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Evaluación de la influencia de aerosoles en
procesos radiativos y flujos superficiales
turbulentos dentro del Valle de Aburrá.

Resumen

El Valle de Aburr�a, un valle densamente poblado ubicado en Colombia, con una topograf��a

de alta complejidad en la cordillera de los Andes, ha experimentado en los �ultimos cinco

a~nos la aparici�on de episodios cr��ticos de contaminaci�on atmosf�erica, caracterizados por un

aumento en la concentraci�on de aerosoles. Este estudio combina informaci�on en tierra y

satelital para estudiar los impactos de los aerosoles troposf�ericos en la radiaci�on, los 
ujos de

energ��a, capa l��mite atmosf�erica, propiedades de las nubes y precipitaci�on en la escala local

(Valle de Aburr�a) y regional (Colombia). En el valle de Aburr�a, la dispersi�on y absorci�on de

los aerosoles disminuyen la radiaci�on en super�cie hasta m�as de -40 Wm�2; adicionalmente

inhiben los 
ujos de calor latente y sensible, modi�cando de esta forma la evoluci�on de la

capa l��mite atmosf�erica. En Colombia, los efectos de los aerosoles est�an relacionados con los

eventos de quema de biomasa que ocurren anualmente en el norte y el este de Colombia.

Dado que cada gota de nube necesita una part��cula de aerosol (un n�ucleo de condensaci�on

de la nube) para su activaci�on, los aerosoles en Colombia y el Valle tambi�en han modi�cado

las propiedades de las nubes. Este estudio encontr�o reducciones en el tama~no de las gotas de

nubes para diferentes tipos de nubes. Tambi�en investigamos los impactos de los aerosoles en

la nube convectivas, y llegamos a la conclusi�on de que el proceso de difusi�on podr��a retrasarse

durante episodios de alta concentraci�on de aerosoles. Evaluamos las interacciones aerosoles-

nube-precipitaci�on, encontrando un aumento en los eventos de lluvia por la tarde debido a

la presencia de aerosoles. Las modi�caciones resultantes en las propiedades meteorol�ogicas

del Valle de Aburr�a podr��an inducir retroalimentaciones positivas que conducir��an a mayores

aumentos en la concentraci�on de contaminantes.

Palabras clave: aerosoles, capa l��mite atmosf�erica, meteorolog��a, radiaci�on, absorci�on,

dispersi�on, n�ucleos de condensaci�on de nubes, lluvia..



vii

Abstract

The Aburr�a Valley, a densely populated valley in Colombia, with highly complex topography

at the Andes mountain range, has experienced during the past �ve years the onset of several

critical air pollution episodes, which are characterized by an increase in aerosol concentration.

This study combines ground-based and satellite information to study aerosols’ impacts on

radiation, energy 
uxes, atmospheric boundary layer, clouds properties, and precipitation

in a local (Aburr�a Valley) and regional (Colombia) scale. In the Aburr�a Valley, aerosols’

scattering and absorption diminish the surface radiation by as much as -40 Wm�2; they also

inhibit the latent and sensible heat 
uxes, thus modifying the evolution of the boundary

layer. In Colombia, aerosols’ e�ects are linked to the biomass burning events that annually

occur to the north and to the east of Colombia. Since every cloud droplet needs an aerosol

particle (a cloud condensation nuclei) for activation, aerosols in Colombia and in the Valley

have also modi�ed the cloud properties. This study found reductions in cloud droplets’ size

for di�erent cloud types. We investigated aerosols’ impacts on convective clouds, concluding

that the di�usion process could be retarded during high aerosol concentration episodes.

We assessed the aerosols-cloud-precipitation interactions, �nding an increase in afternoon-

rainfall events due to aerosols’ presence. The resultant modi�cations in the Aburr�a Valley’s

meteorological properties could induce a positive feedback that leads to greater increases in

pollutants’ concentration.

key words: aerosols,atmospheric boundary layer, meteorology, radiation, absorption,

scattering, cloud condensation nucleis, rainfall.
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1 Introduction

During the past few years, the increasing rate of aerosols concentration in Colombia’s largest

cities has gained an important role in the country’s scienti�c and political agendas. The

dynamics of large cities, the expansion of the agricultural frontier, and the country’s frequent

biomass burning events have deteriorated air quality over the years, which is increasingly

evident from the increment in suspended particles in the atmosphere.

Medell�n, Colombia, and its surrounding metropolitan area in the Aburr�a Valley have expe-

rienced the onset of critical air-quality episodes during the last �ve years. These episodes are

characterized by poor air quality and, in particular, sudden peaks of PM2.5 concentration.

The combination of growing emissions from mobile and biomass burning sources, complex

topography, and unfavorable climate and meteorological conditions for the vertical disper-

sion of pollutants caused PM2.5 concentrations to peak once a year during February and

March. March 2016 is now considered one of the most critical and intense events that the

city has experienced to date. During this event, hourly particulate matter concentrations

reached 180 �g=m3, maximum daily concentrations were as high as 118 �g=m3, and the city

reported 22 days of unhealthy air quality conditions according to the U.S. Environmental

Protection Agency (EPA) standards.

Despite the high rates of contamination registered annually in the territory, so far, there were

not investigations that seek to understand the e�ects of atmospheric aerosols on the local

and regional meteorology. This study is the �rst attempt to investigating aerosols’ direct and

indirect e�ect over the Aburr�a Valley and Colombia’s territory. It relies on in situ air-quality
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measurements from the o�cial Aburr�a Valley network and satellite information from NASA,

and it uses a methodology mainly based on statistical assessments.

This work is divided into two chapters. The �rst one includes an evaluation of the direct

radiative e�ects of aerosols, from the di�erences in incident solar radiation, energy 
uxes,

and the atmospheric boundary layer. Additionally, this chapter presents a characterization

of aerosols in the Valley, from the perspective of their optical properties and carbonaceous

content.

The second chapter corresponds to an evaluation of the aerosol-cloud-precipitation inter-

actions over the Aburr�a Valley and Colombia. In this chapter, we rely mainly on clouds’

microphysical properties, which are continuously measured from remote sensing from space.

We also used ground-based sensors belonging to the Aburr�a Valley monitoring network to

have information about the aerosols.

This work’s central aim was to examine aerosols’ direct and indirect e�ects and their role in

sensible heat 
uxes and atmospheric boundary layer changes.



2 Aerosols Radiative E�ects and Optical

Properties Assessment in Colombia

and the Aburr�a Valley.

2.1. Introduction

In the last decades, air pollutants increased because of anthropogenic activities, such as fuel

combustion, industrial processes, nonindustrial fugitive sources, and transportation sources

(Seinfeld and Pandis, 2012). Aerosols are among the most important air pollutants worldwi-

de. These correspond to airborne particles, which can be both solid and liquid, and whose

size ranges from 0.01 to 100 micrometers. Despite their small mass or volume fractions,

atmospheric aerosols strongly in
uence the transfer of radiant energy and the spatial distri-

bution of latent heating through the atmosphere, a�ecting the weather and climate (Boucher

et al., 2013). According to its chemical composition, and optical properties, they can both

heat and cool the Earth’s atmosphere, thus becoming the greatest source of uncertainty for

global climate change (Boucher et al., 2013). The chemical composition of aerosols emitted

by anthropogenic and natural sources includes sulfate, black carbon (BC), organic carbon

(OC), mineral dust, and nitrate.

Atmospheric particles interact with solar radiation through dispersion and absorption and,

to a minor portion with terrestrial radiation through absorption, scattering, and emission
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(Boucher et al., 2013). Sulfate aerosols scatter primarily solar radiation and have a cooling

e�ect of the Earth-atmosphere system (North et al., 2014), by enhancing the total re
ec-

ted solar radiation from the Earth. Strongly absorbing aerosols, such as black carbon and

organics, have a warming e�ect. Absorbing aerosols reduce the solar radiation reaching the

surface, but at the same time, these aerosols absorb the upward solar radiation re
ected from

below. Therefore, absorbing aerosols counteract the cooling e�ect of other aerosols at the top

of the atmosphere (TOA) (North et al., 2014). Since aerosol emitting sources can be both

natural and anthropogenic, Direct Radiative Forcing of Aerosols (DRFA) refers exclusively

to the proportion that corresponds to anthropogenic aerosols. At the same time, the Direct

Radiative E�ect of Aerosols (DREA) includes both natural and anthropogenic.

The discussion about the aerosol direct radiative e�ect and its potential in
uence on the

Earth’s climate began in the late 60s and early 70s (McCormick and Ludwig, 1967; Charl-

son and Pilat, 1969; Atwater, 1970). At this time, it begins to gain interest that changes

in the aerosols concentration could be related to changes in the climate and meteorology

of the planet. Early aerosol forcing assessments were based mostly on model simulations

(Braslau and Dave, 1973; Lacis and Hansen, 1974; Weare et al., 1974; Charlock and Sellers,

1980; Coakley Jr et al., 1983; Cess et al., 1985). During the late 1990s and early 2000s,

the increasing number of observations from the establishment of ground-based networks, the

development and improvement of satellite sensors, and the development of �eld experiments

around the world allowed progress in observational research (Boucher and Tanr�e, 2000; Ra-

jeev and Ramanathan, 2001; Loeb and Manalo-Smith, 2005; Christopher and Zhang, 2002;

Patadia et al., 2008; Garc��a et al., 2012).

Since then and to date, the direct radiative e�ects of aerosols have been determined using a

combination of aerosol properties (such as loading, size distribution, chemical composition,

and age), surface properties (surface albedo), and geographical parameters (Latitude and

Longitude) (Yu et al., 2006). In particular, the complex interaction between aerosols and

radiation is usually described with three optical parameters: Aerosol Optical Depth (AOD),

Single-Scattering Albedo (SSA), and the Phase Function. The AOD determines the total
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extinction of a light beam interacting with aerosols and is a proxy of their amount. SSA

is the ratio between the scattering coe�cient to the extinction coe�cient, indicating the

degree of particle light absorption. The phase function represents the angular distribution

of scattered radiation.

Despite the advances in numerical modeling and observations, there are still major di�e-

rences between modeling and observational studies, with the latter tending to have greater

reductions in radiation. Both methods are associated with large uncertainties because of the

inaccuracy of basic parameters. SSA accounts for much of this uncertainty (Myhre, 2009;

Loeb and Su, 2010). Loeb and Kato (2002) combined the global measurements over the

ocean of Clouds and the Earth’s Radiant Energy System (CERES) with the TRMM Visible

Infrared Scanner (VIRS) high-resolution imager to estimate the daily average DREA, �nding

that aerosols have a cooling e�ect over the Tropics of - 4.6 � 1 W=m2. Loeb and Manalo-

Smith (2005) also used global measurements over the ocean of CERES but with MODIS

(Moderate Resolution Imaging Spectroradiometer) Terra to compute a net total-sky (clear

and cloudy) DREA at the Top of the Atmosphere (TOA) of -2.0 Wm�2. Patadia et al.

(2008) computed the �rst TOA cloud-free DREA over global land areas using Multiangle

Imaging SpectroRadiometer (MISR), MODIS and CERES, estimating a DREA of -5.1 �

1.1 Wm�2. Su et al. (2013) combined a Model for Atmospheric Transport and Chemistry

(MATCH) with MODIS to compute DREA, they also used data from Goddard Chemistry

Aerosol Radiation and Transport (GOCART) model, to separate between anthropogenic

and natural aerosols, thus, dividing between DREA and DRFA. Matus et al. (2015) estima-

ted a global annually averaged DREA to be 1.9 Wm�2, using CloudSat. Lacagnina et al.

(2017) used optical properties retrieved by the Polarization and Anisotropy of Re
ectances

for Atmospheric Sciences coupled with Observations from a Lidar (PARASOL), the Ozone

Monitoring Instrument (OMI), MODIS, and the global aerosol model ECHAM5-HAM2 to

estimate DREA, �nding a DREA at TOA to be 4.6 � 1.5 Wm�2 for cloud-free and 2.1 �

0.7 Wm�2 for all-sky conditions.

This chapter starts by characterizing aerosols properties and their Spatio-temporal variations
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in the Aburr�a Valley and Colombia. We estimate Bottom of the Atmosphere (BOA) DREA

in the Aburr�a Valley using ground-based sensors, including an SMP Smart Pyranometer, and

a particulate matter monitor (BAM-1020). We also evaluated optical properties and DREA

derived by a sunphotometer from AERONET. This study computes DREA over Colombia,

combining CERES and MODIS measurements. Finally, we investigate aerosols’ in
uence in

energy 
uxes and the evolution of the boundary layer.

2.2. Geographical and Air Quality context

Aburr�a valley (Figure 2-1c) corresponds to the natural basin of Medell��n’s river. It is located

in the Department of Antioquia (Figure 2-1b), Colombia (Figure 2-1a), over the Andean

mountain range. It is one of the most densely populated valleys of Colombia, with nearly four

million inhabitants living in an area of 1152 km2. Aburr�a valley comprises ten municipalities,

in a signi�cant urban agglomeration: The Metropolitan Area of the Aburr�a Valley, in which

Medell��n is the capital city.

The valley is 64 km long, with altitudes around the valley (west and east mountains) that

vary between 3100 m.a.s.l. (Padre Amaya Peak) and 1300 m.a.s.l. Its widest cross-section,

from divide to divide, is about 18.2 km wide.

During the last years, the air quality problem in the Aburr�a Valley, as well as in other regions

of Colombia, has been increasing, becoming one of the leading environmental concerns of

the country’s political agendas. In the Aburr�a valley, PM2.5 is the only critical atmospheric

pollutant, in terms of the thresholds established by EPA (Environmental Protection Agency

of the United States), due to the high sulfur content in the fossil fuels sold. During March

2016, PM2.5 reached a daily concentration of up to 118 �g=m3, in the worst critical air

quality episode recorded so far.

PM2.5 in the valley comes from local and external sources. Local sources are mainly from
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Figure 2-1: Geographical location of a) Colombia, b) The Department of Antioquia and, c)

The Aburr�a Valley. Panel (c) shows the SIATA’s main operation centre (orange

dot), where the pyranometer, the ceilometer, and the microwave radiometer are

located; the teal dot shows the location of Universidad Nacional de Colombia

(UNAL), where the sunphotometer and one PM2.5 station are located; the

yellow dot indicates the location of the radar wind pro�ler used in this study;

the blue, green, and purple dots indicate the location of the BC sensors; the red

triangle correspond to the location of the weather radar; and the blue triangle

corresponds to the turbulence sensor. The map (c) shows in colors from green

to brown the main topographic features of the Aburr�a valley.

mobile (80 %) and industrial (20 %) emissions (Universidad Ponti�cia Bolivariana and �Area

Metropolitana del Valle de Aburr�a, 2017). However, other sources, such as the use of �reworks

(Hoyos et al., 2020) and Biomass Burning (Mendez-Espinosa et al., 2019), can also have a

signi�cant in
uence on the air quality of the Aburr�a Valley, and even over the entire Andean

region.

Weather conditions in narrow valleys dominate the physical processes that promote or pre-
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vent the accumulation of aerosols (Whiteman et al., 2014). In the valley, there are two

very marked cycles for PM2.5: the diurnal cycle and the annual cycle. Regarding the an-

nual cycle, the Aburr�a Valley presents a maximum peak in PM2.5 concentration during

February-March-April (FMA) (see Figure 2-2a). This peak is a result of the combination of

unfavorable weather conditions for vertical dispersion, local emissions, and aerosols coming

from biomass burning to the north (The Caribbean Region) and west of Colombia (The

Orinoqu��a region), as well as to the east of Venezuela.

Figure 2-2a presents the annual cycle of PM2.5 in Medell��n; Figure 2-2b corresponds to the

annual cycle of the number of �res to the north and to the east of Colombia. As it is shown,

there is a signi�cant similarity in both variables. Despite the great relationship, the number

of �res cannot fully explain the high concentrations of PM2.5 during FMA in the valley.

Weather conditions are also relevant. FMA corresponds to the transition period between dry

and rainy conditions in the Andean zone. Stable conditions are almost permanent in this

season due to a high presence of low-altitude clouds, limiting the amount of solar radiation

and, therefore, the instability of the atmosphere.

The proximity of Colombia to the equator makes their incident solar radiation remains

similar throughout the year. Despite this, its daily variations govern the diurnal cycle of

lower-troposphere processes, which control the atmospheric stability and evolution of the

Atmospheric Boundary Layer (ABL) (Yu et al., 2001; Whiteman et al., 2014). In the Aburr�a

valley, the diurnal cycle of particulate matter is modulated mainly by the diurnal cycle of

the ABL height (see Figure 2-2c-d) (Herrera-Mej��a and Hoyos, 2019a). The ABL modi�es

the available control volume for the pollutants to interact and disperse (De Wekker and

Kossmann, 2015; Lotteraner and Piringer, 2016).

To date, research has sought to determine the factors that modulate and dominate the

air quality within the valley (Universidad Ponti�cia Bolivariana and �Area Metropolitana del

Valle de Aburr�a, 2017; Herrera-Mej��a and Hoyos, 2019a; Mendez-Espinosa et al., 2019; Hoyos

et al., 2020; Rold�an-Henao et al., 2020). However, this work aims to investigate the e�ects of
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Figure 2-2: (a) Annual cycle of PM2.5 in the Aburr�a valley, (b) Annual cycle of the number

of �res in Colombia (source: MODIS Collection 6), (c) Diurnal cycle of PM2.5

in the Aburr�a Valley, and (d) Diurnal cycle of ABL height in the Aburr�a Valley.

The shaded colors behind the line correspond to the 25 % and 75 % quartiles.

aerosols on local weather conditions. This �rst part focuses mainly on evaluating the optical

properties of aerosols and the estimation of their e�ect on incident solar radiation.

2.3. Data

2.3.1. Local Network

Air quality data

The metropolitan area of the Aburr�a Valley has the largest PM2.5 monitoring network
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in Colombia, with a total of 22 stations, operated by the local early warning system (Sis-

tema de Alerta Temprana de Medell�n y el Valle de Aburr�a -SIATA-, www.siata.gov.co),

a project of the local environmental authority: Area Metropolitana del Valle de Aburr�a

(AMVA). The PM2.5 equipment corresponds to eight Met One Instruments BAM-1020

and fourteen BAM-1022 monitors. This research uses hourly PM2.5 between March

2016 and January 2020 from four BAM-1020 located on the campus of Universidad

Nacional de Colombia (UNAL), Medell��n (see Figure 2-1c), and in the points denoted

as BC1, BC2, and BC3 in Figure 2-1c. Three Magee Scienti�c AE33 Aethalometers

are used for measuring aerosol Black Carbon (BC) every minute, based on a patented

DualSpot TM technology and a multi-wavelength optical analysis. The AE33 aetha-

lometers use seven optical wavelengths between 950 nm and 370 nm; in this research,

We use the 880 nm wavelength. The illumination and analysis are performed at a 1-Hz

time step.

Aerosol optical properties

Columnar aerosol optical properties in the Aburr�a valley are also measured on the

campus of Universidad Nacional de Colombia, Medell��n (see Figure 2-1c), using a

sunphotometer integrated to the NASA Aerosol Robotic Network (AERONET)

https://aeronet.gsfc.nasa.gov/. This instrument has operated since September 2012

(with missing data), providing AOD in eight di�erent spectral bands (340, 380, 440,

500, 675, 870, 1020, and 1640 nm). In this study, we used AERONET level 1.5 data

due to the limited observations satisfying level 2.0 (only 6 points recorded so far in the

inversion product). We used both direct (AOD, �ne/coarse mode AOD) and inversion

products version 3 (SSA, Size Distribution, Absorption Optical Depth - AAOD -, and

Radiative Forcing) between January 2012 and March 2020.

Pyranometer

The information of incident solar radiation between March 2016 and January 2020 was

obtained from an SMP11 smart pyranometer located in SIATA main operation center
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(Figure 2-1c), on the roof of a 60-meter-high building. This instrument is a high-quality

radiometer designed for measuring shortwave irradiance (270 to 3000 nm) on a plane

surface (radiant 
ux, W=m2), which results from the sum of the direct solar radiation

and the di�use sky radiation incident from the hemisphere above the instrument.

Ceilometer

We used cloud height retrievals from a Vaisala CL51 ceilometer (910-nm wavelength),

in the same location as the SMP11. Ceilometers measure laser-pulse energy that is

backscattered by clouds and other atmospheric components expressed as the backscat-

tering attenuated coe�cient (Emeis et al., 2012; M�unkel and Roininen, 2010). The laser

emits pulses every 67 ns, providing backscattering attenuated coe�cient measurements

with a vertical resolution of 10 m and temporal resolution of 16 s.

Radar wind pro�ler

Vertical wind pro�les (RWP) are obtained every 5 minutes from a RAPTOR VAD-

BL Doppler, located at the center of the valley (see Figure 2-1c). This instrument

relies on refractive index variations, caused by changes in humidity, temperature, and

pressure. The Aburr�a Valley RWP measures the wind pro�le in two di�erent modes:

a higher-resolution mode (60 m) that measures the wind pro�le from 77 to 3.500 m,

and a lower-resolution mode (72 m) from 2.500 to 8.000 m. This study uses the former

because ABL height never exceeded 3.500 m.

Microwave radiometer

We used a Radiometrics MP-3000A portable pro�ling microwave radiometer (MWR)

to obtained Temperature and humidity pro�les. These measurements are continually

corrected in SIATA using radiosondes and multiple linear regressions. The MWR is

located at SIATA’s main operation center. The vertical resolution of the sensor is

variable, depending on the atmospheric layer: 50-m resolution from the surface to 500
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m, 100-m resolution from 500 m to 2 km, and 250-m resolution from 2 km to 10 km.

For the aims of this study, we use the MWR pro�les from March 2016 and January

2020.

Turbulence Sensor (IRGASON)

In this study, turbulent surface 
uxes were obtained using an IRGASON, a sensor that

applies the eddy-covariance theory. This sensor corresponds to an in situ, open-path,

mid-infrared absorption analyzer integrated with a three-dimensional sonic anemome-

ter. The gas analyzer can determine the absolute densities of carbon dioxide and water

vapor, and the sonic anemometer measures orthogonal wind components at 20 Hz.

Here we computed Latent (LE) and Sensible (H) Heat Fluxes, as well as the Turbulent

Kinetic Energy (TKE) following:

H = �aCpaT 0w0 (2-1)

LE = L�aw0q0 (2-2)

TKE =
1

2

 
(u0)2 + (v0)2 + (w0)2

!
(2-3)

Where �a is the density of the air, Cpa the heat capacity at constant pressure, T 0 the

virtual temperature 
uctuations, q0 the 
uctuations in H2O (mixing ratio), L the latent

heat of vaporization, and the overbar represents time averaging. The 
uctuations in

the wind velocity components are represented by u’, v’, and w’.

2.3.2. External Network

Satellite measurements provide information for regional- to global-scale assessments. The

Terra spacecraft was launched on 18 December 1999 in a circular sun-synchronous polar

orbit. It carries �ve instruments intended to monitor Earth’s state of the environment. The

Clouds and the Earth’s Radiant Energy System (CERES) instrument is a scanning broad-

band radiometer that measures �ltered radiances in the shortwave (0.3 and 5 �m), total (0.3
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and 200 �m), and infrared window (8 and 12 �m). One CERES instrument operates in a

cross-track scan mode to optimize spatial sampling for time-space averaging (Young et al.,

1998), and the other in a biaxial scan mode that provides angular 
ux information that has

improved the accuracy of angular models.

This research uses Terra edition 4.1 Single-Scanner Footprint TOA/Surface Fluxes and

Clouds (SSF) 1-degree hourly (SSF1deg-Hour) product from 27 September 2007 to 05 Fe-

bruary 2019. As Loeb et al. (2003) described in detail, the CERES SSF product combines

radiances and 
uxes with cloud and aerosol properties from coinciding high spatial and

spectral resolution of the Moderate Resolution Imaging Spectroradiometer (MODIS) mea-

surements. Aerosol optical properties in CERES SSF1deg-Hour product correspond to the

total AOD at 0.55 �m and to the ratio of Optical Depth of Small Mode vs AOD from

MODIS.

Despite the information provided by CERES on the aerosol properties, its spatial resolution

is insu�cient to characterize aerosols within the Aburr�a Valley. Given this, the MODIS

6.1 Terra / Aqua 3km product is used for the period between January 2009 and August

2019. The MODIS 3 km Aerosol Product provides information on the AOD, aerosol size

distribution, mass concentration, look-up-table-derived re
ected and transmitted 
uxes, and

quality assurance (QA). This research uses the QA-�ltered Scienti�c Data Set (SDS) known

as Optical Depth Land And Ocean; this SDS contains only AOD values for the �ltered,

quantitatively useful retrievals over dark targets (Levy et al., 2013).

2.4. Aerosol Optical Properties in Colombia and the

Aburr�a Valley

Di�erent aerosol types are associated with di�erent sources and emission mechanisms, the-

refore exhibiting signi�cant variations in optical properties (Dubovik et al., 2002). In this
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section, we describe aerosol properties in Colombia and the Aburr�a Valley, including size-

dependent (i.e., the �ne and coarse fractions) aerosol optical properties of the di�erent types

(scattering and absorbing aerosols). Fine Scattering AOD (FSAOD), Coarse Scattering AOD

(CSAOD), Fine Absorbing AOD (FAAOD), and Coarse Absorbing AOD (CAAOD) are ob-

tained using the Spectral De-Convolution Algorithm (SDA) Retrievals - Fine and Coarse

Mode AOD from AERONET. Scattering AOD (SAOD) and absorbing AOD (AAOD) are

estimated using SSA values, following:

SAOD� = (1� SSA�) � AOD� (2-4)

AAOD� = SSA� � AOD� (2-5)

where � correspond to the wavelength. Distinguishing between absorbing and scattering

aerosols is essential to study the radiative e�ects of aerosols, and their potential impacts

within the ABL. Both the backscattering and the absorption reduce the solar radiation

reaching the surface; however, their consequent perturbations in the surface energy change

with the aerosol type. Figure 2-3a-b represents the percentage of the total AOD (440 nm)

that comes from scattering (SAOD) and absorbing (AAOD) aerosols in the Aburr�a Valley.

As is seen, scattering aerosols are the most frequent type, embodying 86 % of the total

AOD; its �ne fraction contains the highest percentage with 71 % of the total. Since the

sunphotometer measures only during clear-sky conditions, we decided to use the BC/PM2.5

ratio as another indicator of the absorbing percentage of the total aerosol. Figure 2-4a shows

the relation between SSA and BC/PM2.5 at the BC station closest to the sunphotometer

(BC1, see Figure 2-1c). There is a negative linear relationship between the variables, with

a correlation coe�cient of -0.61. Figure 2-4b shows the BC/PM2.5 ratio at three di�erent

locations (BC1, BC2, BC3), as seen the absorbing percentage varies between 20.1 % and

28.7 %. Both SSA and BC/PM2.5 analyses indicate that aerosols in the Aburr�a Valley are

mostly scattering aerosols; however, the amount of absorbing aerosols is signi�cant and could

have important radiative e�ects within the ABL.

There are multiple sources of absorbing aerosols in the Valley; the most relevant include: 1)
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Figure 2-3: (a) Percentage of the total AOD that comes from scattering (SAOD, in orange)

and absorbing (AAOD, in green) aerosols in the Aburr�a Valley. (b) Percentage

of the total AOD that comes from �ne scattering (FSAOD), coarse scattering

(CSAOD), �ne absorbing (FAAOD), and coarse absorbing (CAAOD). c) Par-

ticle volume size distribution for di�erent seasons in the Aburr�a Valley.

the carbon content in the fossil fuel, and 2) the contribution of carbonaceous aerosols from

biomass burning transport. According to Shi et al. (2019), the volume fraction of BC declined

with aerosol aging, in biomass burning events. The monthly variations of BC/PM2.5 ratio

indicate that the absorbing percentage decreases with increasing number of �res in Colombia

(see Figures 2-4c). However, this result does not mean that the BC content is lower, it is just

that PM2.5 concentration is so high that this ratio becomes smaller. The diurnal variation of

the of BC/PM2.5 ratio (Figure 2-4d) show that the absorbing percentage increases during

the rush hours. Notwithstanding, di�erences in relative humidity and ambient temperature,
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�re intensity, the degree of aging of the particles, and the moisture content of the fuel (Reid

and Hobbs, 1998; Jacobson, 2001), may be related to di�erences in absorption.

Figure 2-4: Particle volume size distribution for di�erent seasons in the Aburr�a Valley.

A comparison of the particle volume size distribution for di�erent seasons in the Aburr�a

valley is presented in Figure 2-3c. As noted by the mean curve (black line), the �ne particle

mode is higher than the coarse mode. Despite this, it is evident how this proportion is a�ected

mainly by the signi�cant increase in �ne particle mode during MAM. For JJA and SON, the

ratio between �ne and coarse modes is equivalent. Particulate matter from biomass burning

travels long distances (Freitas et al., 2005; Holanda et al., 2020) before arriving into the

Aburr�a Valley, and only the �nest particles remain in the atmosphere during the travel. As

shown in Figure1-2b during February-March-April, the number of �res increases signi�cantly

in Colombia; this can be the reason why MAM has the most considerable number of �ne

particles.

The wavelength dependence of AOD, commonly referred to as the Angstrom exponent (�), is

an aerosol property used as an indicator of particle size. It is inversely related to the average

size of the particles: the smaller the particles, the larger the exponent. Values greater than 2

indicate small particles associated with combustion byproducts, and values less than 1 indi-

cate large particles (Schuster et al., 2006). A classi�cation study over Aburra Valley is done

using Gobbi et al. 2007 methodology. This method uses the Angstr�om exponent curvature

(��/��), computed as the di�erence between � values (��) measured in di�erent wavelength

ranges (�� = �(440; 675) { �(675; 870)). Kaufman (1993) demonstrated that negative values

of the �� indicate the dominance of �ne-mode aerosols, while positive di�erences indicate
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the e�ect of two separate particle modes.

Figure 2-5: Angstr�om exponent di�erence, �� = �(440{675 nm){ �(675{870 nm), as a fun-

ction of �(440{870 nm) and aerosol optical depth (AOD) in color over Medell��n.

The black solid lines are each for a �xed size of the �ne mode Rf and the dashed

lines for a �xed fraction contribution of the �ne mode to the AOD at 440 nm

(�).

Figure 2-5 presents the Angstr�om exponent di�erence as a function of �(440{870 nm) and

aerosol optical depth (AOD). In this scheme the values of the AOD at 440 nm are represented

using a color scale, the solid black lines indicate the �ne-mode e�ective radius (Rf), and

dotted lines indicate the contribution (�) ( %) of the �ne fraction to the total AOD. Data

cluster around negative values of �� and large values of � (2.2 > � > 1) indicate the

dominance of �ne-mode aerosols. As Figure 2-5 shows, while the optical depth increases, Rf

also increases, going from an Rf of 0.05 to 0.15 �m. This signi�cant increase in AOD and Rf

could be linked with the aging process of aerosols, which a�ects the size distribution directly

because of the coagulation and condensation process. However, it could also be related to the

transport of particles from biomass burning in other regions of Colombia. Low AOD values

(< 0.3) have lower Rf values, which evidences �ne particles. Notwithstanding, much of this

data is above (� > 30), which represents an important presence of coarse particles.
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Figure 2-6: Relationship between AOD and PM2.5 in the (a) Aburr�a Valley and (b) Uni-

versidad Nacional. c-f) Aerosol optical depth seasons variation in the Aburr�a

valley for the period between 2009-2019.

The spatial patterns of aerosols in the Aburr�a Valley are analyzed using AOD (550 nm) from

MODIS at 3 km. Figure 2-6a-b shows the comparison of PM2.5 and MODIS AOD over the

valley and at the campus of Universidad Nacional de Colombia. There is a linear relationship

between both variables, with a correlation coe�cient of 0.6 and 0.7, respectively. This result

suggests that MODIS is congruent with ground-based measurements, and then, it is a good

indicator of air quality near the surface. The intra-seasonal variations of AOD in the Aburr�a

valley are shown in Figures 2-6c-f. It is evident the in
uence of urban emissions on aerosols

concentration, since the largest AOD values locate in the center of the valley. This area is
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where the greatest number of industrial activities and vehicle movements occur throughout

the day. Therefore, particle concentration on the lowest part of the valley is higher compared

to its hills.

During MAM in the Aburr�a Valley, the transition season between dry and wet conditions

favours atmospheric stability, inhibiting vertical dispersion of pollutants, and hence aerosol

accumulation increases. Additionally, the transported aerosols from biomass burning inten-

sify the concentration of PM2.5 signi�cantly. The combination of these two mechanisms

explain the annual cycle of aerosols in the valley, and therefore, AOD during this period is

the highest, as expected. As seen from Figure 2-6d, this increase is especially evident at the

central and western parts of the valley, which strengthens the hypothesis that the leading

processes do not only respond to the local but to the regional scale.

Aerosols in Colombia also have a very marked annual cycle. Figure 2-7 presents AOD retrie-

ved from MODIS at di�erent seasons. As in the Aburr�a Valley, AOD during MAM reaches

its maximum (Figure 2-7a-d). High aerosol concentrations near the east of Colombia, Ve-

nezuela, and the Caribean are related to biomass burning for agricultural expansion. The

historical �re frequency is presented in Figure 2-8. The relationship between the number of

�res and AOD in Colombia is evident. These �res are carried out in advance of the rainy

season, which peaks in April. In this way, the low soil moisture favours the propagation of

�res, and prepare the harvest for the rainy season. Aerosols in Colombia correspond mainly

to small particles, as Figure 2-7e-h shows with the Angstr�om exponent. However, during

MAM particles get even smaller throughout the national territory. As mentioned above,

atmospheric particles emitted during biomass burning travel long distances, and only the

smallest ones can remain in the air. That may be the possible reason for the result presented

here. In DJF aerosols are especially �ner in the southern part of the country, during JJA

and SON in the eastern.
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Figure 2-7: a-d) Seasonal variations of aerosol optical depth in Colombia for the period

between 2009-2019. e-h) Seasonal variations of Angstrom exponent in Colombia

for the period between 2009-2019
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Figure 2-8: Historical �re frequency in Colombia.

2.5. Radiative e�ects of aerosols in the Aburr�a Valley

DREA for a given location at latitude (�) and longitude (�) is commonly computed as the

di�erences between radiative 
uxes in the absence and presence of aerosols, as:

DREA(�; �) =
1

Nt

NtX
t=1

[F na
sw (�; �; t)� F clr

sw (�; �; t)] (2-6)

where F clr
sw (�; �; t) corresponds to the SW 
ux in the absence of aerosols for a speci�c time

interval, and F na
sw (�; �; t) is the corresponding SW 
ux in the presence of aerosols. One of

the main problems in solving this equation is �nding a value for F clr
sw (�; �; t), since aero-

sols are always present in the atmosphere, even at low concentrations. For this reason, we

implemented two di�erent methodologies.

The �rst methodology corresponds to a statistical assessment for estimating the di�erence
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in radiation for cases conditioned to high and low PM2.5 levels. Di�erences in radiation

were computed within the diurnal cycle between 6:00 am and noon LT, and without clouds.

Afternoon hours were not considered here because of the high cloud presence at these hours.

To do this, we started �ltering radiation with two di�erent methods to eliminate the annual

cycle: the fast Fourier transform and calculating the seasonal cycle, and removed it (i.e.,

calculated the anomalies). Subsequently, we selected clear-sky days by using cloud height

derived from the ceilometer. We considered a day as cloudy when the number of hours with

clouds presence between 6 am - 12 pm was higher than four. After selecting clear-sky days, we

masked hours with clouds to minimize the error in the calculations. Finally, we de�ned high

PM2.5 concentration using the 50th percentile of the distribution for each hour of the day.

Values under the 50th percentile were considered clean, and values above the 50th percentile

were labeled as polluted.

To assessing statistical signi�cance in di�erence estimations, the nonparametric

Wilcoxon{Mann{Whitney test (Mann and Whitney, 1947; DePuy et al., 2014) is used. This

test evaluates whether any the two samples X1; X2; :::; Xn and Y1; Y2; :::; Ym likely originate

from the same distribution. Unlike parametric tests, the Wilcoxon{Mann{Whitney test does

not assume normality or equal variance, and it uses the ranks of the data instead of their

raw values. The null hypothesis states that the distributions of the populations f [C(t)] and

g[C(t)] are identical. This test is calculated by the following:

Un = nm+
n(n+ 1)

2
�Rn (2-7)

Um = nm+
m(m+ 1)

2
�Rm (2-8)

where n is the sample size of fC(t)jWCg (sample 1), m is the sample size of fC(t)jDCg

(sample 2), and Rn and Rm are the sum of the ranks in samples 1 and 2, respectively. Rn and

Rm are obtained after ranking all the n + m observations in a single sample fC(t)jWCg [

fP (t)jDCg = C(t). The normalized test statistic Z, which is approximately Gaussian for

large samples, is de�ned as

Z =
U �mU

�U
(2-9)
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where mU = nm=2 and �U =
p
nm(n+m+ 1)=12. If jZj is greater than a predetermined

cuto� value, then the null hypothesis can be rejected. We use 95 % signi�cance as a threshold

to reject the null hypothesis.

In the second methodology used, the zero aerosol 
ux was obtained as the radiation from

models in surface and TOA. Radiation data modeled on the surface was obtained from

the results of a theoretical radiation model for clear sky conditions implemented by Guzman

(2018) in her master thesis. This model considers geometric relationships regarding the sun’s

incidence and the modi�cation of that with the topography. Radiation modeled at the TOA

was computed following the simple daily insolation formula:

Qday =
S0

�

�
d

d

�2

[h0sin�sin� + cos�cos�h0] (2-10)

where Qday is the solar 
ux per unit surface area, d is the mean distance for which the 
ux

density S0 (i.e. the solar constant) is measured, d is the actual distance from the sun, �

corresponds to the declination angle, h is the hour angle, and � is the latitude.

Figure 2-9a-b shows the results for the statistical assessment for the cases where the annual

cycle was eliminated using the FFT (a) and computing the anomalies (b). As can be seen,

there are some di�erences between them. Still, their temporal variation and magnitude are

very similar on average. The dotted gray line corresponds to the DREA, and the blue dots

correspond to hours where the di�erences are statistically signi�cant. The gray shadow co-

rresponds to a sensible analysis of the PM2.5 threshold, varying between the 40th and 60th

percentiles. In general, aerosols reduce the net solar radiation on the surface, and the higher

reduction occurs in the early morning at 8:00 am LT.

Figure 2-9c shows the result where the zero aerosol 
ux was taken as the modeled data

by Guzman (2018), again the greatest DREA occur at 8:00 am; however, the magnitude

of the di�erence present here is greater compared to the previous assessment. The main

reason for this is because the statistical assessment underestimates the DREA. After all,
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in the statistical assessment the values taken as zero aerosol 
ux still have some aerosol

concentration. Figure 2-9c shows the result where the zero aerosol 
ux was taken as the

TOA modeled radiation. As can be seen, these reductions are very high, but they are mainly

explained because of the attenuation of light as it travels through the atmospheric column.

The DREA of AERONET is present in Figure 2-9e; as can be seen, we only show information

until 10:00 am LT, this is because we do not have any inversion product of AERONET

between 10:00 am and 2:00 pm. However, as it is shown, the higher reduction is again at

8:00 am. Compared to the two methodologies present before, the reduction computed with

AERONET is higher. However, according to the previous studies as Garc��a et al. (2008), the

AERONET network overestimated the DREA between 9 and 14 W/m2.

In general, the reduction in the surface net solar radiation increases with aerosol concentra-

tion. However, as shown in Figure 2-9a, b, c, and e PM2.5 maximum, and DREA minimum

do not coincide. As expected, the highest reduction happens when the radiation curve meets

with the PM2.5 curve, because at this point, the available radiation is the greatest for the

highest aerosol load. The interdependence of aerosol extinction on the Solar Zenith Angle

(SZA) and the diurnal variation of aerosols amount (PM2.5 concentration) could explain the

diurnal variation of DREA (Nemesure et al., 1995; Boucher et al., 1998; Yu et al., 2002).

Figure 2-9f shows radiation during clear-sky conditions as a function of PM2.5 and SZA.

There is an inverse linear relationship between these variables. Radiation reductions are

evident for SZA lower than 70; for higher angles, the relationship is obscure.
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a) b)

c) d)

e) f)

Figure 2-9: (a-b) Diurnal variations of the DREA (dashed line), Radiation with low aerosols

(blue line), and the 50th percentile of PM2.5 concentrations (purple line), in a)

radiation was �ltered using the FFT and in b) using anomalies. (c-d) Diurnal

variations of the DREA (dashed line) using modeled data in the c) surface as

the zero aerosol 
ux and in the d) TOA. Blue and purple lines are the same as

in (a-b). e) Diurnal variations of the DREA (dashed line) from AERONET.

The direct radiative e�ect from atmospheric aerosols is also investigated using the DREA

values operationally provided in the AERONET webpage (http://aeronet. gsfc.nasa.gov).

AERONET analyzes forcing at the Top Of the Atmosphere (TOA) in addition to the Bottom

Of the Atmosphere (BOA), following:
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a) b)

Figure 2-10: DREA provided by AERONET in the Aburr�a Valley at (a) the BOT (surface),

and (b) the TOP, as a function of aerosol concentration (PM2.5 - AOD).

�FBOAAER = (F #ABOA � F
#C
BOA) (2-11)

�FTOPAER = (F "ATOA � F
"C
TOA) (2-12)

where the arrows indicate the direction of the global 
uxes: # = downward 
ux and " =

upward 
ux. �F represents DREA in their respective location. DREA at (a) the BOT

(surface), and (b) the TOP are displayed as a function of hourly PM2.5 concentration and

AOD in Figure 2-10. The aerosol e�ect at the BOA can be as low as -160 Wm�2 for an

hourly PM2.5 concentration of 120 �gm�3. March 2016 critical air quality episode has been

the only month where these values have been recorded in the Aburr�a Valley. Most of the

time, PM2.5 concentration oscillates around 20 and 30 �gm�3. According to �gure 2-10a,

di�erences associated with these PM2.5 load are around -40 to -50 Wm�2, coinciding with

estimates from the SMP11. Unlike the surface, DREA at the TOP quanti�es the di�erence

in outgoing radiation 
uxes. As shown in the radiative e�ect at the TOA, aerosols cool the

atmospheric column, as mentioned by Garc��a et al. (2012) for urban-industrial aerosols when

the surface albedo is less than 0.3.
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2.6. Radiative e�ects of aerosols in Colombia

In this section, we use an approach proposed by Loeb and Kato (2002) and Loeb and Manalo-

Smith (2005) that merges MODIS and CERES to estimate TOA DREA under clear-sky con-

ditions. One advantage of using CERES to determine the DREA is that the measurements

are acquired over broad spectral intervals in the shortwave (SW) and terrestrial-infrared or

longwave (LW) regions. Nevertheless, a limitation is the coarse spatial resolution of measure-

ments (Loeb and Manalo-Smith, 2005). Today, CERES provides information for both TOA

and surface. However, this study only determined changes in surface radiation.

In order to compute DREA over Colombia, we use equation 2-6. Radiation in the absence

of aerosols F clr
sw (�; �; t) is inferred from the relationship between SW surface radiation and

aerosol optical depth. As described by Loeb and Manalo-Smith (2005), SW radiation is

plotted against aerosol optical depth for each 1 � interval of SZA. As seen in Figure 2-11,

there is a clear linear relationship between these variables. Therefore a regression line is �t

to the data. The intercept of these regressions is extrapolated to zero AOD. It approximates

the mean \no aerosol 
ux" as a function of SZA. According to Loeb and Kato (2002) the

uncertainty in F clr
sw (�; �; t) can be determined to within 1 Wm�2 in any given region. Loeb

and Manalo-Smith (2005) also point out that the principal sources of error are uncertainties

in CERES-derived 
uxes, AOD retrievals, and changes in surface wind speed.

Figure 2-12 shows the DREA for the period between 2007 - 2019 of simultaneous CE-

RES/MODIS observations. Regions of maximum aerosol direct radiative e�ect are evident

over the northeast of Colombia, and Venezuela due to biomass burning. In these areas, DREA

can be lesser than -40 Wm�2. The less pronounced aerosol direct radiative e�ect in Colom-

bia appears along the Andean mountain range, where AOD records are also low. (see Figure

2-12). Both peaks are closely related to biomass burning, the �rst with burning mainly in

eastern Colombia and Venezuela, and the second with burning in the Amazon basin.




