource Management System (FIRMS) (NASA FIRMS, 2024a).
The MODIS Fire and Thermal Anomalies algorithm (MCD14DL V0061, (NASA FIRMS, 2024b)) flags the center of a 1 km
pixel as a thermal anomaly or active fire if at least one fire is detected within the pixel. Active fire detection utilizes mid-infrared

bands 21 (3.96 pm) and 22 (3.96 um) for high-temperature sensitivity and thermal infrared band 31 (11 pm) to distinguish fires
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from background temperature variations (Giglio et al., 2003). Data from 2001 to 2022 were obtained from (NASA FIRMS,
2024a) for this research.

HYSPLIT

The HYSPLIT model is a key tool in atmospheric sciences for simulating air parcel trajectories and modeling complex pro-
cesses like transport, dispersion, chemical transformations, and deposition. It employs a hybrid calculation approach: the La-
grangian method tracks air parcels using a moving reference frame for advection and diffusion, while the Eulerian approach
uses a fixed 3D grid to calculate pollutant concentration. The model calculates the movement of each parcel based on meteo-
rological data like wind speed and direction, pressure, and temperature (Stein et al., 2015). For this research, the model used
meteorological inputs from the Global Data Assimilation System (GDAS). Data on archive trajectories were obtained from
(NOAA, 2024) for the months April-September, covering the years 2006-2022.

NAAPS

NAAPS, based on the Danish Eulerian Hemispheric Model (Christensen, 1997), is a global offline aerosol transport model
that generates 6-day deterministic forecasts for combined anthropogenic and biogenic fine particles, smoke, sea salt, and dust
(Lynch et al., 2016). Aerosol output is resolved on 25 vertical levels at 1/3° every 6 h (Rubin et al., 2016). The model solves
the advection-diffusion equation at each grid point for each species, which is controlled by the NAVy Global Environmental
Model (NAVGEM) (Hogan et al., 2014).

For each aerosol species, source areas and emission values from the Earth’s surface are parameterized (Lynch et al., 2016).
The flux of smoke particles is derived from the Fire Locating and Modeling of Burning Emissions (FLAMBE) inventory, which
uses a source function based on near-real-time satellite thermal anomaly data from MODIS fire hotspot observations (Reid
et al., 2009). NAAPS Reanalysis (NAAPS-RA) output is available at 6-hourly intervals, with 1x1° degree resolution (Lynch
et al., 2016). NAAPS-RA was shown to have comparable skills in simulating AOD in an intercomparison study with other
aerosol reanalysis products (Xian et al., 2024). For this research, data on AOD and BB AOD at 550 nm were downloaded from
(Naval Research Laboratory, Marine Meteorology Division, 2024) for the months March—October, covering the years 2006-
2022.

FLAMBE

FLAMBE program (Reid et al., 2009), initiated in 1999, is a collaboration between the U.S. Navy, NASA, NOAA, and the aca-
demic community. It integrates fire detection algorithms like NOAA/NESDIS’s Wild-Fire Automated Biomass Burning Al-
gorithm (WF_ABBA) and NASA’s MODIS fire products to monitor BB emissions, incorporating these data into the NAAPS

model to study smoke particle emissions and their atmospheric transport on regional to continental scales (Reid et al., 2009).
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FLAMBE employs a source function based on active fire detections and a simple scaling approach using a 1 km land cover
database (Reid et al., 2009; Lynch et al., 2016). Due to changes in the geostationary satellite constellation during the reanalysis
period, a polar-only version of FLAMBE was developed for consistency (Lynch et al., 2016).

For this research, data on fire size and emissions from April to September for the years 2006-2022 were utilized.
CAMS GFAS

CAMS GFAS assimilates fire radiative power (FRP) observations from satellite-based sensors to produce daily estimates of
BB emissions (Kaiser et al., 2012; Rémy et al., 2017). This system includes information on the altitude at which fire emissions
are released, derived from FRP observations and combined with meteorological data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Di Giuseppe et al., 2018).

CAMS GFAS data cover the period from 2003 (Rémy et al., 2017). The data are provided globally on a regular latitude-
longitude grid with a horizontal resolution of 0.1 degrees. For this research, data on plume top altitude were downloaded from

(GFAS, 2024) for the months May—September, covering the years 2006-2022.
2.2 Methodology

The methodology described below consists of two parts: "Preparatory Work" and the main part, i.e., "Deriving Regional Con-
tribution to BB AOD at a Selected Location". The first part outlines the identification of months corresponding to the BB
season and potential sources of BB aerosol emissions for the selected location, as well as the analysis of BB AOD and AOD at
the chosen location. The second part describes the methodology used to estimate the contribution of these regions to BB AOD

at the selected location.
Preparatory Work

An initial analysis of fire frequency in the Northern Hemisphere using the Fire Active Product identified seven main potential
source regions for BB aerosol reaching Poland. Regions such as Africa and Asia were excluded (with the exception of the Ural
region) as they were deemed impossible to reach due to terrain and atmospheric circulation. The analysis also revealed that the
wildfire season in the Northern Hemisphere occurs during the months of May to September.

Subsequently, the probability of air parcels arriving over Poland from these fire locations was calculated as the percent-
age of simulated forward trajectories from each source point that reached Poland, defined within coordinates [49.0° N,
55.0° NJ] x [14.0° E, 24.2° E] (see Figure 8a).

Trajectories were simulated using the HYSPLIT model daily at 12 UTC for May—September, 2006-2022. Starting points
represented regions with the highest fire frequency around Europe (including areas near the Ural Mountains) and North Amer-
ica. Simulations were conducted at altitudes from 500 m to 5000 m in 500 m intervals. Regions with low probabilities (<0.5 %)

of trajectories reaching Poland were excluded from further research.
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To estimate the contribution of BB from Northern Hemisphere fires to BB AOD in Warsaw, the monthly variability of BB
AQOD in Europe ([14.5° W, 44° E] x [33.5° N, 74.5° N]) in years 2006-2022 was examined. Then the focus was shifted to
the monthly variability of BB AOD and AOD in Poland and Warsaw (52.2° N, 21° E) (Warsaw is marked in Figure 8a) in years
2006-2022. Warsaw was chosen because of its central location and because its AOD and BB AOD values are almost the same
as the mean values observed in Poland. Since Warsaw is not explicitly available in the reanalysis, interpolation was used to
obtain AOD and BB AOD values.

Deriving Regional Contribution to BB AOD at a Selected Location

To estimate the contribution of identified regions to the BB AOD in selected location, such procedure was followed. The

workflow summarizing the steps of the methodology is depicted in Figure 1.

1. Backward trajectory simulation:

For each day, generate backward trajectories originating at selected location at 12:00 UTC. Extend each trajectory 240
hours (10 days) backward in time. Initialize each trajectory at multiple altitudes, starting from 500 m up to 4000 m in
increments of 500 m AGL, and additionally at 5000, 6000, 7000, 8000, 9000, and 10000 m AGL. For every starting
height, run HYSPLIT twice: once with the height specified in metres ASL (m ASL) and once in metres above ground
level (m AGL), with the latter run computed together with PBL height output (expressed in m AGL). After computation,
merge each ASL-AGL pair so that the resulting trajectory record contains both m ASL and m AGL height fields.

2. Cumulative trajectory length calculation:

For every backward trajectory, determine the cumulative distance traveled by each trajectory point. Since the HYS-
PLIT output does not directly provide trajectory length, apply the Haversine formula to compute the distance between

successive coordinates. Summing these distances yields the cumulative length up to each point.

The Haversine formula used to compute the distance d between two points on Earth’s surface is:

d = 2R - arcsin <\/sin2 <A20> + cos(6;) - cos(fy) - sin? <A2¢>> 0

where Rguq is the mean Earth radius (6370 km), 6, and 6, are the latitudes of the two consecutive trajectory points

(separated by a time increment of 1 hour), A6 is the difference in latitude between the these two points, and A¢ is the

difference in longitude.

3. Dispersion area assignment:

At each point along the backward trajectories, assign a dispersion area to account for uncertainties in HYSPLIT output.
Such uncertainties arise from model simplifications, the resolution of meteorological data, and accumulating simulation

errors over time (Su et al., 2015; Koracin et al., 2011; Freitag et al., 2014). The dispersion area is defined as a square with
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sides equal to twice the dispersion radius r. This radius is assumed to be 5 %, 10 %, 15 %, and 20 % of the cumulative

trajectory length at that point.

Once the dispersion area is defined, calculate the longitude deviation §¢ and the latitude deviation 6 to specify the

rectangular boundaries of the dispersion area:
[¢p— 06, ¢+ 9] x [0— 00, 0+ 00].

The deviations d¢ and §6 are computed using:

,

0p = Reancos’ 2
r

00 = . 3

REarn ©)

. Identification of fire outbreaks:

Within the defined dispersion areas at each trajectory point, check for fire outbreaks that occurred on the same day with
the outbreak hour not later than the hour of the trajectory point. If any fire outbreaks are found, assign them to one of
the regions which during preparatory work were found to be a possible BB aerosol source. For each such source of BB

aerosol and each dispersion area, apply three different methods to account for the fire emissions:

— No Threshold method:

For each fire pixel within the dispersion area, calculate the fire emission as the product of the fire flux and the fire

area. Then, compute the mean fire emission by dividing the sum of all fire emissions by the number of fire pixels.
— PBL method:

Check whether the trajectory altitude is below the PBL height. If so, calculate the mean fire emission as described
in the No Threshold method.

— CAMS method:

Calculate the mean fire emission as described in the No Threshold method. Then, multiply it by the probability that
the fire plume is elevated to the altitude of the trajectory point or higher. This probability is obtained by fitting a
cumulative distribution function (CDF) to the CAMS GFAS top of the plume altitude data for the considered BB
source region. A separate CDF is fitted for each BB source region. The plume-top altitude h is modeled using a

log-normal distribution, for which the probability density function (PDF) is given by:

nh— )2
F(hi o) —(lh“)> : )

1
= ———eX
hov/2m P < 202
where h represents the plume-top altitude expressed in m ASL, while ;o and o are the mean and standard deviation

of the natural logarithm of h, In h, respectively. The CDF, representing the probability that the plume altitude does

not exceed h, is defined as:
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Accordingly, the probability that the fire plume extends beyond altitude A is:

210 P(X > h)=1-CDF(h) (6)

This log-normal fit yields a Pearson correlation coefficient r of 1 with the observational data, indicating an excellent
fit.

5. Aggregation of daily emissions:

For each source region, each emissions method and each dispersion radius, sum the mean fire emissions for each starting
215 altitude, yielding the total fire emissions encountered for given day for each backward trajectory. Then, sum these totals
across all starting altitudes to obtain a single daily emission value for each emissions method, each source region and

each dispersion radius.

6. BB AOD-weighted contribution analysis:

For each study day, and for every emission method, source region, and dispersion radius, multiply the mean fire emission
220 by the NAAPS-model BB AOD given at 12:00 UTC for that day at the analysis location. Then sum these BB AOD-weighted

emissions over the entire study period and express each regional total as a percentage of the all-region sum for the given

method and dispersion radius. The resulting percentages quantify how much each source region contributes to the overall

BB AOD.

In this paper, the methodology was tested for Warsaw during the months of May to September for the years 2006—2022.
225 The analysis was concluded with an examination of the temporal variability of contributions to BB AOD in Warsaw from
identified regions, along with the trends of BB AOD, AOD, and their ratio in Poland and Warsaw in months May—September

for the years 2006-2022.

3 Results

3.1 Spatial Patterns and Drivers of Fire Activity

230 The average number of fires in BB season (in months May-September) for the years 2001-2022 retrieved from MODIS Fire Ac-
tive Product data is presented in Figures 2a, 3a, 4a-b for Europe and Russia, and in Figures 5a—7a for North America, including

the United States, Alaska, and Canada.
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Fire activity in Europe is most intense in Southern and Southeastern regions (Figure 2a, 4a). The Balkans exhibit the highest
fire density, with over 150 fires annually in some localized areas. This region is strongly influenced by dry Mediterranean cli-
mates and human activities, such as agricultural burning, vegetation management, and deliberate burning (Tedim et al., 2022).
In Eastern Europe (Figure 4a, 4b), fire activity is concentrated in Ukraine and the European part of Russia. Ukraine experi-
ences frequent agricultural and grassland fires, particularly in its southern and eastern regions, where the number of fires in BB
season reaches 150. These fires are often linked to stubble burning and other land-use practices during dry seasons (Hall et al.,
2021). Fire activity in Russia (Figure 4b) is predominantly concentrated in its boreal forests. Western Siberia and the European
part of Russia experience some of the highest fire frequencies globally, with annual counts exceeding 500 in many areas. These
fires are typically large-scale wildfires in remote, forested regions, driven by dry conditions, lightning activity, and climatic
factors such as prolonged droughts and high temperatures (Tomshin and Solovyev, 2022). In the Iberian Peninsula (Figure 3a),
fire activity is particularly intense in the northern and central regions of Portugal. These areas experience over 60 fires in BB
season, while the southern regions show lower fire frequencies, typically below 20 fires per year. This pattern is driven by
the hot, dry Mediterranean climate, flammable vegetation like pine and eucalyptus (Rodrigues et al., 2020), human activity
such as changes in farming and land use (Pereira et al., 2005), and the effects of climate change, including rising temperatures
and prolonged droughts (Ruffault et al., 2020).

The western United States, particularly California, Oregon, and Washington (Figure 5a), displays the highest fire activity,
with localized areas experiencing over 500 fires annually. This is primarily due to dry climates, dense vegetation, prolonged
droughts, and climate change increasing fuel aridity, which has doubled the cumulative forest fire area since the 1980s (Abat-
zoglou and Williams, 2016). In Alaska (Figure 6a), fire activity is concentrated in central and northern regions, with an-
nual counts exceeding 200 in some areas. These fires are largely driven by lightning and affect boreal forests and tundra
ecosystems (Veraverbeke et al., 2017). Fire activity in Canada (Figure 7a) is most pronounced in Western provinces, such
as British Columbia and Alberta, where annual fire counts often reach 90. These regions are dominated by boreal forests and
experience frequent wildfires due to dry summers and lightning activity (Wierzchowski et al., 2002).

There were also analyzed fire occurrences in Poland to take into account potential contribution of local BB to BB AOD.
However, analysis showed that the frequency of fires in Poland is negligible, indicating that local BB has a minimal impact

on BB AOD variability in Poland.
3.2 Trajectory Analysis of Air Parcels and Identification of Smoke Aerosol Source Regions

Based on the fire activity results, there were selected points to conduct the percentage statistics of air parcels flowing over Poland—
see Figures 2b, 3b, 4c-d, Sb—7b. The selected points, as well as the results of the statistical calculations, are shown in Fig-
ures 2c, 3c, 4e-f, Sc—7c. These statistics show what is the percentage that an air parcel having such starting altitude as de-
picted on the y-axis will reach the Poland area. The points for conducting the trajectory analysis were selected based on
a 0.25° x 0.25° grid in the HYSPLIT model. This approach was chosen to balance the computational cost while ensuring

representative results for the simulations.
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The forward trajectory analysis revealed that points in Southern Europe (Figure 2c) showed varying statistics. Some lo-
cations, such as 46° N, 21° E and 39.75° N, 20.5° E, exhibited a less than 0.5 % chance of an air parcel from these
regions reaching Poland during May—September. However, other points showed higher probabilities, ranging between 2—
6 % (e.g., 43.5° N, 24.25° E). A particularly distinct point, located at 42° N, 20° E, had the highest probability, with values
ranging from 8 % to 12.5 %. There was no significant variability observed between the starting altitude and the percentage
chance of an air parcel reaching Poland, except for the point at 42° N, 20° E. For this point, a lower starting altitude of
the air parcel increased the probability of reaching Poland. In conclusion, the region of Southern Europe should be considered
when assessing contributions from these areas. The region is shown in Figure 8a.

Examining the results obtained for Portugal (Figure 3c), a noticeable pattern emerges: up to a starting altitude of 3000 m,
the probability that an air parcel will reach Poland increases with altitude, following an almost linear relationship. This proba-
bility ranges from approximately 6 % for a starting altitude of 500 m, up to 11 % for a starting altitude of 3000 m. Above this
altitude, the percentage chance decreases with increasing altitude, ranging from 9 % to 11 %. Based on this analysis, Por-
tugal exhibits a significant probability of air parcels inflowing over Poland. Additionally, considering the fire activity on
the whole Iberian Peninsula (see Figure 2a), the entire Iberian Peninsula was included in the contribution assessment, as
shown in Figure 8a.

Analyzing the results for Russia beyond the Ural Mountains(Figure 4f), it is evident that the probability of air parcels from
these regions reaching Poland is so low that these points can be excluded from further research. In contrast, in the European
part of Russia and Ukraine (Figure Se), there are points where the probability does not vary with starting altitude, ranging
from 1 % (e.g., 51.5° N, 27° E) to 6 % (e.g., 48.25° N, 30.5° E). Two points exhibited the highest probability: 45.5° N, 41.5° E,
and 45.75° N, 29.5° E. For these locations, the probability ranged from 6 % for the highest starting altitudes and increased up
to 11 % for the lowest starting altitudes. Eastern Europe, which is expected to be a significant source of BB aerosol, is shown
in Figure 8a.

The trajectory analysis for North America suggests that Alaska (Figure 6¢) has a very low probability of air parcels from
that region reaching Poland. When the starting altitude of an air parcel is below 4000 m, the probability of it reaching Poland
is less than 0.5 %, and even at a starting altitude of S000 m, the probability only increases to about 1 %. Although this
probability is low, it exceeds the imposed threshold of 0.5 %, and therefore this region is included in further analysis. For
the USA (Figure 5¢) and Canada (Figure 7c), the probability of an air parcel reaching Poland is below 3.5 % when the starting
altitude is below 1000 m, but increases with altitude. For example, at a starting altitude of 4000 m, the probability can reach
up to 6 % (e.g., 52.5° N, 78° W). The USA, Alaska and Canada regions considered are shown in Figure 8b.

For North America regions there was also performed an extended version of this analysis, using starting altitudes up to
10 km AGL. Results of such analysis are depicted in the Appendix (Figure Al). For Alaska (Figure Alc), the probability
of trajectories reaching Poland increases sharply above 5 km, reaching about 6 % at 10 km. An altitude-dependent increase
between 6 and 10 km AGL is also evident for Canada (Figure Ala), where probabilities reach ~12 % at 10 km. For the
USA (Figure Alb), some points show a rise with altitude (up to ~12 % at 10 km), whereas others change little with height

and remain in the 1-6 % range. This altitude dependence may reflect large-scale midlatitude westerly flow and trans-Atlantic

10



transport associated with the polar jet stream, which can enhance the likelihood of trajectories reaching Poland. On the other
hand, the probability of smoke from BB being lifted to altitudes above 5 km (based on CAMS GFAS data) is very low (see
Section 3.5).

3.3 Monthly Variability of BB AOD in Europe

305 Figures 9a-9h depict the mean values of BB AOD in Europe averaged over the period 2006-2022 in each month from March to Oc-
tober. Data was obtained from NAAPS reanalysis at 550 nm. The highest BB AOD values are observed in August, with a peak
over Ukraine (up to 0.125), likely driven by BB (wildfires, peatland fires, and residual burning), which is common in East-
ern Europe during this time of year (Amiridis et al., 2008; Stohl et al., 2007; Markowicz et al., 2021a; Swindles et al., 2019;
Galytska et al., 2017; Amiridis et al., 2010). Elevated BB AOD values are also noticeable over the Iberian Peninsula and parts

310 of Southern Europe, reflecting regional contributions from wildfires and BB activities. Interestingly, BB AOD values are higher
in March and April compared to May and June. This pattern can be attributed to early spring BB practices, such as agricul-
tural waste burning and land management fires, which are prevalent during the planting season, particularly in Eastern Europe
and Russia (Stohl et al., 2007; McCarty et al., 2012; Hall et al., 2021). BB activities decline in May and June as vegetation
cover increases, with natural regrowth limiting the availability of burnable material and reducing the need for agricultural field

315 clearing during this period (Stohl et al., 2007).

The lowest BB AOD values occur in June, as seen in Figure 9d, when burning activity is typically minimal due to agricultural
cycles and early summer weather conditions. By contrast, late summer, i.e., July and August (Figures 9e-9f), experiences
a sharp increase in BB AOD, with peaks in BB across Europe due to wildfires driven by high temperatures and dry conditions.
This is particularly evident in regions such as Ukraine, the Iberian Peninsula, and the Balkans, where vegetation fires contribute

320 significantly to elevated BB AOD values.

September and October (Figures 9g—9h) mark the start of the post-harvest burning period in some regions, particularly
in Eastern Europe, where agricultural residue is burned to prepare fields for the next planting cycle (Hall et al., 2021). How-

ever, BB AOD values during these months are generally lower than those in early spring and late summer.
3.4 Monthly Variability of BB AOD and AOD in Poland and Warsaw

325 The monthly mean values of NAAPS BB AOD, AOD, and BB AOD/AOD at 550 nm averaged over the period 2006-2022
are presented respectively in Figures 10a—c. They are almost identical for both Warsaw (interpolated from grid space) and
the whole of Poland. Figure 10a shows the monthly average BB AOD for both Poland and Warsaw, highlighting two dis-
tinct peaks: one in April (around 0.035) and another in August (around 0.04). The monthly variability of BB AOD in Poland
and Warsaw aligns with the monthly variability of BB AOD in Europe described in Subsection 3.3 and fire activity occurring

330 in summer in North America. The peak in April is closely related to agricultural residue burning during the spring plant-
ing season in Eastern Europe. Despite the observed peak in BB AOD over Eastern Europe during April, it was decided not
to consider April as a BB month in our analysis due to the absence of significant fire detections by the MODIS satellite’s

Fire Active product in these regions during this period, especially in other regions than Eastern Europe, which leads to the con-
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clusion that nothing else can influence the BB AOD variability. The second peak in August may be attributed to increased
wildfire activity during the summer months in Europe and North America, exacerbated by drier conditions and elevated tem-
peratures. The decrease in BB AOD during May and June aligns with the results presented in Figures 9c—d and is attributed
to vegetation regrowth. July also shows a noticeable rise in BB AOD (around 0.032), though it is lower than the August peak.
In September, the BB AOD value (around 0.030) is slightly lower than in July and coincides with the still-lasting BB season
in identified regions and may be enhanced by post-harvest agricultural residue burning in Eastern Europe. During late fall
and winter, BB AOD remains low (below 0.01) due to the near absence of fire outbreaks in the Northern Hemisphere.

The highest total AOD values are observed during the spring (April and May) and summer (June to August) months, with
peak AOD value reaching approximately 0.2 in April, as shown in Figure 10b. The April peak is primarily driven by agri-
cultural residue burning in Eastern Europe during the planting season (Zawadzka et al., 2018; Markowicz et al., 2021b),
occasional Saharan dust transport in late spring (Varga et al., 2013; Chilinski et al., 2016) and secondary aerosol formation
(Li et al., 2012). From May to August, AOD levels remain relatively stable, ranging between 0.18 and 0.19. This stability can
be attributed to consistent contributions from secondary aerosol formation (Li et al., 2012), BB, Saharan dust transport, and
limited wet deposition during the dry summer months. AOD levels begin to drop in September due to reduced wildfire activity,
cooler temperatures, and increased precipitation, which collectively lower aerosol concentrations. The lowest AOD values,
around 0.125-0.140, are recorded in fall and winter (October to December). However, from October to January, AOD values
in Warsaw are consistently higher than Poland’s average by approximately 0.01, likely due to urban emissions from domes-
tic heating, traffic, and industrial activities. These emissions are further intensified by winter temperature inversions that trap
pollutants near the ground (Chambers and Podstawczyniska, 2019). AOD values in January—March are slightly higher than
in October—December, reflecting more severe smog episodes caused by prolonged cold weather and increased heating emis-
sions. In contrast, the milder temperatures and more frequent precipitation in the fall help reduce aerosol concentrations, leading

to lower AOD levels during this period.
3.5 Altitude Dynamics of Fire Plumes and Their Impact on BB AOD Estimation

Using the data of the altitude of the top plume provided by CAMS GFAS during the years 2006-2022 for the months of May—
September, density histograms of this parameter were plotted density histograms of this parameter were plotted, alongside the
fitted log-normal PDF f(x;u,0), described by the parameters y and o, which are the mean and standard deviation of Inz,
respectively (see Figures 11a—11f). For each fit, the Pearson correlation coefficient  was calculated. It can be observed that
for Canada, the USA, and Alaska (Figures 11d—11f), where the correlation coefficient is the lowest (0.93), the fitted PDF is
skewed to the left, which could raise doubts about whether this PDF fit captures fire-plume dynamics well; however, the fitted
CDF (Figures A2a—A2f) yields r = 1 for all regions, and because the contribution analysis uses the CDF, this indicates that the
fit is reliable.

The fitted PDF parameter pu, representing the mean of the natural logarithm of the plume-top altitude in a log-normal
distribution, can reveal differences in plume-elevation dynamics. From a physical standpoint, the quantity i = e* is more

informative, as it corresponds directly to the mean plume-top altitude. However, because CAMS GFAS altitudes are reported
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in m ASL, local terrain elevation must also be taken into account. Among the European regions, Southern Europe exhibits the

lowest mean plume-top altitude, 7 = 1110 m ASL (u = 7.01), followed by the Iberian Peninsula, iz = 1150 m ASL (i = 7.05).
370 Eastern Europe shows a higher value of i = 1460 m ASL (u = 7.29). In North America, plume tops are generally higher:

Canada i = 2100 m ASL (. = 7.65); the USA i = 1840 m ASL (u = 7.52); and Alaska ;i = 2040 m ASL (u = 7.62).

Since CAMS GFAS data are reported in m ASL, and the variability of terrain elevation significantly affects the interpretation
of plume rise above ground level, it is not possible to clearly predict how the different methods will estimate contributions.
Based on the forward trajectory analysis for Alaska, the No Threshold method is likely to overestimate the contribution from

375 that region. Aside from this case, there is no clear basis to determine how the results of the various methods will differ for
certain BB aerosol source regions. Among the methods considered, the CAMS-based approach is expected to provide the most
reliable estimates of regional contributions to BB AOD, as it statistically accounts for differences in fire plume rise dynamics

across the identified BB aerosol source regions.
3.6 Regional Contributions to BB AOD in Warsaw

380 The contributions to BB AOD in Warsaw from selected regions—Southern Europe, Eastern Europe, the Iberian Peninsula,
the USA, and Canada—during May to September are presented in Tables 1 and 2. Each table includes contributions calculated
using the No Threshold, PBL, and CAMS method across dispersion radii of 5 %, 10 %, 15 %, and 20 % of the trajectory length,
along with the mean values. Visualizations of the mean contributions for each month are shown in Figures 12a—12e.

The annual average contributions to BB AOD in Warsaw, as determined using the CAMS method for the period May—September,

385 indicate that the largest influence originates from the USA, with an average contribution of 37.3 % =+ 3.4 %. Canada ranks
second at 25.4 % + 6.7 %, followed by Eastern Europe (16.6 % =+ 5.3 %), the Iberian Peninsula (10.6 % + 1.5 %), and
Southern Europe (7.5 % =+ 2.1 %). Alaska contributes marginally, with 2.6 % 4 2.1 %. These findings identify the USA and
Canada as the dominant source regions influencing BB AOD over Poland during the Northern Hemisphere fire season. Among
the European regions, Eastern Europe contributes the most, although its impact is approximately half that of the USA. The

390 Iberian Peninsula follows, contributing less than one-third of the USA level. The combined average contribution from the
USA, Alaska, and Canada, exceeding 65 %, underscores the strong influence of long-range transatlantic transport on BB AOD
levels in Warsaw. This highlights the relevance of North American BB emissions for aerosol conditions not only in Poland but
potentially across a broader European context.

The significant contribution of BB aerosol Canada and the USA to BB AOD in Warsaw can be attributed to several atmo-

395 spheric processes. Intense wildfires in these regions emit large quantities of BB aerosol that reach the upper troposphere, facil-
itating long-range transport. The mid-latitudes of the Northern Hemisphere are characterized by dominant westerly winds and
upper-level jet streams, which can efficiently carry BB aerosol eastward across the Atlantic Ocean towards Europe (Guerova
et al., 2006; Messori et al., 2016). Additionally, BB aerosol at higher altitudes experiences less atmospheric turbulence and
slower deposition rates (Bond et al., 2013), extending its atmospheric residence time and enhancing the likelihood of transat-

400 lantic transport to regions like Warsaw.
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Estimations derived from the CAMS method revealed distinct regional and monthly variability in contributions to BB AOD
(Tables 1, 2, Figures 12a—12e). In Southern Europe, contributions ranged from a minimum in August (4.9 % + 1.1 %) to
a maximum in May (11.1 % + 1.8 %). Eastern Europe exhibited its lowest contribution in September (12.5 % + 1.1 %) and
its highest in May (27.0 % =+ 1.9 %). For the Iberian Peninsula, the smallest contribution occurred in July (7.7 % + 1.0 %)
and the largest in August and in September (11.8 % =+ 2.1 % and 11.5 % =+ 2.1 % respectively). Contributions from the USA
ranged from a minimum in July (31.3 % =+ 4.5 %) to a maximum in September (41.5 % =+ 4.0 %). Canada showed its lowest
contribution in May (13.0 % =+ 2.5 %) and its highest in July (32.2 % =+ 0.6 %). In the case of Alaska, the contribution was
minimal in May (0.2 % =+ 0.2 %) and reached its maximum in July (6.1 % £ 0.4 %).

Changing the dispersion radius significantly affects the contributions from different regions to BB AOD in Warsaw (Ta-
bles 1, 2). Altering the dispersion radius can lead to a different ranking of regional contributions for CAMS method. For
example, in May, when the dispersion radius is set to 5 % of the trajectory length, the contribution from Southern Europe
(14.2 %) exceeds that from the Iberian Peninsula (6.8 %) and Canada (9.5 %). However, when the dispersion radius is in-
creased to 20 %, the latter regions show higher contributions—14.2 % for the Iberian Peninsula and 16.1 % for Canada—while
the contribution from Southern Europe decreases to 9.5 %. The largest absolute change in contribution resulting from altering
the dispersion radius is observed for the USA. In June, the contribution decreases from 46.3 % at a 5 % dispersion radius to
27.3 % at a 20 % radius, representing a difference of nearly 20 percentage points. The largest relative increase in contribution
is observed in May for the Iberian Peninsula, where increasing the dispersion radius from 5 % to 20 % more than doubles
the contribution—from 6.8 % to 14.2 %. In general, increasing the dispersion radius results in a higher contribution from the
Iberian Peninsula and a lower contribution from the USA. For Canada, notable changes in estimated contribution were ob-
served in May, June, and September, with absolute differences reaching up to 7 %, while in July and August the contribution
remained relatively stable regardless of the dispersion radius. In the case of Southern Europe, a larger dispersion radius led to
increased contributions in July and August, but decreased values in May and June. For Eastern Europe, an increasing trend
in contribution with larger dispersion radius was observed in June, July, and August, whereas no clear pattern was found in
the remaining months. Such discrepancies in results when changing the dispersion radius may be related to the fact that, for
example, in the case of the Iberian Peninsula, enlarging the dispersion radius can lead to the detection of fire outbreaks even
when the trajectory does not explicitly pass over this region. The observed shifts in North American contributions—where the
share from the USA decreases while that from Canada increases—may suggest that trajectories passing over the USA begin
to intersect with fire activity in Canada when the dispersion radius is sufficiently large, thereby increasing Canada’s estimated
contribution to BB AOD. However, the trends in contribution estimated using the CAMS method as a function of dispersion
radius are not always straightforward and cannot be fully explained by these effects alone.

Based on Tables 1 and 2, the PBL method exhibits systematic deviations from the CAMS results, generally overestimat-
ing contributions from European regions while underestimating contributions from Canada and Alaska. For Southern Eu-
rope, the PBL method overestimates contributions compared to CAMS in almost every month, with the largest overestima-
tion—exceeding 5%—observed in May, June, and August.. A similar overestimation is observed for Eastern Europe, where

the largest deviation occurs in July (5.0 %), while in other months, the differences range from 2.1 % to 3.9 %. For the Iberian
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Peninsula, the overestimation by the PBL method ranges between 3.9 % in August and 10.3 % in June. The PBL method’s
underestimation of Canada’s contribution is most evident in June, with a maximum deviation of 13.1 %, while in May the
difference is equal to 6.2 %. The USA contributions are underestimated in May, June and September, with deviations of 6.6 %,
4.3 % and 2.1 %, respectively. Alaska’s contribution estimated using the PBL method is below 1 % in almost all months, re-
maining slightly above this value only in June (1.2 %), which is nearly 5 % lower than the estimate using the CAMS method. In
other months, the contribution is so small that any possible noticeable underestimation is limited, with the exception of August,
where it reaches 2.7 %. The No Threshold method underestimates contributions from European regions while overestimating
contributions from Canada and from Alaska. For Southern Europe, the No Threshold method performs with deviations, ranging
from none in August up to 2.1 % in May and September. The deviations for Eastern Europe are slightly more pronounced,
with underestimations varying from 2.0 % in July to 3.9 % in August.. For the Iberian Peninsula, the No Threshold method
shows deviations ranging from 0.4 % in May to 4.5 % in August.These deviations are smaller compared to the PBL method
for Southern Europe and Iberian Peninsula. In contrast, the No Threshold method systematically overestimates contributions
from Canada and Alaska. The overestimation is most evident in August, where the deviation reaches 6.7 %, while in May, the
difference decreases to 4.6 %. For Alaska, the No Threshold method shows the lowest overestimation in May and September,
where the deviation is marginal (approximately 0.5 %), and the highest in June, reaching 3.7 %.. For the USA, the No Thresh-
old method replicates the CAMS results well in almost every month except June. In all other months, deviations remain below

1.1 %, while in June the method underestimates the contribution by 2.4 %.
3.7 Temporal variability of contributions to BB AOD in Warsaw and of AOD, BB AOD in Warsaw and Poland

The annual mean values of contributions to BB AOD for selected regions in Europe and North America from 2006 to 2022 are
presented in Figure 13a and Figure 13b, respectively.

In Europe (Figure 13a), all observed trends remain negative, but their statistical significance varies. Southern Europe exhibits
a statistically significant decreasing trend, with a slope of —2.6 + 1.2 %/10 yrs (r = —0.49, p = 0.045). Eastern Europe shows a
stronger, yet statistically insignificant, decline of —3.3 £ 2.8 %/10 yrs (r = —0.29, p = 0.27). The Iberian Peninsula displays
a weaker negative trend of —1.7 + 0.8 %/10 yrs (r = —0.45, p = 0.068), which is marginally above the 0.05 significance
threshold. In North America (Figure 13b), the USA shows a positive trend of 5.1 & 2.8 %/10 yrs (r = 0.43, p = 0.084), while
Canada has a positive but smaller slope of 2.6 + 1.8 %/10 yrs (r = 0.35, p = 0.17). Alaska presents virtually no trend, with
a slope of —0.1 £ 1.0 %/10 yrs (r = —0.04, p = 0.89). Although all three North-American regions suggest potential changes
in BB AOD contributions, none of these trends reach statistical significance.

In the additional analysis (Figure A3), annual BB AOD contributions in Warsaw were examined for aggregated European
regions (Southern Europe, Eastern Europe, Iberian Peninsula; Figure A3a) and Northern American regions (Canada, USA and
Alaska; Figure A3b). The European regions displayed a negative trend (—8.6 4 4.6 %/10 yrs, r = —0.43, p = 0.082), while the
North American regions showed a positive trend of the same magnitude (8.6 + 4.6 %/10 yrs, r = 0.43, p = 0.082). Although
both correlations are moderately strong, they do not reach statistical significance, and substantial interannual variability limits

the ability to draw definitive conclusions about long-term trends.
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The annual mean values for May—September of BB AOD, AOD, and the BB AOD/AOD ratio for the years 2006-2022
are presented in Figures 14a—c, respectively. The annual mean BB AOD (Figure 14a) exhibits a slight decreasing trend over
the study period (2006-2022). For Poland, the trend is weakly negative, with a slope of —0.0015 £ 0.0013 per decade. The Pear-
son correlation coefficient (1) and p-value were calculated as r = —0.30, p = 0.24, indicating a weak and statistically insignifi-
cant negative correlation. Similarly, Warsaw shows a steeper slope of —0.0021 £ 0.0014 per decade, with » = —0.36, p = 0.15.
These results suggest that the observed decline in BB AOD is inconsistent and primarily driven by interannual variability rather
than a robust long-term trend.

The annual mean AOD (Figure 14b) displays a statistically significant decreasing trend for both Poland and Warsaw.
In Poland, the slope is —0.029 £ 0.004 per decade, with 7 = —0.88, p = 3.6 - 10~5, confirming a strong and highly significant
negative correlation. Similarly, Warsaw shows a slightly steeper slope of —0.032 + 0.004 per decade, with » = —0.90, p =
9.15 - 10~7. These results reflect a substantial decline in AOD over the study period, suggesting significant improvements
in air quality due to reductions in aerosol emissions (Markowicz et al., 2021b).

The annual mean BB AOD/AOD ratio for May—September shows a weakly increasing trend for both Poland and Warsaw.
For Poland, the slope is 1.2 4 0.7 % per decade, with r = 0.40, p = 0.11, indicating a weak positive correlation that is not
statistically significant. Warsaw shows a slightly smaller slope of 0.95 £ 0.74 % per decade, with » = 0.31, p = 0.22, also sta-
tistically insignificant. These results suggest that while there is a slight upward trend in the relative contribution of BB aerosols

to total AOD, the variability and statistical uncertainty indicate that this trend is not strongly established over the study period.
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4 Conclusions

This study proposes a new framework to estimate the sources and contributions of BB aerosol to BB AOD at a specific location.
While this approach does not account for aerosol aging or the distinct types of emitted particles—factors that are crucial for as-
sessing impacts on atmospheric physical properties—it represents a significant step forward in understanding the influence
of BB aerosol on the climatology of a given region.

The model exhibits certain limitations, particularly in the selection of the dispersion radius. A smaller dispersion radius may
yield higher contributions from distant sources, like the USA, by excluding nearby fire outbreaks in neighboring regions, while
a larger radius can increase the detection of closer but more dispersed sources, such as those in Eastern Europe. Future improve-
ments may include a detailed analysis of trajectory dispersion associated with long-range transport, for instance, trajectories
originating in Warsaw and reaching North America. This refinement could be achieved by applying a smaller dispersion radius
while simultaneously accounting for multiple starting altitudes.

Our results indicate that USA is the primary contributor to BB AOD in Warsaw, ranging from approximately 31 % in July
to about 41.5 % in September. The Canada follows, varying from 13 % in May to around 32 % in July. Alaska, the third North
American region, contributes the least among all regions, with values ranging from 0.2 % in May to about 6 % in July. Among
the European regions, Eastern Europe is the most influential, providing between about 12.5 % in September and 27 % in
May, followed by the Iberian Peninsula, ranging from 7.7 % in July to 11.8 % in August, and Southern Europe contributing
between roughly 5 % in August and 11.1 % in May. Notably, distant regions in North America often have a more substantial
impact on BB AOD levels in Warsaw than proximate European sources, emphasizing the importance of long-range transport
and suggesting that these findings may extend to other parts of Europe.

This study also underscores the critical importance of accurately representing vertical fire plume distributions when at-
tributing BB AOD contributions. Incorporating plume-top altitude information provides more reliable estimates than relying
solely on a altitude threshold—such as the PBL altitude over the considered regions—which can systematically overestimate
European contributions while underestimating those from North America. In contrast, removing all altitude constraints tends
to substantially overestimate contributions from Canada and Alaska while underestimating those from European regions. Our
findings indicate that differences in estimated contributions between these approaches can reach up to about 20%—for instance,
comparing the PBL and No Threshold methods for Canada’s contribution in June and August—underscoring the necessity of
carefully modeling plume-rise processes and altitude distributions to faithfully capture regional transport dynamics.

From a temporal perspective, total AOD in Poland and in the Warsaw has significantly decreased, reflecting improved air
quality likely due to emission reductions and the adoption of cleaner technologies. In contrast, BB AOD displays only a weak,
statistically insignificant downward trend. Among the examined regions, only Southern Europe shows a statistically significant
negative trend in BB AOD contributions. Although the downward trend in European contributions and the concurrent rise in
North-American sources is not statistically significant, contradicted with insignificant downward trend in total BB AOD over
Warsaw raise questions about underlying drivers. A possible explanation may lie in the fact that European circulation is driven

by westerly winds and jet streams that can pass over North America, and that basing on comparison betweend PBL method
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and CAMS method BB aerosols from North America may be often lifted into the free troposphere or even into the stratosphere
(Lestrelin et al., 2021). This vertical transport facilitates long-range movement of aerosols. Although the observed pattern is
statistically marginal, it highlights the need for further research into the long-range transport of BB aerosols and their potential
impacts on European aerosol conditions. It also raises the question of whether BB aerosol emissions from North America can
influence global circulation patterns.

The methodology presented here can be applied to other regions to evaluate the influence of BB aerosol on local climatology
and air quality. Future research should incorporate aerosol aging processes and more detailed BB aerosol characterizations,
enabling a better understanding of their roles in atmospheric thermodynamics, radiative forcing, and cloud microphysics. Such
efforts, combined with integrated observational and modeling approaches, will help clarify how BB emissions interact with

and potentially influence broader atmospheric circulation patterns.
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Table 1. Results of calculating the contribution to BB AOD in Warsaw for European regions (Southern Europe, Eastern Europe, and the

Iberian Peninsula) using the No Threshold method (denoted as No Thres), PBL method (denoted as PBL), and CAMS method (denoted as

CAMS) during selected months May—September. The leftmost column lists the months (with the label of the column Mon). The next column,

labeled R, represents the dispersion radius chosen as 5 %, 10 %, 15 %, and 20 % of the trajectory length, concluded with the mean values.

The following columns present the contribution values from each region and method expressed as percentages.

|

|

|

BB AOD contribution [%]

‘ Mon ‘ R ‘ Southern Europe Eastern Europe Iberian Peninsula
No Thres PBL CAMS No Thres PBL CAMS No Thres PBL CAMS
5 % 8.8 17.6 14.2 24.1 28.4 24.6 8.5 11.9 6.8
10 % 8.2 11.7 10.5 22.4 325 29.8 10.2 15.5 9.2
May | 15 % 9.3 17.9 10.0 23.3 30.9 27.3 9.8 16.2 12.5
20 % 9.6 18.0 9.8 23.5 27.8 26.4 12.8 18.5 14.2
Mean | 90£0.5 163+27 11.1+18 | 23.3+06 299+19 270419 | 103£1.6 155+24 10.7+£29
5% 3.8 8.3 6.4 10.0 17.1 11.4 7.3 15.9 9.7
10 % 4.1 13.7 7.4 11.3 16.6 12.6 8.8 214 10.3
Jun | 15% 5.0 12.6 6.1 12.3 19.0 16.4 9.6 244 12.0
20 % 54 12.1 5.8 13.7 20.1 18.6 10.6 239 12.3
Mean | 46 £06 11.7+20 644+06 | 11.8+14 182+14 148+29 | 9.1+12 214+34 11.1+£1.1
5% 54 5.0 5.6 12.6 20.3 13.0 32 7.7 6.1
10 % 6.1 7.6 7.2 12.9 19.4 13.8 5.2 12.0 1.7
Jul 15 % 5.9 7.8 7.9 14.1 20.6 16.6 5.8 144 8.4
20 % 6.5 8.4 7.7 14.9 220 19.1 7.4 16.6 8.5
Mean | 6.0£04 7.2+1.3 71+09 | 136£09 20.6+09 156+24 | 54+£15 127£33 7.7+10
5% 5.1 11.9 33 8.4 17.2 11.3 5.0 8.2 9.6
10 % 4.3 8.9 4.5 8.4 16.5 11.8 6.5 143 9.8
Aug | 15% 4.5 9.4 5.7 9.6 18.2 13.2 7.9 20.0 13.1
20 % 5.7 9.9 6.1 9.9 18.2 15.9 9.8 20.3 14.8
Mean | 49£05 10.0+11 49+1.1 91+07 175+£07 130£18 | 73+£18 15.7+49 11.8+22
5% 5.9 15.1 8.5 94 15.9 14.1 8.6 10.6 8.0
10 % 5.9 10.7 8.6 8.2 15.1 11.0 8.8 14.2 12.5
Sep | 15% 5.6 10.3 6.7 9.6 13.2 12.2 9.3 18.6 11.9
20 % 6.2 9.4 8.0 9.8 14.2 12.8 10.9 21.1 13.7
’ ‘ Mean ‘ 59+02 114+£22 80+0.8 92+06 146+10 125£1.1 | 94£09 161+40 11.5+21
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Table 2. Results of calculating the contribution to BB AOD in Warsaw for North American regions (USA and Canada) using the No Threshold
method (denoted as No Thres), PBL method (denoted as PBL), and CAMS method (denoted as CAMS) during selected months May—
September. The leftmost column lists the months (with the label of the column Mon). The next column, labeled R, represents the dispersion
radius chosen as 5 %, 10 %, 15 %, and 20 % of the trajectory length, concluded with the mean values. The following columns present

the contribution values from each region and method expressed as percentages.

’ ‘ ‘ BB AQD contribution [%]

‘ Mon ‘ R ‘ Canada USA Alaska
No Thres PBL CAMS No Thres PBL CAMS No Thres PBL CAMS
5 % 12.7 4.0 9.5 45.6 37.9 44.8 0.3 0.1 0.1
10 % 17.8 5.8 12.0 40.7 344 38.5 0.7 0.1 0.1
May | 15 % 19.6 7.2 14.4 37.2 27.6 35.6 0.8 0.2 0.2
20 % 20.4 10.0 16.1 329 25.6 33.0 0.8 0.2 0.6
Mean | 17.6+3.0 6.84+2.2 13.0£2.5 | 39.1+4.7 31.44+50 38.0+44 | 0.7+£0.2 02+£0.1 0.2£0.2
5 % 28.7 11.4 22.5 46.3 46.3 48.3 3.8 0.8 1.8
10 % 31.8 11.6 26.9 38.3 36.2 40.8 5.7 0.5 2.0
Jun | 15% 33.0 13.7 26.9 32.6 29.7 35.7 7.5 0.7 2.8
20 % 33.1 15.6 28.5 29.9 27.3 31.9 7.3 1.1 3.0
Mean | 31.6+£1.8 13.1+1.7 26.2+2.2 | 36.8+£6.3 349+£74 39.2+6.1 | 6.1£1.5 0.8+0.2 24405
5 % 36.9 23.3 31.5 355 429 37.5 6.4 0.8 6.4
10 % 35.8 20.9 32.1 31.7 39.3 335 8.2 0.9 5.8
Jul 15 % 355 24.2 332 28.6 31.9 28.2 9.9 1.0 5.7
20 % 343 24.7 31.9 26.3 26.0 26.1 10.6 2.2 6.6
Mean | 35,609 23.3+15 322+0.6 | 30.5£3.5 35065 31.3+45 | 88+t1l6 1.2+06 6.1+04
5 % 32.6 12.3 29.8 43.8 49.1 43.9 5.2 1.2 22
10 % 38.4 19.9 30.4 36.4 39.7 40.1 6.0 0.6 35
Aug | 15% 39.2 19.8 31.1 32.7 32.1 33.1 6.1 0.5 39
20 % 37.3 20.3 29.4 30.9 30.9 29.8 6.3 0.5 39
Mean | 36.9+2.6 18.14+3.3 30.24+06 | 35.9+49 380+73 36.7+£56 | 59+04 07£0.3 3.4+0.7
5 % 27.1 12.3 21.7 47.5 46.1 46.6 1.6 0.0 1.2
10 % 30.5 19.4 23.2 45.0 40.6 43.5 1.6 0.0 1.3
Sep | 15% 333 21.6 28.2 40.6 36.2 40.1 1.6 0.1 0.8
20 % 33.0 20.0 28.7 38.6 34.8 359 1.6 0.4 0.8
’ Mean ‘ 31.0+25 183+£3.6 254431 | 429+35 394+44 41.5+£40 | 1.6£00 0.1£0.2 1.0+£0.2
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( BACKWARD TRAJECTORY )
using HYSPLIT

everyday initialisation at 12 UTC, multiple starting altitudes from 0.5 up to
\_ 10 km AGL Y,

|

CUMULATIVE TRAJECTORY LENGTH CALCULATION

using Haversine formula

L

DISPERSION AREA ASSIGNMENT

at each point along the trajectories with dispersion radius equals to
5%, 10 %, 15 %, and 20 % of the cumulative trajectory length at that point

|

IDENTIFICATION OF FIRE OUTBREAKS
within dispersion area
using FLAMBE data

|

CALCULATING MEAN FIRE EMISSION

for each BB aerosol source area

using FLAMBE data
NO THRESHOLD PBL method CAMS method
method Count mean fire emission if Multiply mean fire emission by
altitude of the trajectory the probability that smoke-
Count each mean fire points is below PBL height plume (CAMS GFAS data) will be
emission ) elevated at the height of the
(PEL height from HYSPLIT) trajectory point

AGGREGATION OF DAILY EMISSIONS

Sum up mean fire emissions to get daily fire emission

I | |

BB AOD-WEIGHTED CONTRIBUTION ANALYSIS

For each region, compute its contribution to BB AOD as the weighted mean of the mean
daily fire emissions, using the same-day BB AOD (NAAPS) as the weight.

Figure 1. Workflow diagram summarizing the methodological steps for estimating regional contributions to BB AOD at a selected location,

including the data sources and models used.
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Figure 2. Spatial analysis of fire events and trajectory analysis in Southern Europe. Panel (a) displays the average number of fires during BB
season (in months May-September) in the Southern European region over the period 2001-2022, with fire frequency represented on a loga-
rithmic color scale. Panel (b) shows the specific locations selected for trajectory analysis within this region. Panel (c) presents the percentage
of trajectories reaching Poland during BB season from each location defined in (b) as a function of starting altitude. Each symbol corresponds

to a specific source point, as indicated in the legend.
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Figure 3. Spatial analysis of fire events and trajectory analysis in the Iberian Peninsula. Panel (a) displays the average number of fires during
BB season (in months May-September) in the Iberian Peninsula over the period 2001-2022, with fire frequency represented on a logarithmic
color scale. Panel (b) shows the specific locations selected for trajectory analysis within this region. Panel (c) presents the percentage of
trajectories reaching Poland during BB season from each location defined in (b) as a function of starting altitude. Each symbol corresponds

to a specific source point, as indicated in the legend.
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Figure 4. Spatial analysis of fire events and trajectory analysis for two regions: Ukraine, Belarus, and the European part of Russia, as
well as the area around the Ural Mountains. Panel (a) displays the average number of fires during BB season (in months May-September)
in the Ukraine-Belarus-European Russia region over the period 2001-2022, with fire frequency represented on a logarithmic color scale.
Panel (b) shows the average number of fires during BB season (in months May-September) in the Ural Mountains region over the same
period, also using a logarithmic color scale. Panel (c) highlights the specific locations selected for trajectory analysis within the Ukraine-
Belarus-European Russia region, while panel (d) shows selected trajectory analysis points for the Ural Mountains region. Panels (e) and (f)

present the percentage of trajectories reaching Poland during BB season from each location defined in panels (c) and (d), respectively, as
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Figure 5. Spatial analysis of fire events and trajectory analysis in the USA. Panel (a) displays the average number of fires during BB season
(in months May-September) in the USA over the period 2001-2022, with fire frequency represented on a logarithmic color scale. Panel (b)
shows the specific locations selected for trajectory analysis within this region. Panel (c) presents the percentage of trajectories reaching
Poland during BB season from each location defined in (b) as a function of starting altitude. Each symbol corresponds to a specific source

point, as indicated in the legend.
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Figure 6. Spatial analysis of fire events and trajectory analysis in Alaska. Panel (a) displays the average number of fires during BB season (in
months May-September) in Alaska over the period 2001-2022, with fire frequency represented on a logarithmic color scale. Panel (b) shows
the specific locations selected for trajectory analysis within this region. Panel (c) presents the percentage of trajectories reaching Poland
during BB season from each location defined in (b) as a function of starting altitude. Each symbol corresponds to a specific source point, as

indicated in the legend.
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Figure 7. Spatial analysis of fire events and trajectory analysis in Canada. Panel (a) displays the average number of fires during BB season (in
months May-September) in Canada over the period 2001-2022, with fire frequency represented on a logarithmic color scale. Panel (b) shows
the specific locations selected for trajectory analysis within this region. Panel (c) presents the percentage of trajectories reaching Poland

during BB season from each location defined in (b) as a function of starting altitude. Each symbol corresponds to a specific source point, as

indicated in the legend.
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Figure 8. Geographic regions used in the analysis of AOD, BB AOD, and contributions to BB AOD in Warsaw. Panel (a) shows Europe with
the designated areas: Poland (highlighted by the black rectangle), Iberian Peninsula (blue rectangle), Southern Europe (orange rectangle),
and Eastern Europe (gray rectangles). Warsaw, marked as a point within Poland at coordinates 52.2° N, 21° E, served as the location for
estimating BB AOD contribution, launching backward trajectories and for conducting AOD and BB AOD analyses. Panel (b) displays North
America with designated areas for the USA, Canada and Alaska. The USA region is outlined in orange, the Canada in blue and the Alaska
in black. These regions were analyzed for their contributions to BB AOD levels in Warsaw, with each area serving as a source region of BB

aerosol.
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Figure 9. Monthly mean values of BB AOD across Europe, displayed as spatial maps for selected months averaged over the period 2006-

BB AOD

2022. Panels represent individual months from March (a) through October (h), illustrating the geographic variation in BB AOD concen-
trations. Each map shows BB AOD values averaged over the years 2006-2022. The color scale on the right denotes BB AOD values on

a logarithmic scale.
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Figure 10. Monthly values of BB AOD, total AOD at 550 nm, and their ratio for Poland and Warsaw averaged over the period 2006-2022.

Panel (a) displays the mean BB AOD values for each month, comparing Poland and Warsaw. Panel (b) shows the monthly mean total AOD

values for both Poland and Warsaw. Panel (c) presents the ratio of BB AOD to total AOD, expressed as a percentage, for each month,

comparing values between Poland and Warsaw.
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Figure 11. Probability density functions (PDFs) of the top of plume altitude data (m ASL) for selected regions. Panels (a) to (f) represent

Southern Europe, Eastern Europe, the Iberian Peninsula, Canada, the USA and Alaska respectively. Each panel displays the PDF of the ob-

served plume altitude data (bars) alongside a fitted log-normal distribution (dashed red line). The fitting parameters, standard deviation (o)

and mean () of the variable’s natural logarithm, are provided for each region, along with the Pearson correlation coefficient (7).
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Figure 12. Monthly contributions to BB AOD across selected regions (Southern Europe, Eastern Europe, Iberian Peninsula, USA ,Canada

and Alaska) for May (a), June (b), July (c), August (d), and September (e). The contributions are calculated using three methods: No

Threshold, CAMS, and PBL.
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Figure 13. Temporal variability in contributions to BB AOD at 550 nm in years 2006-2022, calculated for the regions: (a) Iberian Peninsula,
Southern Europe, and Eastern Europe, and (b) Canada , the USA and Alaska. Contributions were determined using the CAMS method and
averaged over months May-September and averaged over four dispersion radii (5 % , 10 % , 15 % , and 20 % of the trajectory length).
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Figure 14. Temporal analysis of BB AOD and AOD at 550 nm data for Poland and Warsaw from 2006 to 2022 for the months May—

September. Panel (a) shows the mean BB AOD values for Poland and Warsaw as time series, with linear regression trend lines fitted.

Panel (b) presents the mean AOD values for Poland and Warsaw, also with fitted linear regression trend lines. Panel (c) depicts the ratio

of BB AOD to AOD for both Poland and Warsaw, expressed as a percentage, with linear regression trend lines.
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Figure Al. Trajectory analysis for (a) Canada, (b) USA, and (c) Alaska. Each panel presents the percentage of trajectories reaching Poland

from each source point as a function of starting altitude, using an extended altitude range up to 10 km AGL. Each symbol corresponds to a

specific source location, as indicated in the legend.
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Figure A2. Cumulative distribution functions (CDFs) of the top of plume altitude data (m ASL) for selected regions. Panels (a) to (f) represent
Southern Europe, Eastern Europe, Iberian Peninsula, Canada ,the USA and Alaska, respectively. Each panel shows the CDF of the observed
plume altitude data along with a fitted log-normal distribution (dashed red line). The fitting parameters, standard deviation (¢) and mean (u)

of the variable’s natural logarithm, are indicated in each panel, along with the Pearson correlation coefficient (7).
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Figure A3. Temporal variability in BB AOD contributions from 2006 to 2022 for: (a) aggregated European regions (Iberian Peninsula,
Southern Europe, and Eastern Europe) and (b) aggregated Northern American regions (Canada ,the USA and Alaska. Contributions were

calculated using the CAMS method, averaged over May—September, and further averaged across four dispersion radii (5%, 10%, 15%, and
20% of the trajectory length).
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