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Abstract. Assessing long-range transport (LRT) of pollutants recognizes that multiple sources of varying scale and location can
impact air quality. In the Aburra Valley (AV), Colombia, and other cities in Northern South America, biomass burning (BB),
dust, and volcanic degassing have been identified as sources of LRT of aerosols. However, the impact of these sources on air
quality and their characterization have yet to be thoroughly studied. This work investigates the influence of these sources on the
chemical composition of PMs 5 during annual and intra-annual high-load aerosol events in the AV. We identified, tracked, and
meteorologically characterized LRT events and evaluated their influence on PMs 5 concentration and chemical composition.
Annually, we found that LRT of aerosols from BB, dust and volcanic degassing influence approximately 13%, 8% and 13%
of days, respectively. We ran a Positive Matrix Factorization (PMF) for each kind of event, identifying high contribution in
organic carbon (OC1, OC2), F~ and secondary aerosols trace SO?[ and NO3 for the BB events, crustal mineral along with
Ti and Ca contribution for dust events and SOi_, Na, Al and Ca for volcanic events. The increasing concentration of some
ions and toxic heavy metals (Cr, Mn, Cd, and Ni) were also related to BB and volcanic degassing influence. BB exhibited
the highest contribution of PMj 5 within the events (~ 11 ug/m?), while aerosols from dust and volcanic events were also
significant (< 7 ug/m?). The study highlighted hotspot zones such as the Orinoco and Middle Magdalena Valley for BB
aerosols, the Caribbean for dust, and the Nevado del Ruiz volcano for volcanic aerosols. This study gives insights for future
chemical transport modeling studies in the region and supports strategies to manage internal and external pollution sources and

effects for the AV and the region.

1 Introduction

Long-range transport (LRT) of aerosols influences the chemical composition of air over thousands of kilometers (Kaneyasu
et al., 2014; Wang et al., 2015; Rincén-Riveros et al., 2020) and plays a crucial role in the biogeochemical cycle of some
components, such as dust and biomass aerosols, which distribute iron and phosphorus across the oceans and continents (Okin
et al., 2004; Boyd and Ellwood, 2010). Furthermore, aerosols interact with solar radiation, influencing cloud formation and

light scattering (absorbance) with a cooling (warming) effect on the planet (Choobari et al., 2014). In particular, dust and
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black carbon can contribute to albedo reduction and accelerate melting in snow-covered zones, significantly affecting climate
worldwide (Kaspari et al., 2014).

LRT of aerosols also increases human health risks, particularly in urban areas with high local emissions. Above all, fine
aerosols, represented by PMs 5 (particulate matter with a diameter less than 2.5 um), penetrate deeply into the human body
and trigger cerebrovascular and heart diseases, lung cancer and obstruction, and respiratory infections (Xie et al., 2021; Lipp-
mann et al., 2013). Indeed, LRT of PM, 5 enlarges overall concentration to more dangerous levels and can increase specific
components with particular effects on human health. For instance, carbonaceous dominant particles are assumed to be more
toxic than crustal components (Tuomisto et al., 2008). Increased OC (organic carbon) and EC (elemental carbon) associated
with biomass burning episodes drive cardiovascular diseases (Hwang et al., 2017).

The accountability of PMs 5 from LRT has urged cooperation between cities and countries to identify and control pollution
increases and population vulnerability. For decades, in Europe and Asia, LRT of pollutants has been recognized as a significant
factor for air pollution (Kulshrestha et al., 2014), and accounted into policy plans. For instance, the Task Force on Hemispheric
Transport of Air Pollution (TF HTAP) is a collaboration led by the European Union and the United States that targets inter-
continental and north-hemisphere transport of PM and O3, acknowledging their influence in meeting air quality goals (UN,
2010). The collaboration has contributed to identifying regional sources, tracking, and basing more effective emission reduction
strategies (Liang et al., 2018; Zhao et al., 2021; Dong et al., 2018). On a smaller scale, Hong Kong/Guangdong Cooperation
addresses transboundary air pollution in the Pearl River Delta Region (Zhong et al., 2013). The collaboration task consists of
monitoring pollution level changes, evaluating the effectiveness of control measures, and providing training to stakeholders.

In Northern South America (NSA), LRT of pollutants is a more recently recognized public problem, and regional cooperation
is gaining importance and momentum. Three primary kinds of LRT of aerosols have been identified in the region: biomass
burning, desert dust, and volcanic emissions. Although for South America, biomass burning around the Amazon basin is
one of the primary sources of aerosols (Ballesteros-Gonzélez et al., 2020), atmospheric circulation patterns and substantial
precipitation (i.e. aerosol wet deposition) means there is limited LTR of aerosols towards Colombia (Hamburger et al., 2013).
Therefore, transboundary emissions from open fires in the Orinoco basin and the Caribbean are significant drivers of intra-
annual periods of hazardous air quality for Colombian cities such as Bogotd, Medellin, Arauca, Yopal, Bucaramanga and
Villavicencio (Mendez-Espinosa et al., 2019; Rincén-Riveros et al., 2020; Henao et al., 2021; Rodriguez-Gémez et al., 2022)
and on Pico Espejo in Venezuela (Hamburger et al., 2013).

Likewise, LRT of dust has also been reported in NSA, mainly produced from Sahara and Sahel deserts (Prospero et al., 2020).
These primarily affect the Caribbean region, as reported in islands as Barbados, Guadalupe, Virginia, and Tobago Island, and
the continental land with the Cayenne (French Guiana) (Prospero et al., 2014; Kumar et al., 2014). African dust effects have
also been reported in Colombia, with the analysis of high particle loads on June 2014 and 2020 (Bolafio-Ortiz et al., 2023a;
Mendez Espinosa et al., 2018; Bedoya et al., 2016). Notably, the LRT of African dust in June 2014 covered 95% of the country
(dust concentrations > 90kgkm ~2) (Mendez Espinosa et al., 2018). Few long-term assessments have also been done in the

Caribbean and Andean regions (Bolafio-Ortiz et al., 2023b; Arregocés et al., 2023).
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Volcanic activities (eruption and degassing) also play a crucial role in the LRT of pollutants in NSA and are part of the natural
ecosystem in the region since it belongs to the Andean volcanic belt. Few studies have been conducted on air quality, which has
mainly focussed on the Sangay volcano in Ecuador and Nevado del Ruiz in Colombia (Casallas et al., 2024; Moran-Zuloaga
et al., 2023). These studies track RPMand Sulfur dioxide(S¢) in the air and road particles from the volcanoes (Casallas
et al., 2024; Cuesta-Mosquera et al., 2020; Trejos et al., 2021). The degassing activities for the Nevado del Ruiz have beer
especially highlighted for their magnitude and frequency (Carn et al., 2016).

In the last few years, different studies in Colombia have made substantial contributions in monitoring and identifying im-
pacts caused by open re emissions on air quality (see e.g., Hernandez et al., 2019; Mendez-Espinosa et al., 2019; Ballesteros
Gonzalez et al., 2020; Rincén-Riveros et al., 2020; Henao et al., 2021). Nonetheless, dust and volcanic aerosols studies hav
been limited to episodic high-pollution events (Mendez Espinosa et al., 2018) and do not provide comprehensive information
on the sources' in uence and the aerosols transport (Liu et al., 2022). Even though, for the three kinds of emissions sources,
there are still signi cant gaps in understanding the representative in uence on regional air quality throughout the year and
their impact on aerosol composition, particularly for dust and volcanic aerosols, which are frequently overlooked due to their
uncontrolled nature (Woo et al., 2020; Pouliot et al., 2012). Obtaining the annual representation of the LRT of aerosols would
contribute to the characterization of concentrations at local and national scales. It enables decision-makers to develop coop:
erative and effective projects to manage the risk of air pollution involving natural sources (Gomez Pelaez et al., 2020; Jiao
et al., 2021). Furthermore, advances in the characterization of the chemical composition of air give rise to strategies to reduce
the exposure of the population to high concentrations of certain species such as toxic heavy metals and carbonaceous matte
(Gémez Pelaez et al., 2020; Briffa et al., 2020; Allajbeu et al., 2017).

This study aims to analyze the impact of LRT of biomass burning (BB-LRT), dust (Dust-LRT), and volcanic aerosols
(Volcanic-LRT) on PM.s concentrations and chemical composition through year-frequent high aerosol load events in the
Aburra Valley (AV), which is one of the most populated metropolitan areas in Colombia, situated over the Andean Mountains.
We characterize meteorologically favorable conditions for transport to the valley and involve information from one of the
largest registered PM; chemical characterization campaigns conducted in the territory (April 2019 to October 2022), as well
as in-situ PM.s measurements and satellite-based products. We identify representative events, analyze atmospheric transport
and highlight potential sources. Finally, we evaluate the impact of these sources on ground-lgyetétidentrations and
chemical composition in the AV.

2 Data and Methods

2.1 Study region

The AV, illustrated in Fig. 1b, is a 1.152 Knmatural river basin located in the northeast of Colombia (see Fig. 1a). The territory
contains ten cities, with Medellin as the largest city. The AV is in the central mountain range of the Colombian Andes, and
its height ranges from 1300 masl (meters above sea level) in the valley to 2800 masl at the western mountaintop. By 2018,
the population in the AV reached 3.73 million inhabitants, with a dense conurbation. Due to the accelerated urban expansion






