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Abstract. Assessing long-range
:::::::::
Long-range

:
transport (LRT) of pollutants recognizes that multiple sources of varying scale and

location can impact air quality
::
air

:::::::::
pollutants,

::::
from

::
a

:::::
range

::
of

:::::::
sources,

:::
can

:::::::::::
substantially

:::::::
enhance

::::::::::
background

::::::::
pollution

::::::
levels,

::::::::
especially

::
in

::::::::
urbanized

:::::::
region,

:::::
which

:::
can

:::::::::
exacerbate

::::
high

::::::::
pollution

:::::::
episodes. In the Aburrá 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.5

This work investigates the influence of these sources on the chemical composition of PM2.5 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 PM2.5 concentration and
:::::::::::
concentrations

::::
and

::
its chemical composition. Annually, we found that

::
We

:::::
found

::::
that

:::
the

LRT of aerosols from BB, dust and volcanic degassing influence
::::::::
influenced

:
approximately 13%, 8% and 13% of days

::::::
through

::
the

:::::
year, respectively. We ran a

::::::
applied

:::
the

:
Positive Matrix Factorization (PMF) for each kind of event , identifying high10

contribution in
::::::::
statistical

:::::
model

:::
for

:::
the

:::::::
different

::::
LRT

:::::
event

:::::
types

::::
(e.g.

::::
BB)

::
to

:::::::
quantify

:::
the

::::::::::::
corresponding

:::::
PM2.5::::::::::::

concentration

:::
and

::::::::
chemical

::::::::::
composition.

:::
For

:::
BB

::::::
events,

:::
we

::::::::
identified

::::
high

:::::::::::
contributions

::::
from

:
organic carbon (OC1, OC2), F− and secondary

aerosols trace
::::::
aerosol

::::::
tracers,

:
SO2−

4 and NO−
3 for the BB .

:::
For

::::
dust

::::
LRT

:
events, crustal mineral

::::::::::
components,

:
along with Ti and

Cacontribution for dust events and
:
,
::::
were

:::
the

:::::::
primary

::::::::::
contributors

::
to

:::
the

::::::
aerosol

:::::::::::
composition,

:::::
while

:
SO2−

4 , Na, Al and Ca for

::::
were

:::
the

:::::::
primary

::::::::::
constituents

::::::
during volcanic events. The increasing concentration of some ions and toxic heavy metals (Cr,15

Mn, Cd, and Ni) were also related to
:::::::
elevated

:::::
during

:
BB and volcanic degassing influence

:::::
events. BB exhibited the highest

contribution of PM2.5 within the
::::
LRT events (∼ 11 µg/m3), while aerosols from dust and volcanic events were also significant

:::::::::
substantial (< 7 µg/m3).The study highlighted hotspot zones such as

:::
Our

:::::
study

::::::::
identifies the Orinoco and Middle Magdalena

Valley for BB aerosols , the Caribbean for dust,
:
as

:::::::
sizeable

::::::
sources

::
of
::::
BB

:::::::
aerosols and the Nevado del Ruíz volcano for volcanic

aerosols. This study gives insights
:::::::::::
Additionally,

::
we

::::::
found

:::
that

:::::::
African

::::
dust

::::::::::
approached

:::
the

::::::
Andean

::::::
region

:::
via

:::
the

:::::::::
Caribbean20

:::::
route.

::
As

::
a
:::::
result,

:::
we

:::::
have

::::::::
identified

:::
the

::::
need

:
for future chemical transport modeling studies in the region and supports

::::
new
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::::::
support

:
strategies to manage internal and external pollution sources and effects for

:::
that

:::::::
degrade

:::
air

::::::
quality

::
in

:
the AV and the

::::::::::
surrounding region.

1 Introduction

Long-range transport (LRT) of aerosols influences the chemical composition of air over thousands of kilometers (Kaneyasu25

et al., 2014; Wang et al., 2015; Rincón-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 black

carbon can contribute to albedo reduction and accelerate melting in a
::::::::
reduction

::
in
:::
the

::::::
albedo

::::
over snow-covered zones,

:::::::
regions,30

:::::
which

:::
can

:::::::::
accelerate

::
its

:::::::
melting,

:
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
:::
Out

:::
of

::
the

::::::::
different

::
air

:::::::::
pollutants, fine aerosols, represented by PM2.5 (particulate matter with a diameter less than 2.5 µm), penetrate

deeply
::::
deep into the human body and trigger cerebrovascular and heart diseases, lung cancer and obstruction, and respiratory

infections (Xie et al., 2021; Lippmann et al., 2013). Indeed, LRT of
::
the

:::::
LRT

::
of

:::::::
aerosols

::::
can

::::::::::
substantially

:::::::
increase

::::
the

::::
total35

PM2.5 enlarges overall concentration to more dangerous
::::::::
hazardous

:
levels and can increase specific components with particular

effects on
:::
the

:::::::
toxicity

::
of

:::
the

:::::::
aerosols

::
in

::::::
respect

::
to
:
human health. For instance, carbonaceous dominant particles are assumed

:::::
known

:
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
::::
(BB)

::::::::
episodes

::::
have

:::::
been

:::::
linked

:::
to

:
a
::::::
greater

::::
risk

::
of

:
cardiovascular

diseases (Hwang et al., 2017).40

The accountability of PM2.5 :::::::::::
concentrations

:
from LRT has urged cooperation between cities and countries to identify and

control pollution increases and population vulnerability
::::::::
emissions

:::
of

:::
key

:::::::::
precursor

::::::
aerosol

::::::::
emission

::
to

::::::
reduce

::::::::::
population

::::::::::
vulnerability

::
to

:::::::::
hazardous

::
air

::::::::
pollution

:::::
events. For decades, in Europe and Asia, LRT of

:::
the

::::
LRT

::
of

::
air

:
pollutants has been rec-

ognized as a significant factor for
:
of

:
air pollution (Kulshrestha et al., 2014), and accounted into policy plans

:::
has

::::::::
informed

::
the

::::::::::::
development

:::
and

::::::::::::::
implementation

::
of

::::
key

:::::
policy

:::::::::
strategies. For instance, the Task Force on Hemispheric Transport of45

Air Pollution (TF HTAP) is a collaboration led by the European Union and the United States that targets intercontinental

and north-hemisphere transport of PM
::::::::::::::::
northern-hemisphere

::::::::
transport

::
of

::::::::
particular

::::::
matter

:::::
(PM) and O3, acknowledging their

influence in meeting air quality goals
::
the

::::::::::
importance

::
of

::::
these

:::::::::
pollutants

::
if

::
air

::::::
quality

::::::
targets

:::::
were

::
to

::
be

::::
met (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 addresses50

transboundary
::::::::::::::
Kong-Guangdong

::::::::::
cooperation

::::
has

::::::::
addressed

:::
the

::::::::::::
transboundary

:::::
issue

::
of

:
air pollution in the Pearl River Delta

Region (Zhong et al., 2013). The collaboration task consists of monitoring pollution level
:::::
region

:::::::::::::::::
(Zhong et al., 2013).

:::::
This

:::::::::::
collaboration

::::::::
consisted

::
of

:::::::
targeted

::
of

::::::::::
monitoring

::::::::
pollution

:::::
levels

::::
and changes, evaluating the effectiveness of control mea-

sures, and providing
:::::::
feeback/training to stakeholders.
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In Northern South America (NSA),LRT of
:::
the

::::
LRT

::
of

:::
air

:
pollutants is a more recently recognized public problem, and55

regional cooperation is gaining importance and momentum.Threeprimary kinds of LRT of aerosolshavebeenidenti�ed in

the region:
::::::::::
Particularly

::
in

:::
the

::::::::::
Colombian

::::::
Andes, biomass burning, desert dust, and volcanic emissions

::::
have

:::::
been

::::::::
identi�ed

::
as

::::
three

:::::
main

:::::::
sources

::
of

::::::::
aerosols

::::
that

:::
can

::::::
impact

:::
air

::::::
quality

:::::
from

::::::
distant

:::::::
regions. Although for South America, biomass

burning around the Amazon basin is one of the primary sources of aerosols (Ballesteros-González et al., 2020), atmospheric

circulation patterns and substantial precipitation (i.e. aerosol wet deposition)meansthereis limited
::::
limit

:::
the

:
LTR of aerosols60

towards Colombia (Hamburger et al., 2013). Therefore, transboundary emissions from open �res in the Orinoco basin and the

Caribbean aresigni�cant
::::
more

::::::::
important

:
drivers of intra-annual periods of hazardous air quality for Colombian cities such as

Bogotá, Medellín, Arauca, Yopal, Bucaramanga and Villavicencio (Mendez-Espinosa et al., 2019; Rincón-Riveros et al., 2020;

Henao et al., 2021; Rodríguez-Gómez et al., 2022) and on Pico Espejo in Venezuela (Hamburger et al., 2013).

Likewise,
:::
the LRT of dust has also been reported in NSA,mainlyproducedfrom

:::::::
primarily

:::::::
emitted

::::
from

:::
the Sahara and Sahel65

deserts (Prospero et al., 2020). Theseprimarily
::::::
particles

:::::::::::::
predominately affect the Caribbean region, as reported in islands as

Barbados, Guadalupe, Virginia, and Tobago Island, andthe continentalland with the Cayenne(FrenchGuiana)
::::
parts

:::
of

::
the

:::::::::
continent,

::::
e.g.,

::::::
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 loadson
:
in

:
June 2014 and 2020 (Bolaño-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>70

90kgkm� 2) (Mendez Espinosa et al., 2018).Few
:::::::
However,

::
a

:::
few

:
long-term assessments have also been done in the Caribbean

and Andean regions (Bolaño-Ortiz et al., 2023b; Arregocés et al., 2023).

Volcanicactivities(eruption and degassing) also play a crucial role in the LRT of
::
air

:
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
::::::::
assessing

:::
the

:::::::
in�uence

:::
of

:::::::
volcanic

:::::::
aerosols

:
on air quality, which hasmainly focussed

:
in

:::
the

::::
AV,

:::
but

::::
those

::::::
which

::::
have

::::::
mainly

:::::::
focused

:
on75

the Sangay volcano in Ecuador and Nevado del Ruíz in Colombia (Casallas et al., 2024; Moran-Zuloaga et al., 2023). These

studiestrack
:::::::
identi�ed

::::::::
elevated PM2:5 andSulfur

:::::
sulfur dioxide (SO2)

::::::::::::
concentrations

:
in the airandroadparticlesfrom the

::::
from

:::::
these volcanoes (Casallas et al., 2024; Cuesta-Mosquera et al., 2020; Trejos et al., 2021). The degassing activitiesfor

::::
from the Nevado del Ruízhave

:::
has

:
been especially highlighted for their magnitude and frequency (Carn et al., 2016).

In the last few years,different
:::::::
multiple studies in Colombia havemadesubstantialcontributions

::::::::
undertaken

::::::::::
substantial80

:::::
efforts

:
in monitoring andidentifying impactscausedby open�re emissionson

:::::::
assessing

::::
the

::::::
impacts

:::
of

::::
open

::::
�re

:::::::
burning

::::::::
emissions

::
on

:::::
local air quality (see e.g., Hernandez et al., 2019; Mendez-Espinosa et al., 2019; Ballesteros-González et al., 2020;

Rincón-Riveros et al., 2020; Henao et al., 2021). Nonetheless, dust and volcanic aerosols studies have been limited to episodic

high-pollution events (Mendez Espinosa et al., 2018) and do not providecomprehensiveinformationon thesources'in�uence

andtheaerosolstransport(Liu et al., 2022). Eventhough,for thethreekindsof emissionssources,
:
a

::::::::::::
comprehensive

:::::::::
long-term85

:::::::::
assessment

::
of

::::
LRT

::
of

:::::::
aerosols

::::
from

:::::
these

:::::::
sources.

::::::::::::::
(Liu et al., 2022).

:::::::
Overall, there are still signi�cant gaps inunderstandingthe

representativein�uence on
:::
our

::::::::::::
understanding

::
of

::::
how

::::
LRT

::
of

:::::::
aerosols

:::::
from

::::
these

:::::
three

::::::
sources

:::::::::
in�uences regional air quality

throughout the yearandtheir impacton aerosolcomposition,particularly
:
.

::::
This

:::::
relates

:::::::
directly

::
to

:::
the

:::::::
absolute

:::::::::::::
concentrations

:::
and

:::
the

::::::
aerosol

::::::::
chemical

:::::::::::
composition.

::::
This

::
is

::::::::
especially

::::
true

:
for dust and volcanic aerosols, which are frequently overlooked
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due to their uncontrollednature(Woo et al., 2020; Pouliot et al., 2012). Obtainingthe annualrepresentationof the LRT of90

aerosolswould contributeto thecharacterizationof concentrations
::::::
natural

:::::
source

::::
type

::::::::::::::::::::::::::::::::
(Woo et al., 2020; Pouliot et al., 2012)

:
.

:::::::::
Therefore,

:::::::::
quantifying

::::
the

::::::::
properties

::::
(i.e.

:::::::
absolute

::::::::::::
concentration

:::
and

::::::::
chemical

::::::::::::
composition)

::
of

:::::::
aerosols

:::::
from

::::
LRT

::::::
events

:::::
would

:::::
allow

:::
for

::
a

:::::::
detailed

:::::::::
assessment

:::
of

:::
the

::::::
surface

:::::::
aerosol

:::::::
mixture

::::
(and

:::
air

::::::
quality

:::::::
impacts)

:
at local and national scales.

It enables
:::::
would

::::::
enable decision-makers to develop cooperative and effective projects to manage the risk of air pollution

involving natural sources (Gómez Peláez et al., 2020; Jiao et al., 2021). Furthermore, advances in the characterization of the95

chemical composition of airgive riseto
:::
can

:::::
yield

:::
the

:::::::::
opportunity

::
to

::::::
derive strategies to reduce the exposure of the population

to high concentrations of certain species such as toxic heavy metals and carbonaceous matter (Gómez Peláez et al., 2020; Briffa

et al., 2020; Allajbeu et al., 2017).

This study aims to analyze the impact of
:::::::::
inter-annual

:
LRT of biomass burning (BB-LRT), dust (Dust-LRT), and volcanic

aerosols (Volcanic-LRT) on PM2:5 concentrations and chemical compositionthroughyear-frequenthigh aerosolload events100

in the Aburrá Valley (AV), which is one of the most populated metropolitan areas in Colombia, situated over the Andean

Mountains. We characterize meteorologically favorable conditions fortransportto the valley
::
the

:::::
LRT

:::::
events

:
and involve

information from one of the largest registered PM2:5 chemical characterization campaigns conducted in theterritory
:::::
region

(April 2019 to October 2022), as well as in-situ PM2:5 measurements and satellite-based products. We identify representative

events, analyze atmospheric transport, and highlight potential sources. Finally, we evaluate the impact of these sources on105

ground-level PM2:5 concentrations and chemical composition in the AV.

2 Data and Methods

2.1 Study region

The AV, illustrated in Fig. 1b, is a 1.152 km2 natural river basin located in the northeast of Colombia (see Fig. 1a). The territory

contains ten cities, with Medellín as the largest city. The AV is in the central mountain range of the Colombian Andes, and110

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

(Echeverri and Orsini, 2011; Salazar Hernandez et al., 2022), the increasing vehicular �eet (Corrales Espinosa et al., 2016), and

the limited air pollutant dispersion, the average daily concentrations of PM2:5 , frequentlyexceed
::::::::
frequently

:::::::
exceeds national

and international standards (WHO, 2021, 15�g=m 3) in the valley, with .
:::::::
Across

:::
the

:::
AV,

:
more than 60% of days in the year115

exceedingthis limit
::::
these

::::::::
standards

:
at most stations located in the urban areasof theAV (see Supplementary Table S1). Hence,

the addition of external pollution sourceshascaused severe air quality episodes in the valley (SIATA, 2021).

The AV has two rainy periods responding to the latitudinal migration of the Intertropical Convergence Zone (ITCZ), with

maximum precipitation during April and November and minimum during January and July.In the
:::
The

:
transition period,

:::
i.e.,

:
February and Marchare

:
,
::
is

:
characterized by persistent atmospheric stability and a thinner atmospheric boundary layer120

enhancing the accumulation of air pollutants (Herrera-Mejía and Hoyos, 2019). During this period of dry conditions, �res are

more likely to spread in NSA, which affects air quality in the AV and neighboring regions (Mendez-Espinosa et al., 2019;

4




