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Abstract

The Aburra Valley is a narrow, 1000 m deep, tropical valley located in the Colombian Andes.
This valley is inhabited by more than 4 million people, living in Medellin and 9 surrounding
cities. In recent years, PM2.5 (aerosol particles whose diameter is <2.5 m) has been the
most critical air pollutant in the region, with frequent peak values in March, reaching histori-
cal maximum daily averages over 100 g m 2 in 2016. In order to improve the understanding
of the variability and dispersion of aerosols in the region and their impact on air quality,
analysis on three diLerknt spatial scales are performed in this work.

Firstly, regional aerosols conditions are analyzed during four high air pollution events in
the Aburra Valley between 2014 and 2019. Using ground-based data (AOD in Medellin,
PM2.5 and PM10 in Medellin and Bogotd), satellite measurements (MODIS, CALIPSO)
and reanalysis data (CAMS) it is established that mesoscale aerosol transport events occu-
rred in each of the four cases analyzed, and evidence suggests that they may have directly
contributed to the particulate matter peak events in the Aburra Valley.

Secondly, lidar vertical profiles for the lowest 3 km, retrieved from a ground-based lidar
located in the Aburra Valley, are used to identify internal boundary layer structures asso-
ciated with the complex dynamics of the valley atmosphere and with possible implications
for aerosol dispersion. DiLerknt structure patterns are identified. Special emphasis is put on
the e [edts of updrafts associated to local convective storms and on the waves at the top of
the nocturnal stable layer.

Finally, on a local scale, the formation and dispersion of a dust plume inside the valley trig-
gered by the implosion of a 6-story building are evaluated. In-situ and remote sensors (such
as a scanning lidar and a ceilometer) lead us to conclude that atmospheric instability and
surface wind direction favored the rise of the plume and its southward advection. PM2.5 va-
lues in the implosion zone exceeded 10* g m 3, however, e [edts on PM2.5 at a few hundred
meters away from the implosion zone were low. Furthermore, the depolarization ratio for the
particles triggered by the implosion was estimated and then compared to the ratio obtained
for industrial chimneys emissions, verifying that the first ones were characterized by a more
irregular shape.

Keywords: Air Quality, Aerosol, Atmospheric Boundary Layer, Lidar, particulate mat-
ter, Complex terrain.



Resumen

El Valle de Aburréa es un valle tropical estrecho, de 1000 m de profundidad, localizado en los
Andes colombianos. Este valle es habitado por mas de 4 millones de personas, en Medellin y
otras 9 ciudades. En los ultimos afios el PM2.5 (aerosoles con didmetro menor a 2.5 m) ha
sido el contaminente mas critico en la region, con recurrentes picos durante marzo, llegando
a superar promedios diarios de 100 g m 3 en 2016. Para entender mejor la variabilidad y
dispersion de los aerosoles en la region y su impacto en la calidad del aire, en este trabajo
se desarollan analisis en tres diferentes escalas espaciales.

En primer lugar se analizan las condiciones regionales de aerosoles durante cuatro eventos
de alta contaminacion en el valle entre 2014 y 2019. A partir de mediciones en tierra (AOD
en Medellin, PM2.5 y PM10 en Medellin y Bogota), mediciones satelitales (MODIS, CALIP-
SO) y datos de reanalisis (CAMS) se encuentra que durante cada uno de los cuatro casos
analizados se presentaron eventos de transporte de aerosoles en mesoescala que, segun la
evidencia presentada, pudieron contribuir de forma directa en los incrementos de material
particulado en el Valle de Aburra.

En segundo lugar, a partir de perfiles verticales de sefial de lidar para los primeros 3 km
de la atmosfera obtenidos a partir de un Lidar ubicado en la base del Valle de Aburrd, se
identifican estructuras internas en la capa limite asociadas a la compleja dinamica de la at-
mosfera de valle y con posibles implicaciones en dispersion de aerosoles. Diferentes patrones
de estructuras son identificados con la sefial del Lidar. Se hace especial énfasis en eventos de
corrientes ascendentes asociados a tormentas convectivas locales, y a ondas observadas en el
tope de la capa estable nocturna.

Finalmente, a escala local, se evalua la formacion y dispersion de una pluma de polvo al
interor del valle generada por la implosion de un edificio de 6 pisos. A partir de sensores
in-situ y remotos (como scanning lidar y ceilémetro) se encuentra que la inestabilidad at-
mosférica y la direccion de los vientos superficiales favorecieron el ascenso de a pluma y
su desplazamiento hacia el sur. EI PM2.5 cerca a la implosion llegé a superar 10* g m 3,
sin embargo su efecto a algunos cientos de metros fue bajo. Ademas, se estimo la tasa de
depolarizacion de las particulas generadas por la implosién y se compar6 con la obtenida
para emisiones de chimeneas industriales, logrando verificar que las primeras presentan una
mayor irregularidad en su forma.

Palabras clave: Calidad del Aire, Aerosol, Capa Limite Atmosférica, Lidar, Material
particulado, Terreno complejo.
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1 Introduction

Aerosols are usually defined as solid and liquid particles suspended in the air with size bet-
ween a few nanometers and tens of micrometers (Seinfeld and Pandis, 2016). Due to their
size and their chemical and physical e[edts (as radiation scattering and absorption), aero-
sols have significant impacts on diverse atmospheric dynamics processes. Additionally, the
presence of aerosols is necessary for cloud formation and hence they influence precipitation
variability. Therefore aerosols play an important role in climate variability (Graf, 2004), in
fact, the emission of anthropogenic aerosols constitutes one of the most important and still
uncertain, radiation forcing agents associated with human activities (Stocker, 2013).

Regarding air quality, aerosols are considered to be one of the major contributors to air pollu-
tion across the world, causing strong negative consequences on human health (WHO, 2005;
Lelieveld et al., 2015). More than 6 million annual deaths are attributed to poor air quality
in the world, and most of them (4.2 million) are associated to the fine fraction of particulate
matter (PM2.5) (Landrigan et al., 2017). It is considered that 95 % of the world’s popula-
tion lives in areas exceeding World Health Organization Guideline standards for healthy air
(Health E[edts Institute, 2018).

The key role of aerosols on air quality and atmospheric processes, and the still large uncer-
tainties on their e [edts, make them a very relevant researching topic, specially in complex
terrains as the Aburra Valley. In this tropical valley the understanding of atmosphere dyna-
mics and the role of aerosols could be even more challenging, as terrain complexity induces
further uncertainties.

The Aburra Valley, where this work will be focused, is a narrow, 1000 m deep, tropical
valley situated in the Colombian Andes mountain range. Figure 1-1 shows Valley location
in a regional context. Its river flows at an altitude of 1500 masl, and the surrounding
mountains rises up to 2500 masl. This valley is inhabited by more than 4 million people,
living in Medellin and 9 surrounding cities, being the second largest urban center of Colombia.
In recent years, air quality has become an issue of public concern in the Valley as PM2.5
concentrations have reached daily unhealthy levels every year, specially in March (with a
maximum daily mean peak of 118 g m 2 in 2016), and long term values (around 23 gm 3
in 2019) double World Health Organization guidelines (10 g m 2) (WHO, 2005). Advances
in local researching and recent implementation of environmental policies have lead to a de-



crease of particulate matter between 2016 and 2019, nevertheless, in order to continue with
the PM reduction trend, further work needs to be done to reach a better understanding of
the factors driving pollution levels, enabling the design of more e [edtive policies.
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Figure 1-1: Location and elevation of the Aburra Valley and its regional context.

Although the spatial and temporal variability of aerosols within the Valley are associated
with the emissions triggered by the anthropic activities in the cities settled in the valley, dif-
ferent atmospheric and meteorological factors such as thermodynamic instability within the
boundary layer, winds circulation, precipitation, external aerosol sources, and the presence



4 1 Introduction

of clouds that limit incident radiation, also have a direct e[edt on this variability. These
factors are conditioned by the complex topography of the Valley, which makes more di [culit
the characterization of the physical processes that influence aerosols concentration in the
region.

Conceptual and numerical models, validated with radiosonde measurements, led to some of
the first characterizations of the local boundary layer structure (Rendén Pérez et al., 2007;
Correa et al., 2008; Pérez Arango et al., 2008; Perez Arango et al., 2011). Later models tried
to describe the links between topography, urban canopy size, and aerosol dispersion associa-
ted with valley winds (Rendon et al., 2014). With the progressive installation of new remote
sensors in the Valley, such as ceilometers, microwave radiometer, wind profiler, and sun pho-
tometer, authors such as Nisperuza Toledo and Bastidas Gustin (2015) and Herrera Mejia
and Hoyos (2015) analyzed dilerent aerosols properties, and reached a more detailed des-
cription of the boundary layer height, its daily and intra-annual variability, and its influence
on particulate matter temporal variability. More recently, Isaza Uribe and Hoyos (2018) des-
cribed the marked relationship between thermodynamic processes along the boundary layer
and the concentration of pollutants (gases and particulate matter) in the valley. Advancing
on the study of terrain-induced variabiltiy, Herrera-Mejia and Hoyos (2019) used ceilometers
data and WRF model to study boundary layer structure and variability at the slopes of
the valley. In addition to the analysis of local conditions that aledt the aerosols variability,
some studies have identified cases of external aerosol contributions due to mesoscale events,
such as the transport of Saharan dust that occurred in June 2014 (Nisperuza Toledo and
Bastidas Gustin, 2015; Mendez Espinosa et al., 2018), and smoke advection from Venezuela
and eastern Colombia wildfires to the west of the country (Mendez-Espinosa et al., 2019).

A better understanding of the physical conditions that determine aerosols variability may
improve air quality management, and meteorological and climate modelling. Willing to con-
tribute to the collective knowledge built about aerosols in the Aburra Valley, this work
explores atmospheric processes that conditions local aerosol load on three dilerent spatial
and temporal scales (Figure 1-2), and that have not been extensively analyzed yet. Speci-
fically, this work focus on the contribution of external-mesoscale aerosols, the identification
of vertical structures within the valley boundary layer, and the dispersion of a high aerosol
load plume in the Valley.

This work is organized as follows. Firstly, mesoscale aerosols conditions that may impact
Aburra Valley aerosol load are studied in Chapter 2. A review of similar studies in other
regions, and previous works in Colombia and the Aburra Valley is presented. Four high air
pollution events in the Aburra Valley between 2014 and 2019 are analyzed in terms of the
regional aerosols conditions, using ground-based, satellite, and reanalysis data.



In Chapter 3, lidar signal vertical profiles are used to identify internal boundary layer struc-
tures associated with the complex dynamics of the valley atmosphere and with possible
implications for aerosol dispersion. Local meteorological data is also assessed to establish
the e[edts of the vertical structures at the valley surface.

Finally, on a local scale, the formation and dispersion of a smoke plume inside the valley, trig-
gered by the implosion of a 6-story building, are evaluated in Chapter 4. Methodologies and
results from similar events reported in the literature are reviewed. In-situ and remote sensors
(such as scanning lidar, ceilometer, nephelometers and weather station) were implemented
in a monitoring campaign during the implosion, allowing to characterize plume advection
and smoke particles shape. Chapter 5 presents the general conclusions and recommendations
that emerge from this work.

Figure 1-2: Scheme of the Chapters distribution, each of them approaching a di Lerknt spa-
tial scale atmospheric process a [edting aerosols variability in the Aburra Valley.
Chapter 2: mesoscale. Chapter 3: boundary layer scale. Chapter 4: local scale.



2 Analysis of regional aerosol
conditions during air quality events
In the Aburra Valley

2.1. Introduction and literature review

In urban areas, local sources, as fossil fuels combustion and other common anthropic activi-
ties in populated centers, tend to be a major contributor to air pollution (Landrigan et al.,
2017). However, it is known that the regional and synoptic transport of aerosols ( 100 km
and 1000 km) can also aledt air quality in a given area due to aerosols emitted even in
another continent (Bergin et al., 2005).

Regional aerosols transport patterns depend on the particle type, the regional meteorolo-
gical conditions, and topography. These episodes are usually caused by transport of urban
particles, biomass burning, and dust storms (Bergin et al., 2005). Multiple events of aerosols
regional and synoptic transport have been registered and studied, for example, for Saharan
dust a [edting air quality in Europe (Papayannis et al., 2005), the Caribbean (Prospero, 1999;
Prospero et al., 2014), and South America (Ansmann et al., 2009), and for biomass burning
transport in North America (Colarco et al., 2004), Africa (Kar et al., 2018), and East Asia
(Wu et al., 2017).

Satellite imagery and data are very useful tools to detect and analyze this kind of events,
especially by retrieving column average (e.g Aerosol Optical Depth (AOD) (Jones and Chris-
topher, 2010; Kahn et al., 2007; Martin et al., 2010)) and vertically resolved (e.g. backscatter
profile, (Winker et al., 2007; Kahn et al., 2008; Wu et al., 2017; Kar et al., 2018)) aerosol
properties . Satellite observations fill gaps in areas where there are no ground sensors, and
allow to track aerosol transport, define boundaries of large-scale pollution events, and pro-
vide evidence for pollutants on dilerknt heights in the atmosphere (Ho et al., 2012).

Di Lerknt authors have analyzed aerosol regional and synoptic transport events by integrating
satellite data, local in-situ and remote measurements, back-trajectories models, and aerosol
reanalysis (Papayannis et al., 2005; Ansmann et al., 2009; Wu et al., 2017; Kumar et al.,
2018; Méndez Espinosa et al., 2018). By using those di [erent datasets, they describe the po-
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Ilutants source, their trajectories, the e [edts on air quality, and in some cases, the frequency
of occurrence of similar events.

In Aburra Valley (AV), PM2.5 is considered the most critical air pollutant. Its annual mean
has decreased from 33 gm 2in 2016 to 23 g m 2 in 2019, and highest daily mean values
usually take place in March, reaching a maximum of 118 g m 2 in March 9%, 2016. Multi-
ple studies have analyzed AV local particulate matter variability and its relation with local
meteorological variables as low-atmosphere thermodynamics (Isaza-Uribe, 2018), boundary
layer height (BLH) (Jiménez and Palacio, 2016; Herrera and Hoyos, 2019), valley winds
(Montoya Duque and Hoyos, 2018), and precipitation (Roldan-Henao et al., 2020), all of
them considering the complexity induced by the irregular terrain of the valley. These studies
have described how atmospheric stability conditions have a significant impact on the diurnal
and annual cycles of the concentration of particulate matter (PM) in AV. Herrera and Hoyos
(2019) explain that in days when boundary layer height (BLH) is lower than the top of
the valley mountains (1 km) aerosols tend to accumulate inside the valley, triggering PM
increases. Then, higher PM2.5 values in March and October months may be related to their
lower BLH conditions and scarce nocturnal precipitation.

Although there has been a lot of research on the relationship between local meteorological
conditions and air quality in the AV, there are not yet many studies nor clarity about the
influence of regional and synoptic aerosols transport on the local PM concentrations in the
AV. In recent years, some regional aerosols events have been reported in north South Ame-
rica that may have aledted air quality in major Colombian cities as Bogota and Medellin,
both located in the Andes mountain range. Bedoya et al. (2016) and Méndez Espinosa et al.
(2018) described a Saharan dust episode on June-2014 that increased PM10 values in Bo-
gota and Medellin. Armenteras-pascual et al. (2011); Chacon Rivera and Belalcazar (2015);
Mendez-Espinosa et al. (2019) and Hernandez et al. (2019) have indicated the occurrence
of biomass-burning pollution events in Colombia and Venezuela during the dry season (Ja-
nuary to April), impacting particulate matter concentrations in di [erent zones of Colombia,
especially the eastern region.

In this Chapter, in-situ PM measurements, AOD and lidar satellite data, and reanalysis
results are used to identify four local high pollution episodes in AV in the period 2014-2019.
Then, the mentioned data is used to analyze temporal and spatial evolution of regional aero-
sols during those events through a case-study approach. This analysis is intended to improve
our understanding of the influence of the external aerosols conditions on the local PM con-
centrations in the Aburra Valley.

The diLerent datasets used in this chapter are described in section 2.2, section 2.3 presents
a brief description of aerosols general spatial conditions in northern South America, the
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study-case approach is exposed in section 2.4 .

2.2. Data

Data from satellite and ground based instruments, and from global reanalysis were retrieved
in order to analyze the regional aerosol conditions that may impact air quality in the Aburra
Valley.

2.2.1. Ground-based instruments
In-situ Particulate Matter (PM10 and PM2.5)

In-situ PM2.5 and PM10 measurements from Aburrd Valley and Bogota Air Quality Net-
works are used to describe particulate matter concentration and variability in both regions
located in the central zone of Colombia, in the tropical Andes (location of both cities is
shown in Figure 2-2).

In the case of AV, there are two automatic PM stations whit both, PM2.5 and PM10 samples.
One of them is considered a tra [c_dtation, as it is located in a area with high vehicular
tra [c, o its measurements are very influenced by local emissions. Thus, only the station
“ITA-CJUS” was selected for this work, with hourly data from January 2014 to August
2019. Similarly, “Kennedy” automatic station was selected to evaluate PM2.5 and PM10
concentrations for Bogota for the same period. Figure 2-5 shows daily averages of PM2.5
and PM10 for the stations selected from both cities.

AERONET Sun Photometer AOD

The Aerosol Robotic Network (AERONET) groups hundreds of ground-based aerosols re-
mote sensors globally distributed, under a standardization of instruments and processing.
One of the AERONET instruments is a CIMEL-318 sun-photometer located in Medellin,
at the base of Aburra Valley (Figure 2-1). By measuring the direct-sun radiance, this sen-
sor can retrieve the AOD on eight di [erknt wavelengths ranging from 340 nm to 1020 nm.
These direct products are available at the AERONET platform at level 1.5, meaning cloud
screening and quality controls have been applied but the data may not have final calibration
applied. This AOD data at 500 nm is used in this work to asses the local aerosol load in the
AV in the period 2014-2019. The 500 nm band was chosen in order to have a more direct
comparison with CAMS reanalysis data, which models the spatial and temporal distribution
of AOD at 550 nm.

Medellin sun-photometer data availability is quite irregular. The instrument underwent re-
pair and maintenance for long periods, from January to December in 2015, from August
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2016 to May 2018, and the last one from January to April in 2019. In addition, AOD can
not be measured in the presence of clouds, limiting data availability. Figure 2-6shows AOD
500 nm data daily average retrieved from the sun photometer between January 2014 and
August 2019.

Figure 2-1: CIMEL-318 sun photometer located in Medellin. Image obtained from Univer-
sidad Nacional o [cial website.

2.2.2. Satellite products
MODIS Aerosol Optical Depth (Terra and Aqua)

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard Aqua
and Terra satellites, use three di Lerknt algorithms to retrieve AOD values depending on the
type of surface: two dilerknt “Dark Target” methods for ocean and vegetated/dark-soiled
land surfaces, and a “Deep Blue” algorithm for retrieving AOD over desert/arid land (Levy
et al., 2013). MODIS AOD data have been widely used by researchers all around the world
to quantify aerosol load, study its spatial and temporal variability, and track aerosols trans-
port during regional and synoptical events (Jones and Christopher, 2010; Wu et al., 2017,
Papayannis et al., 2005; Kumar et al., 2018; Ansmann et al., 2009).

An AOD daily 3 km grid was build using Aqua and Terra MODIS measurements over Co-
lombia (from 5 S to 13 N, and from 80 W to 66 W), obtaining an AOD map for each day
from January 1t 2014 to August 315t 2019. The main restriction is the cloud coverage in the
studied zone, which limits data availability.

The high spatial resolution of this data is useful to reach a more detailed and reliable analy-
sis of the spatial variability of aerosol load, being a useful complement to AOD reanalysis






