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1 Abstract 
The National Institute of Health estimates that currently 15,681 premature deaths a year in 
Colombia are attributable to air pollution. However, little is known about the contribution of 
various economic sectors to the concentrations of air pollutants at the national and local level. 
In this project, we use a state-of-the-art chemical transport model to formulate a methodology 
to determine the sectoral contributions to the levels of air pollution in the country. The chemical 
transport and meteorological model, WRF-Chem V3.9, was implemented for a 3267 km by 3267 
km domain in northern South America at horizontal resolution of 27 x 27 km, and with 41 vertical 
levels. In addition, two nested domains with a spatial resolution of 9 x 9, and 3 x 3 kilometers 
respectively were configured, with the highest resolution domain centered in the city of Bogotá. 
Anthropogenic emissions were taken from the EDGAR global emissions inventory V.4.3.1 (2010) 
and complemented with the local inventory of the Bogotá District Department of the 
Environment (2012). Emissions were disaggregated into 5 sectors: Agricultural, Electric Power 
Generation, Industrial, Land Transportation, Commercial and Residential and other´s sectors. 
Seven scenarios were built to carry out the sectoral attribution: a base scenario which includes 
total emissions (i.e., including all sectors), and further 6 more scenarios in which emissions from 
a given economic sector were eliminated. This analysis establishes the attribution of each sector 
to the concentration of PM2.5, NOX, SOX, CO, and O3. The results obtained in this study show that 
the land transport sector is responsible for 329 premature deaths from cardiovascular and 
respiratory diseases associated with environmental contamination by PM2.5 and O3 in Colombia 
as of the simulation date, in addition 23% of these deaths occur in Bogotá. The second most 
important sector in health impact related to air quality is the industrial sector with an attribution 
of 193 deaths related to emissions from this sector, 12% of this number of deaths occurs in 
Bogotá. For the agricultural sector, 11% of the number of total premature deaths in Colombia 
attributed by emissions from this sector occur in Bogotá. The results suggest that this type of 
methodology could be important tools for decision-making by regulatory entities for 
environmental policies. 

2 Introduction 
 
The atmosphere is a reactive system where many physical and chemical processes that generate 
and consume chemical species occur simultaneously. The main sources of air pollution are often 
concentrated in urban areas, however, these can also come from activities carried out in rural 
areas such as agricultural and industrial activities (Stocker et al. 2007). Exposure to elevated 
concentrations of fine particulate matter (PM2.5), particulate matter with aerodynamic diameter 
smaller than 10 microns (PM10), sulfur oxides (SOX) and nitrogen oxides (NOX), are associated to 
increases in chronic disease and mortality rates (EPA 2016). Several investigations have 
established a connection between the concentration of air pollutants and harming health effects, 
including particulate matter PM2.5, PM10 (Pope Iii et al. 2002), ozone (Jerrett et al. 2009), carbon 
monoxide (Burnett et al., 1998), nitrogen and sulfur oxides (Saldiva et al. 1994), being all directly 
correlated to the incidence of premature mortality. An estimated 4.2 million deaths were caused 
by air pollution in 2016 worldwide, with 91% of these occurring in low- and middle-income 
countries. Contrastingly, only 5% of premature deaths attributable to air pollution happen in 



high-income countries (World Health Organization, 2018). On the other hand, in Colombia, the 
National Institute of Health and the National Health Observatory estimated that 15,681 deaths 
per year are attributable to air pollution (Instituto Nacional De Salud and Observatorio Nacional 
de Salud 2018). 
 
The increases in population, vehicular traffic, industrial output growth, and the use of energy are 
reflected in the rapid increase in atmospheric emissions, consequently, the health of the citizens 
is impacted by exposure to concentrations of atmospheric pollutants (Rodríguez Villamizar et al. 
2018). However, little is known in Colombia regarding what are the relative contributions of 
different economic sectors to the air pollution problems experienced in different cities. However, 
given that the concentration of chemical species in the atmosphere are determined mainly by 
four atmospheric processes: emissions, chemistry, transport, and deposition. In order to 
estimate the formation and consumption of these species it is necessary to account for these 
processesand the complex interactions between them. Such a description could not be 
completed without an appropriate modeling tool (Jacob 1999). Hence, it is necessary to perform 
atmospheric simulations implementing different scenarios to find and mitigate the health impact 
of these sources. 
 
  
Therefore, a method for assessing the contribution from different economic sectors to air 
pollution exposure and associated negative health outcomes would be an effective tool with the 
potential to promote specific policies that would convey valuable health benefits, pertained to 
reduction on the emissions rate from a specific economic activity, and thus comply with the 
Sustainable Development Goals (Li et al. 2016).  
 
 
Atmospheric models of chemical transport allow the simulation and prediction of atmospheric 
conditions, including meteorological and chemical parameters. Additionally, these models are 
the scientific argument used by regulatory entities that aim to develop mitigation, prevention, or 
resolution strategies for environmental limitations (Seinfeld and Pandis 1998). Among the most 
used Eulerian models in urban and regional air quality applications are the Comprehensive Air 
Quality Model with Extensions (CAMx), Community Multi-Scale Air Quality (CMAQ), and Weather 
Research and Forecasting coupled whit Chemistry (WRFChem) (Servicio de Evaluación Ambiental 
2012). 
 
Meteorology in different cases can have direct impacts on the composition and concentration of 
chemical species in the atmosphere. An example of this is the influence of radiation (Doswell III 
1985). The chemical and meteorological processes in most models are operated independently. 
This separation of meteorology and chemistry generates practical information about each of 
these processes, nonetheless, with the modeling of each phenomenon separately, additional 
information is lost, what generates conflict on the interaction between the two phenomena and 
the effects they have on the concentration of the chemical contaminating species (Grell et al. 
2005). The model used on the development of this research is WRF / Chem. This tool is based on 
a coupled Eulerian model that combines the meteorological component and the chemistry of the 



atmosphere (Jiang et al. 2012). This feature gives prominence to the advantage over other 
models that simulate meteorology and chemical transport separately (Mohan and Bhati 2011). 
The model is made up of differential equations sets that interpret the behavior of processes such 
as turbulence, wind speed, radiation, emission, among others (Jacobson 2005).  
 
The objective of this research is to formulate a methodology to attribute the contribution to the 
concentrations of air pollutants to different economic sectors. This methodology will also enable 
us to quantify the impact of emissions from each economic sector on the Colombian citizen's 
health, also analyze the number of deaths attributable to the simulated concentrations. A 
method proposed by the EPA was used, it contained concentration-response mortality and 
morbidity functions associated with Ozone and PM2.5 (Sacks et al. 2018). This model automates 
the quantification of health impact from the outputs of atmospheric models. With the EPA 
method, it is possible to estimate the excess mortality from improvements on the modeled 
concentrations of the different scenarios, making a variation in the percentage of emissions of 
each proposed scenario (EPA 2016). 
 
In different parts of the world, chemical transport models have been used to implement different 
strategies to estimate attribution to health effects. To attribute health outcomes with an 
atmospheric model, in the United States (Caiazzo et al. 2013), analyzed emissions from six 
sources: power generation, industry, commercial and residential sources, land transport, 
maritime transport and rail. Supported by epidemiological evidence associated with the number 
of deaths with PM2.5 and ozone. Its objective was to find the largest sectoral contribution to PM2.5 
and Ozone concentration. The authors concluded that the source with the greatest influence on 
negative health outcomes was road transport which caused 53,000 PM2.5 related deaths per year 
and 5,000 O3. 
 
The results obtained in this study show that the land transport sector is responsible for 191 
premature deaths from cardiovascular and respiratory diseases associated with environmental 
contamination by PM2.5 and O3 in Colombia as of the simulation date, in addition 15% of these 
deaths occur in Bogota. The second most important sector in the impact on health related to air 
quality is the industrial sector with an allocation of 154 deaths related to emissions from this 
sector, 9% of this number of deaths occurring in Bogota. For the industrial sector, 60% of the 
total number of premature deaths in Colombia attributed by emissions from this sector occur in 
Bogota. The results suggest that this type of methodology could be an important tool for 
decision-making by regulatory entities for environmental policies. 
 
In a study by (Fann et al. 2012) the public health burden of modeled 2005 ozone concentrations 
and PM2.5 in the United States was quantified, by evaluating the spatial and age distribution of 
mortality, and morbidity related to air pollution. They estimated that 130,000 deaths are related 
to PM2.5 and 4,700 deaths with ozone as a result of poor levels of air quality in 2005 in the United 
States. Among populations aged 65 to 99 years, it was estimated that 1.1 million years of life 
were lost due to PM2.5 exposure and approximately 36 years of life due to ozone. For their 
research, the CMAQ atmospheric model and BENMAP were used, along with demographic data.  
 



The WRF-Chem atmospheric model has been implemented in Delhi, where ozone concentrations 
were modeled. A detailed assessment of the ability of two chemical mechanisms to depict 
chemical transformations in the atmosphere. The analyzed mechanisms were: the Carbon Bond 
Mechanism, CBMZ (Zaveri and Peters 1999), and the Regional Atmospheric Chemical Acid 
Deposition Model, RADM2 (W. R. Stockwell et al. 1990). It was found that simulated ozone 
concentrations are better predicted with the CBMZ mechanism and are very sensitive to rate 
constants. Ozone concentrations are analyzed based on precursors such as nitrogen oxides NOx 
and carbon monoxide, as well as temperature. The researchers observed a poor model for low 
ozone levels and finally concluded that WRF-Chem can be effectively applied to understand 
trends in ozone, the chemistry of the troposphere (Gupta and Mohan 2015). 
 
In Latin America, specifically in Mexico, (Tie et al. 2007) analyzed several factors such as the 
magnitude and time of simulated daytime cycles of ozone, carbon monoxide, and nitrogen 
oxides. The result of the research indicated that the diurnal ozone cycle is mainly attributable to 
photochemistry, while the variations in the concentrations of carbon monoxide and nitrogen 
oxides are mainly due to emissions and the height of the blend layer. 
 
Likewise, in Brazil (Vara-Vela et al. 2016), the chemical speciation mechanisms RADM2 and MADE 
SORGAM were implemented, in order to research the secondary formation of PM2.5 associated 
with vehicular emissions in Sao Pablo, Brazil. Their results demonstrated that the primary gas 
emissions are responsible for the formation of around 20 to 30% of the total mass of PM2.5. 
 
In a study performed in Bogota, the performance of WRF-Chem for estimating PM10 
concentrations was evaluated, and idt was found that the model has an acceptable level to 
simulate meteorological variables and PM10 concentrations over Bogota. This study works as a 
reference to have an overview of the WRF-Chem simulations in modeling air quality for PM10 in 
Bogota (Kumar, Rodrigo, Belalcázar, & Rojas, 2016). 
 
Thus far, no research has been carried out in Colombia with the implementation of coupled 
transport models to quantify the contribution of emissions from various economic sectors to the 
concentration of air pollutants in the city of Bogota, nor to estimate the health impacts 
attributable to each sector. Implementing a model on a regional scale that allows modeling of 
atmospheric transport and the evolution of the concentrations of each species over time is 
necessary to achieve this task. This implementation will then enable establishing the spatial and 
temporal distribution of the concentration of different chemical species, attributable to a specific 
source or a set of sources belonging to an economic sector. After estimating the impact of a 
sector on the spatial distribution of air pollutants, epidemiological information can be used to 
find the change in the incidence of the number of premature deaths from acute diseases 
generated by changes in atmospheric concentrations. 

3 Objectives 
 



3.1 General objectives 

Develop and test a methodology to estimate, through regional chemical transport modeling, the 
attribution of excess mortality to atmospheric emissions from economic sectors in Colombia and 
Bogotá. 

3.2 Specific objectives: 

 
• Establish and implement a suitable configuration to apply the WRF-Chem model with the 

optimal set of parameters, such as the height of the mixed layer, land use. 
• Define the influence of emissions from each economic sector on the concentrations of 

atmospheric pollutants. 
• Implement public health to associate the change in concentrations of model pollutants 

with the change in the number of deaths. 
 
 
 

4 Data and methodology 
 
The health impacts of emissions from different sectors can be evaluated from an inventory of 
emissions with spatial, temporal, and chemically resolution for Colombia and Bogota for the year 
2018. With models coupled with meteorology and chemistry, emissions can be related to 
concentrations of pollutants. A base simulation is performed, which includes all the emission 
sources and thus evaluate the model's predictability in terms of meteorological fields, and 
concentrations in particles and gases. For the development of sectoral emission scenarios, each of 
the sectors mentioned above is eliminated from the total emissions inventory. The difference given 
in the concentrations of particles and gases between the simulations of the baseline scenario and 
the sectoral scenario is attributed to the contribution of that specific sector. 
The concentration-response functions (CRF) are used to attribute the exposure of the population 
to concentrations of atmospheric pollutants calculated from the model estimating the impacts of 
premature mortality in each sector. The calculated mortalities can be interpreted as potentially 
avoidable deaths in 2018 with the total elimination of combustion emissions from each sector. 
  



 

4.1 Emissions  

 
4.1.1 Biogenic Emissions 

 
The biogenic emissions used in WRF-Chem are calculated with The Model of Emissions of Gases 
and Aerosols from Nature (MEGAN), which quantifies the net emission of isoprene from the 
terrestrial biosphere to the atmosphere. Factors that control isoprene emissions include 
biological, physical, and chemical conduction variables. MEGAN driving variables are calculated 
from satellite and ground models and observations. The model includes Isoprene, 
Monoterpenes, Oxygenated compounds, Sesquiterpenes, and Nitrogen oxide species with 
emissions rates varying according to meteorological parameters. 
 

4.1.2 Anthropogenic emissions 
 
The Emissions Database for Global Atmospheric Research version 4.3.1 (EDGAR V4.3.1) 
anthropogenic emissions inventory was used for the three simulated domains. EDGAR V4.3.1 is 
disaggregated into 17 economic sectors, 13 sectors were used to carry out the simulations for 
this investigation, the rest of the sectors were not taken into account since their source did not 
apply to the simulated region (e.g. aviation supersonic). Furthermore, the emissions inventory 
has a horizontal resolution of 11 km and is chemically disaggregated for PM10, PM2.5, BC, OC, 
VOC’s, CO, SO2, NOX and NH3 (Crippa et al. 2018).  
 
In Colombia, starting in 2000, some major cities have local emission inventories, such as: Bogotá, 
Medellín, Cali, Cartagena, Sogamoso and Barranquilla. The inventory for the city of Bogotá 
developed in 2012 by (SDA), this is disaggregated for sources from Resuspended Material (RPM), 
Service Stations, Industrial, commercial, and mobile sources. This inventory has a special 
resolution of 1km (Ministerio de Ambiente y Desarrollo Sostenible 2017). 
 
Emission scenarios are developed for six categories each for an economic sector: (a) electric 
power generation (POW), (b) Industry (IND), (c) agriculture (AGR), (d) Road transport (TRO), (e) 
Commercial and Residential Sector (RCO) emissions are removed from each scenario, removing 
sources associated with the specific sector from the baseline dataset, To see what each category 
includes, see FC. 
 

4.2 Base-case simulation 

4.2.1 Domains 1 y 2  
For the three domains, we use emissions from the EDGAR V.4.3.1 global atmospheric emissions 
inventory. The simulation period runs from September 2 to 17, 2018, this month it has low 



concentrations of atmospheric pollutants, because there is no great contribution of biomass 
burning. Emissions were generated temporarily for business days and non-business days. To 
allow the model to stabilize, a spin-up time of 17 hours was applied. No spin-up time was 
necessary for the following simulation blocks, because we generated the initialization of the 
three domains with the last simulation. 
The EDGAR V4.3.1 inventory compiled global emissions data by economic sectors with annual 
inventories of methane (CH4), oxygen monoxide (CO), sulfur dioxide (SO2), nitrogen oxides (NOX), 
NH3 ammonia, particulate matter smaller than 10 microns (PM10), particulate matter smaller than 
2.5 microns (PM2.5), black carbon (BC), and organic carbon (OC). These emissions are for theyear 
2010. PM10 and PM2.5 emissions include all particles of the corresponding size, errespective of the 
composition. BC corresponds to the elemental carbon fraction of PM2.5, and OC includes all 
organic carbonaceous fraction of PM2.5. Table 5 presents the classification of economic sectors 
proposed by The Intergovernmental Panel on Climate Change (IPCC) and on which the EDGAR 
team relies on to calculate emissions (Seifert, Köhler, and Beheng 2012). 
 

4.2.1.1 Regional Emissions of Colombia 
 
The main source of total annual emissions for most air pollutants for national total baseline 
emissions, is the Commercial and Residential sector, including SO2 (16%), CO (18%), NOX (4%), 
PM10 (32%), PM2.5 (28%), OC (39.2%), BC (24%) and NH3 (3%), however, the transport sector is an 
important source for pollutants such as CO (48%) and NOX (41%), the agricultural sector is also 
the main source of the NH3 pollutant (93%). The industrial sector plays an important role in 
contributing to SO2 emissions (28%) and PM10 (26%)(Fig.1). 
 
At the national level, emissions from the agricultural, transport, and commercial and residential 
sectors represent a significant percentage. Colombia has an area of 114 million ha, 19.3% of this 
area has a vocation of land use for agricultural activities, however, 5.3 million ha is in use for this 
economic activity. For the residential sector, 0.3% of the national territory corresponds to urban 
areas. As for road infrastructure, Colombia has 9 km of roads for every km2 of surface area. With 
this we can analyze the emission area that these sectors have in Colombia and how the 
agricultural sector is the sector that has the greatest coverage in the area (See Annex A). 
 



 
Fig.  1. Contribution of five sectors (industry, power, transportation, residential\commercial and agriculture) to national total 
emissions for different species to BASE simulation. 

For national total baseline emissions, the main source of total annual emissions for most air 
pollutants is the Commercial and Residential sector, including SO2 (16%), CO (18%), NOX (4%), 
PM10 (32%), PM2.5 (28%), OC (39.2%), BC (24%) and NH3 (3%), however, the transport sector is 
an important source for pollutants such as CO (48%) and NOX (41%), the agricultural sector is 
also the main source of the NH3 pollutant (93%). The industrial sector plays an important role in 
contributing to SO2 emissions (28%) and PM10 (26%). 
 

4.2.2 Domain 3  
 
The baseline emissions in Bogota are derived from the combination of the global EDGAR V4.3.1 
inventory and the local emissions inventory for Bogota issued by SDA (Secretaría de Ambiente 
2009).Those sectors common to both of the inventories (industrial, commercial, and mobile 
sources) were merged together for Bogotá city limits. NH3 emissions are only present in the 
EDGAR V4.3.1 inventory and are dominated by the Agriculture sector. These inventories contain 
information corresponding to years outside of the study periods. To extrapolate data to the year 
2018, an increase factor was applied to each different scenario. For industrial sources, a growth 
factor of 1.16 was applied for the period 2012 to 2018 (Banco de la República 2018). For mobile 
sources, an increase factor of 1.4 was applied, obtained from SDA (Secretaría Distrital De 
Movilidad de Bogotá 2018), according to the increment in the vehicle fleet in Bogota. From 
previous simulations it was established that when 100% of the emissions are used in the local 
inventory, a substantial overestimation of the concentration of particles and gases would be 
produced, except for SO2 (See annex B). 
 



The aerosol particle overestimation is due to the excessive RPM emissions in the local emission 
inventory (68571 ton/yr), which account for 96% of total PM emissions. To improve the model 
performance, RPM emissions was reduced to 32%, equivalent to 21394 ton/yr. A ratio of fine to 
coarse RPM emissions of 0.15 was applied according to Pace, (2005). On the other way, the gas 
phase concentration overestimation is due to the excessive amount emitted from mobile 
sources, we applied a reduction factor of 0.2 to the gases from this source, except SO2 emission. 
 
Recent studies highlight the importance of using local information when generating national 
emission inventories, especially for modeling air quality, and thus more adequately complement 
the development of effective mitigation measures (Huneeus et al. 2020). Figures 2 and 3 show 
the important difference in the distribution of concentrations. The local inventory see fig. 3, 
Provide us with more detailed distribution. The total CO emissions for the global inventory is 
1331.6 Ton/year and for the local inventory 59.9 Ton/year.  
 
 

 
Fig.  2.  Distribution of CO emissions (mg/day) from the 
Retail and Residential sector for Bogotá from The Global 
EDGAR V4.3.1 Inventory. 

 
Fig.  3. Distribution of CO emissions (mg/day) from the 
Retail and Residential sector for Bogotá from The Local 
Inventory. 

 



 
4.2.2.1 Local Emissions 

 
An inventory of local emissions developed by SDA (Secretaría Distrital de Ambiente 2019) was 
used for the simulation of the domain with the highest spatial resolution (D03). The local 
inventory is developed only for the city of Bogota with a spatial resolution of 1 km. It is 
disaggregated into residential sources, mobile sources, industrial sources, service sources, 
suspended particle sources (RPM) of paved roads, unpaved roads, quarries, and buildings. In 
addition, chemically in PM10, PM2.5, VOC’s, CO, SO2, and NOX. 

 
Fig.  4. Contribution of five sectors (industry, power, transportation, residential\commercial and agriculture) to Bogotá total 
emissions to BASE simulation. 

The sector that contributes the most to total emissions in Bogotá is the transport sector with SO2 
(61%), CO (92%), NOX (87%), PM10 (8%), PM2.5 (29%), OC (82%), BC (79%) and NH3(3%), also the 
resuspended material is the main source for PM10 (88%) and PM2.5 (57%), The industry has a great 
contribution to SO2 (21 %) and NH3 (39%). Agriculture contributes to NH3 (30%) (Fig. 4). 
 

4.2.2.1.1 Bogota Air quality Monitoring Network 
 
Bogota operates an air quality monitoring network managed by the SDA (Secretaría Distrital de 
Ambiental 2020). We use the data from the monitoring network to compare the observed and 
the modeled data, in order to assess the model's performance. The network has 13 monitoring 



stations, however, only ten are considered in this study (Fig. 5) since the other three stations do 
not have all the required pollutant data available. 

 
Fig.  5. Population density (Population per hectares) and monitoring sites in study area. 

 

4.3 Air quality modeling 

WRF-Chem is The Weather Research and Forecasting (WRF) model coupled with Chemistry. The 
model considers physical and chemical processes, such as transport, deposition, emission, 
chemical transformation, interactions of aerosols, photolysis, and radiation (NOAA 2017). The 
WRF-Chem model can be used to simulate and forecast regional and local climate, as well as 
coupled chemical transport of atmospheric components, simulation of ozone, particles, UV 
radiation (Grell et al. 2005). In this study, the WRF-Chem version 3.9.1. was used. 
 
A dynamic downscaling of input meteorological fields was achieved by configuring the model to 
run nested one-way simulations using three domains of increasing spatial resolution (Fig. 6). The 
USGS and MODIS databases were used for the configuration of the land use, these were 
evaluated and tested in the configuration of the model (Pérez Peña 2018). Topographic fields 
from Advance Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital 
Elevation Map data from NASA, has been also implemented as it has been shown to be more 
precise than the available global default database in WRF for Bogotá (Nedbor-Gross et al. 2017). 
 
The concentrations of chemical species and meteorological fields are transferred from the parent 
(D01) to the two internal domains (D02 and D03). The horizontal resolution for D01 is 27 km (121 



rows by 121 columns); for D02 it is 9 km (127 rows by 127 columns), and for D03 it is 3 km (121 
rows by 121 columns); and 41 sigma pressure vertical layers of for all the domains. The simulation 
period is from September 2nd to 17th. This period was chosen because it is a period of low 
biomass burning emissions and stable meteorological conditions. 
 

 
Fig.  6. Domains simulation in WRF-Che 

The Final Analysis NCEP (FNL) data was used for the initialization and boundary condition 
information of the meteorological fields. FNL is available in 1 x 1 resolution, every six hours. It 
includes variables such as air temperature, humidity, soil temperature, precipitable water, 
among others (UCAR 2016). The remarks are compiled by SDA , with the Bogota air quality 
monitoring network. 
 
Gas-phase chemistry in our simulation setup uses the lumped structure mechanism RACM. The 
mechanism that was implemented considers 73 species and 237 reactions. This tropospheric gas-
phase chemistry mechanism includes more biogenic VOCs that its predecessor RADM2, has been 
widely used in regional AQM simulations (William R. Stockwell et al. 1997). Aerosol microphysics, 
were described with the Modal Aerosol Dynamics Model for Europe (MADE). MADE describes 
the aerosol particle size distribution with 3 lognormal aerosol modes (Aitken, accumulation, and 
coarse), and sources for aerosol particles are modeled through nucleation and emission 
(Ackermann et al., 1998). Secondary Organic Aerosols (SOA) are described with the Volatility 
Basis Set (VBS), which treats the gas-particle system by dividing the range of volatilities into a 
number of bins. At each bin the pseudo ideal partitioning theory is used to partition between 
gas-phase and particle-phase (Ahmadov et al. 2012). 



4.4 Health Impacts  

A linear log model will be used to estimate public health impacts attributable to air pollution. The 
form of the model depends on the calculation of the Concentration-Response function, the most 
commonly used is the log-linear form. Concentration-Response curves measure the relationship 
between exposure to contamination and the health effects of this exposure (Voorhees et al. 
2014). Log-linear concentration-response model have been widely implemented in places such 
as the United States (Fann et al. 2012) and in China (Chen et al. 2017). The log-linear association 
defines the cases attributable to the change in the number of deaths (or any other health 
outcome) related to the change in incidence  (∆1) as indicated by Equation 1 below (EPA 2015): 

 
Equation 1. Log-Linear Model to find incidence rate 

∆1	 = 1! 31 −
1

5"∗∆%
6 ∗ (89 

Where, ∆y (number of cases) are the attributable cases to the sectoral  increase ∆; in 
concentrations; 1!	 is the basal incidence rate of the health effect (number of cases per capita); 

(89 is the population affected by the change in air quality; ∆;	 <
'(
)! ; 	99>?  is the change in the 

concentration of the pollutant in the atmosphere; finally 
!	(@ABCDE8FBG	EFCA5BH5	95A	IFED	C8FC5FDABDE8F) is the coefficient extracted from an 
epidemiological study and that corresponds to the slope of the Concentration-Response curve. 
The coefficient ! can be calculated from Relative Risk (RR) assessments: 
 

! =
ln	(LL)
∆;

 

 
To establish the relationship between a change in the concentration of a pollutant and the 
response to said change in a specific population, Concentration-Response (FCR) functions are 
used those associate concentrations in the short-term with premature deaths from acute 
respiratory and cardiovascular diseases These functions are derived from epidemiological studies 
, based on establishing the RR associated with the change in the concentration of some pollutant, 
see Table 1. The form of the function that establishes the number of premature deaths depends 
on the form of the function in which the RR is found, the most used form is the Log-linear 
function, in which the natural logarithm of the health response is a linear function of the pollutant 
concentration (Ortiz-Duran 2013).  
  



 
 
Table 1. Epidemiological studies selected to calculate ! coefficients to estimate the association for every increase 10 "#	%!"  of 
concentration &'#.% and (" of short-term  exposure to premature mortality 

Healths 
endpoint M Study areas Pollutant Reference 

Cardiovascular 0.000678 652 cities 
worldwide 

PM2.5 (Liu et al. 2019) 

 0.000866 95 cities in the US O3 (Bell, Dominici, 
and Samet 

2005) 
Respiratory 0.000737 652 cities 

worldwide 
PM2.5 (Liu et al. 2019) 

 0.000469 95 cities in the US 

 

O3 (Bell, Dominici, 
and Samet 

2005) 

Pneumonia 0.000042 Madrid PM2.5 (Maté et al. 
2010) 

 0.000156 Madrid O3 (Maté et al. 
2010)) 

COPD 0.000015  PM2.5 (Xu et al. 2020) 
 
 
Relative Risk is generally used as a measure of the change in risk of an adverse health effect 
associated with increased levels of air pollution based on data from epidemiological studies. 
Specifically, to solve the number of premature deaths, the relative risk is the ratio of the risk of 
illness with a higher level of contamination, by the risk of disease with a lower level of 
contamination, where the risk is the probability that a person will sick. However, the 
investigations of epidemiological studies do not always present the response concentration 
function, but report the change in the population's health response associated with a change in 
the concentration of contaminating species, the measure related to this change is the RR (EPA 
2015). 
 

4.4.1 Data for calculating health Impacts 
 

4.4.1.1 Population 
 
Population distribution available for the political-administrative division by municipality from the 
most recent census in Colombia (DANE 2020) is mapped to the D01 mesh at a resolution of 27 x 
27 km, and for D02 with a resolution of 9 x 9 km. 
 



For domain 3, the health impact assessment for the city of Bogotá was carried out. In domain 3, 
a data redistribution was carried out for the city of Bogotá. Bogotá for the political division by 
municipalities. However, the urban area of Bogotá is different from this division. 
 

4.4.1.2 Disease fatalities  
The Integrated Social Protection Information System (SISPRO) is a tool of the Ministry of Health 
in Colombia, which allows to consolidate necessary and pertinent information on important public 
health issues for the preparation of research, policies, regulatory monitoring and management. 
services at the essential levels and processes of the health sector; for example: supply, demand and 
use of services. This tool focuses on a warehouse of data available to citizens. In order to access 
this tool, a training must be carried out, which consists of five sessions scheduled over three 
months. Once these trainings are carried out, a username and password are released to be able to 
enter the database (Ministerio de Salud y Protección Solución 2018). 
Data on the number of cases by municipalities related to air pollution were downloaded into the 
database. Causes of death were coded according to the International Classification of Diseases, 
Revision 10 (ICD 10). The ICD-10 is an international disease classification system (World Health 
Organization 1992). For this work we used deaths from cardiovascular diseases (I00-I99), 
respiratory diseases (J00-J98), pneumonia (J12-J18), lung disease Chronic Obstructive (COPD) 
(J41-J44). 
 

5 Results 

5.1 Model evaluation 

The	base	case	scenario	for	the	month	of	September	2018	was	thoroughly	evaluated	against	
observations	 from	 the	 AQMN	 of	 Bogotá	 (Table	 2).	 Modeled	 wind	 speed	 was	 in	 good	
agreement	for	all	AQMN	stations	with	the	root	mean	square	error	(RMSE)	less	than	2.27m/s,	
showing	good	performance	of	the	modeled	vs	observed	data,	with	positive	MB	values	in	8	of	
the	10	points,	showing	overestimation.	Regarding	the	wind	direction,	 the	best	results	are	
presented	in	points	1,	2,	6	and	8	according	to	the	mean	Gross	error	(MGE)	and	mean	bias	
(MB),	as	noted	by	other	authors,	wind	direction	is	not	well	captured	by	the	model	(Kumar	et	
al.	2016;	Nedbor-Gross	et	al.	2017).	In	figure	7	the	wind	rose	for	the	8	point	is	presented	as	
an	example,	the	other	points	are	in	Annex	F,	a	similar	predominance	in	the	wind	direction	is	
observed,	 and	 an	 overestimation	 of	 the	 modeling	 wind	 speed.	 Finally,	 only	 8	 points	
temperature	 data	 are	 presented,	 with	 overestimations	 in	 points	 4,	 6	 and	 10	 and	
underestimate	1,	2,	7	and	8	according	to	MB.	In	addition	to	the	wind	direction	parameter,	it	
is	 possible	 to	 affirm	 that	 the	modeling	 system	 accurately	 represents	 the	meteorological	
phenomena	observed	in	Bogotá.	
	



	

Table 2. Summary	of	evaluation	metrics	and	benchmarks	values	for	meteorological	variables	established	in	annex	I,	in	green	
highlight	represents	the	values	that	meets	either	goal	or	criteria	standards.	The	results	were	calculated	with	the	hourly	data.	
Note	the	column	AQMN	is	disaggregated	by	numbers,	being	the	same	points	in	figure	4.	NA	represents	missing	values 

AQMN	 WS	 WD	 T	
RMSE	 MB	 d	 MGE	 MB	 MGE	 MB	 d	

1	 2.00	 1.61	 0.50	 97.46	 -7.31	 1.55	 -0.70	 0.89	
2	 1.83	 1.18	 0.59	 107.93	 -9.71	 1.41	 -0.34	 0.91	
3	 1.49	 0.20	 0.59	 93.14	 37.12	 NA	 NA	 NA	
4	 1.29	 0.61	 0.61	 105.41	 63.89	 1.13	 0.31	 0.91	
5	 1.38	 0.82	 0.60	 105.46	 49.16	 1.52	 0.00	 0.88	
6	 1.53	 -0.26	 0.73	 69.27	 5.47	 1.17	 0.41	 0.89	
7	 1.27	 -0.03	 0.78	 86.64	 20.77	 1.79	 -1.42	 0.85	
8	 2.05	 1.16	 0.61	 53.81	 17.98	 1.65	 -1.38	 0.86	
9	 2.27	 1.80	 0.38	 55.27	 -17.54	 NA	 NA	 NA	
10	 1.75	 0.70	 0.53	 104.02	 80.14	 1.13	 0.50	 0.91	

	

 
Fig.  7. Wind roses AQMN point 8, obs=observed, mod= modeled.	

Table	3	shows	the	mean	of	the	observations	with	the	modeling	and	the	different	statistical	
metrics	established	in	annex	D.	The	results	were	calculated	with	the	hourly	data.		From	the	
point	of	view	of	the	means,	the	variables	of	O3,	CO,	SO2	and	WS	show	increases	or	decreases	
of	more	than	20%	with	respect	to	the	means	observed,	in	the	case	of	O3,	it	is	because	ozone	
is	almost	completely	consumed	overnight	(See	annex	E:Figure	35	–f)	but	if	we	calculate	the	
maximum	average	concentration	of	ozone	in	8	hours	we	obtain	results	of	21.6	ppb	and	18.61	
ppb	observed	and	modeled	respectively,	being	less	than	20%	with	respect	to	the	observed,	
while	CO	and	SO2	may	be	due	to	the	amount	emitted.	With	respect	to	correlation	coefficient	
for	the	variables	PM10,	PM2.5,	CO,	NOX	and	SO2	are	low	(less	than	0.4),	this	occurs	due	to	the	
collapse	of	the	Planet	Boundary	Layer	(PBL),	in	which,	in	the	early	hours	of	the	morning	the	
highest	concentrations	occur,	owing	to	the	low	height	of	PBL,	while	in	daylight	hours,	the	
concentrations	decrease	as	a	result	of	 the	expansion	of	PBL	(See	annex	E),	different	 from	
what	happened	with	the	observations,	where	the	lowest	concentrations	occur	in	the	early	
morning	hours,	and	the	highest	concentrations	occur	during	the	day.	



However,	when	the	Correlation	coefficient	is	calculated	with	the	daily-means	for	PM10,	PM2.5,	
CO,	 NOX	 and	 SO2,	 values	 of	 0.74,	 0.77,	 0.51,	 0.52	 and	 0.12	 respectively	 are	 obtained,	
considerably	 improving	with	 the	exception	of	SO2,	 therefore,	 the	model	presents	a	better	
performance	for	the	mentioned	variables	with	daily-means	than	hourly	values.		For	the	O3,	
Temperature	and	WS	variables	have	higher	correlation	coefficients.	This	 is	 likely	because	
these	variables	are	not	strongly	influenced	by	PBL	and	are	driven	mostly	by	solar	radiation.	
This	results	in	a	good	modeled	representation	of	their	diurnal	patterns.	Finally,	at	least	one	
of	 the	 established	 metrics	 in	 annex	 D	 is	 in	 the	 optimal	 range,	 with	 the	 best	 results	 for	
Temperature,	WS,	PM2.5	and	PM10.	
 

Table 3. Summary of evaluation metrics and benchmarks values for September simulation. Green highlight represents the values 
that meets either goal or criteria standards established in annex I. 

Variable	
Unit
s		

Mean_Ob
s	

Mean_Mo
d	 NMB	 NME	 r	

RMS
E	 MB	 MGE	 d	

PM10	
"#
/%*	 38.94	 39.24	 0.76	 59.6

3	
0.1
3	

28.8
0	 0.30	 23.22	 0.44	

PM2.5	
"#
/%*	 16.83	 15.71	 -6.68	

57.8
1	

0.2
9	

12.4
1	

-
1.12	 9.73	 0.56	

O3	 ppb	
13.52	 8.80	

-
34.96	

69.0
4	

0.5
7	

11.5
8	

-
4.73	 9.34	 0.67	

CO	 ppm	
0.87	 0.50	

-
42.72	

65.0
1	

0.1
7	 0.64	

-
0.37	 0.56	 0.45	

NOx	 ppb	
43.17	 50.35	 16.63	

72.8
9	

0.3
8	

43.2
7	 7.18	 31.46	 0.53	

SO2	 ppb	
2.30	 2.92	 26.69	

80.8
7	

0.1
8	 2.61	 0.61	 1.86	 0.34	

WS	 m/s	
1.75	 2.41	 37.76	

51.1
4	

0.6
1	 1.14	 0.66	 0.90	 0.70	

Temperature	 °C	
14.52	 14.28	 -1.65	 7.33	

0.8
7	 1.47	

-
0.24	 1.06	 0.93	

 

5.2 Air Quality Model  

5.3 PM2.5 Impacts 

The average daily PM2.5 at ground level attributable to the emissions of the different sectors 
defined in this investigation for the domains and the modeling period is shown in fig 8. The 
general distribution of variations in particulate matter highlights the grouping of anthropogenic 
activities in the main cities of the country. In the remote and scarcely populated south and 
eastern plains of Colombia concentrations of PM2.5 are very low. Table 3 shows the daily mean 
PM2.5 (along with particulate matter components) and ozone attributable to each sector. Road 
transport is responsible for an average concentration of 2.85 PM2.5	("#	%+*) in Colombia, which 
represents the largest contributing factor related to PM.  The contribution to variations in black 



carbon (BC) is 0.08 ("#	%+*). This component represents 2.28 % of the PM2.5. The change in the 
concentration of black carbon attributable to road vehicles in Colombia is shown in Annex G. BC 
concentrations reach their highest point in cities where traffic is highest, this pollutant is a 
combustion tracer. 
  Regional Impacts  
 
Daily mean PM2.5 at ground level attributable to Colombian emissions from the different sectors 
considered in this study is shown in Figure.8. The distribution of concentrations of particulate 
matter highlights the grouping of anthropogenic activities along the coasts and the mountain 
ranges that pass through the center of the country. The daily population-weighted mean PM2.5 
by the in Colombia for the base case scenario is 7.64 ("#	%+*), the average of this pollutant but 
weighted in the population of the domain is 8.95 ("#	%+*). We use the distribution of the total 
provincial population in 2010 (Fig. 8), we assume that the same distribution is presented for the 
year 2018, The data files were download from the Gridded Population of the World (GPW) v4, 
NASA database as global rasters at a resolution of 30 arcseconds (~ 1 km at the equator), it is in 
the geographic coordinate system (latitude / longitude) in WGS84 (SEDAC and Columbia 
University 2018). 
 

 

Fig.  8. Population distribution for simulation domain 1. 

 
The daily average of the concentrations of particulate matter, has an allocation of 1.63 ("#	%+*), 
of sulfates, representing 21% of PM2.5. Sulfates are aerosols resulting from the chemical 
transformation of SO2, derived from the extraction and burning of fossil fuels. The distribution of 
PM2.5 emissions in the base domain can be seen in Figure 9. 
 



 
The Table 4 shows the mean daily concentrations of PM2.5 weighted by population, together with 
the species that make up PM2.5 and the ozone attributable to the different sectors. Road 
transport is responsible for a weighted concentration of PM2.5 per population of 2.85 ("#	%+*), 
in Colombia, representing the largest impact of the contribution related to particulate matter. 
They are also the largest contribution to population-weighted black carbon concentrations (0.08 
"g/m3). The concentration of black carbon is attributable to vehicles. Shown in Annex D. BC 
concentrations peak in cities where traffic is highest, compared to total PM2.5 concentrations (Fig. 
10) that are distributed throughout the territory, this is due to the inclusion of particles high 
schools. Black carbon from transport emissions has a relatively high adverse health impact 
compared to other PM species. 
 
Table 4. Population weighted emissions of PM2.5 and ozone attributable to combustion emissions from the economic sectors 
evaluated for Colombia 

Sector 
PM2.5  ("#	%+*) Ozono 

(99>) Sulf Nit Amm BC OC uns Total 
IND 0.69 0.22 0.27 0.07 0.006 1.03 2.28 2.09 
POW 0.44 -0.06 0.09 -0.01 -0.001 0.21 0.68 -0.14 
TRO 0.16 0.63 0.22 0.08 0.004 1.76 2.85 8.50 
RCO 0.02 -0.06 -0.01 -0.01 0.001 0.12 0.07 -0.57 
AGR -0.01 0.89 0.60 0.00 0.008 0.63 2.12 -0.19 
OTHER 0.26 -0.08 0.04 -0.01 -0.001 0.37 0.57 0.31 
Total 0.88 1.32 0.94 0.05 0.011 3.09 6.30 7.91 

 
Fig.  9. PM2.5 emissions (Tg/day) From the Base simulation 
based on the global emission inventory EDGAR V3.4.1 

 

 
Fig.  10. Average daily concentration of PM2.5 at ground level 
(mg m -3) from sources in domain 1 attributable to BASE 
simulation. 



 
Sulfates represent a large amount of PM2.5 in all sectors. Sulfates are an aerosol product of the 
chemical transformation of SO2 in the atmosphere. SO2 is a pollutant emitted by the extraction 
of fossil fuels and its extraction in combustion processes. Nitrate and ammonium aerosols have 
a great influence on the composition of the affected material in the agricultural sector. Biogenic 
emissions are a significant source of ammonium and nitrate for the atmosphere. The industrial 
sector has strong contributions in the main cities. In addition, for the industrial sector a fraction 
of 0.3 of the sulfates with respect to PM2.5, demonstrates the importance of the components of 
the fuels used in the industry, with this we can see that there is a high content of sulfur in the 
fuels. Other sectors have a contribution on the coasts, this is because a large percentage of other 
sectors has it in the navigation sector, in the navigation sector there is a high contribution of 
sulfates to PM2.5. Regarding the energy generation sector, we can observe two specific sources 
in the center of the country. 

 

The Table 5 presents the total and population weighted average distributed throughout domain 
1. We can compare the exposure concentrations of domain 1 with the exposure concentrations 
of Colombia (Table 4) attributed by each sector (Fig. 11). Concentration averages are highest in 
Colombia. Furthermore, for domain 1, the sector that attributes the most in concentrations of 
PM2.5 is the transport sector, 7.17 (%#	%+*)and an average of 2.03 ("#	%+*). In Colombia, the 
sector that contributes the most to PM2.5 concentrations are the transport sector, with a total of 
3.02 ("#	%+*)and an average of 2.85 ("#	%+*). Colombia represents 36% of the contribution 
of PM2.5 concentrations to domain 1. Colombia attributes 42% of PM2.5 concentrations by the 
transport sector to domain 1. This highlights the importance of developing public policies in the 
country. for the reduction of emissions from combustion sources. 
 
 
Table 5. Concentration of PM2.5 in domain 01, the average is weighted by the distribution of the population for all domain 01 and 
the total is the total contributed in the distribution area of the population in all domain 01 

 

 

 

 

Sector 
Maximum 

Value 
Minimum 

Value 
Mean D01 Total 

("#	%+*) (%#	%+*) 
IND 34.36 -1.17 1.24 4.37 

POW 38.59 -3.01 0.82 2.90 
TRO 19.00 -4.30 2.03 7.17 
RCO 4.66 -2.80 0.12 0.41 
AGR 18.03 -1.07 1.59 5.61 

OTHER 21.42 -1.82 0.65 2.30 



Fig.  11. Average daily concentration of PM2.5 at ground level (mg m-3) from sources in Colombia attributable to combustion emissions. 

(a) Industrial (b) Power generation (c) Transport 

   

 
(d) Comercial and Residencial (e) Agricultural (f) Other Sectors 

   



 

5.3.1 Local Impacts  
 
The average daily ground level PM2.5 at for Base simulation is shown in Fig. 12. The population 
weighted average at ground level for the simulated time at ground level is 10.41 μg /m3. The 
distribution of concentrations allows us to observe how the city of Bogotá is an important hot-
spot of particulate matter pollution in the domain. 
 

 

 
Fig.  12.  Average daily concentration of PM2.5 at ground level 
(mg m -3) from sources in domain 3 attributable to BASE 
simulation. 

 
Table 6 shows the population-weighted average daily concentrations of PM2.5 (along with its 
composite species) and the ozone attributable to the different sectors for Simulated domain 3. 
Road transport is responsible for a weighted concentration of PM2.5 per population of 4.03 
("#	%!")in Bogotá and for domain 3 an average of 2.04		("#	%!"), the average in Bogota for 
the attribution of the transport sector to PM2.5 concentrations are twice the average across the 
domain. Vehicle emissions are also the largest contribution to population-weighted black carbon 
concentrations 1.32 ("#	%!")The most important contribution to BC concentrations is from the 
transport sector and reaches its highest point in Bogotá where vehicular traffic increases. 
  



 
 
Table 6. Population weighted emissions of PM2.5 and ozone attributable to combustion emissions from the economic sectors 
evaluated for Bogotá 

Sector 
PM2.5  ("#	%!") Ozono 	

(''() Sulf Nit Amm BC OC uns Total 
         
IND 0.70 0.33 0.37 0.17 0.02 0.35 1.94 1.04 
POW -0.06 0.04 -0.01 -0.01 0.00 -0.03 -0.07 0.42 
TRO 0.00 0.71 0.20 1.32 0.19 1.61 4.03 -0.27 
RCO -0.22 0.27 -0.01 0.0001 0.004 0.14 0.18 1.19 
AGR -0.16 0.57 0.13 0.01 0.01 0.78 1.35 0.93 
OTHER -0.02 0.25 0.05 0.09 0.01 1.45 1.84 5.63 
Total -0.18 0.83 0.17 0.11 0.02 2.24 3.19 6.55 
         

 Figure 13 shows the distribution of PM2.5 emissions for the Base simulation. The distribution of 
the concentrations of PM2.5 in the city of Bogota can be seen in Figure 14. The population 

 

 
 

 
Fig.  13. PM2.5 emissions (Ton / day) from the BASE 
simulation based on the combination of local inventory 
and global inventory. 

 

 
Fig.  14. Average daily concentration of PM2.5 at ground level 
("#	%!") from sources in Bogotá attributable to BASE simulation. 

 



weighted average at ground level for the simulated time at ground level attributable to Bogotá 
is 17.28 ("#	%!").   
 
 
The Table 7 presents the total and population weighted average distributed throughout domain 
3. We can compare the exposure concentrations of domain 3 with the exposure concentrations 
of Bogotá (Table 5.) attributed by each sector.  
 
The energy sector the attribution is greater outside Bogotá, there are two power generation 
plants in domain 3. The industrial sector has a large percentage of attribution in the city of Bogotá 
(Fig 15.), this attributed concentration is mainly in the south west of the city. In addition, figure 
14 shows the distribution of concentrations to PM2.5 by the transport sector in the city of Bogotá. 
It can be seen how the concentration is focused in the center of the city. 
 
 
 

 
Fig.  15. Attribution to the 

concentration of PM2.5 in the 
industrial sector in Bogotá 

 

 
Fig.  16. Attribution to the 

concentration of PM2.5 in the 
transport sector in Bogotá 

 
 
Table 7 also shows the attributed concentration peaks of PM2.5 attributed by each sector, and 
with figure 17 we can know the location of these peaks. Furthermore, in this figure we can see 
the contribution to the concentrations of the two power generation plants that are in domain 3. 
  



 
Table 7. Concentration of PM2.5 in domain 03, the average is weighted by the distribution of the 
population for all domain 03 and the total is the total contributed in the distribution area of the 
population in all domain 03. 

 
Sector 

Maximum 
Value 

Minimum 
Value 

Mean D03 Total 

("#	%!") (%#	%!") 
IND 12.86 -3.32 1.15 4.27 

POW 13.92 -2.37 0.16 3.26 
TRO 8.21 -1.04 2.35 11.82 
RCO 1.75 -0.56 0.07 0.02 
AGR 3.37 -0.01 1.15 13.08 

OTHER 4.91 -1.00 1.18 8.00 



(a) Industrial (b) Power generation (c) Transporte 

   

 
(d) Comercial and Residencial (e) Agricultural (f) Other Sectors 

   

Fig.  17. Daily mean concentration of PM2.5 at ground level ("#	%!") from sources in domain 3 attributable to combustion emissions. 



5.4 O3 Impacts 

Ozone concentrations are related to atmospheric concentrations of VOC’s and NOX. The 
maximum daily ozone concentrations attributable to Base simulation of emissions for Colombia 
and Bogota can be seen in (Fig. 18) And (Fig.19) Respectively. Ozone concentrations are affected 
in urban areas due to high background NOX concentrations; this pollutant explains a decrease in 
ozone due to the additional not emitted by vehicles. The maximum concentration of eight hours 
weighted by the population for ozone due to emissions from transport sector in Colombia is 8.5 
ppb and in Bogota it is others sector with 5.63 ppb. The sectors considered in the scenario of 
other sectors are those that have the least influence on the average maximum daily 
concentration of ozone, with ppb. 
 
 

 

 
Fig.  18. Average maximun concentrations in eight hours a day 
of ozono (ppb) of the BASE simulation in Colombia. 

 

 
Fig.  19. Average maximun concentrations in eight hours a 
day of ozono (ppb) of the BASE simulation in Bogotá. 

 
The table 8 shows the population weighted average in domain 3 of the maximum daily 
concentration of ozone (ppb) due to emissions from the economic sectors. The sector that 
contributes the most to ozone variations in domain 1 and in Colombia is the transport sector, for 
domain 1 it contributes an average of 6.01 ppb and the average in Colombia is 8.5 ppb. In 
addition, this sector contributes the ozone concentrations of domain 1 to a total of 21 ppt, 
Colombia represents 43% of these concentrations with a total of 9.16 ppt. For this pollutant, the 
second sector that contributes the most is the industrial sector, which contributes 3.9 ppt, in 
Colombia 2.87 ppt is transformed, which represents 0.73% of the concentrations of domain 01. 
If the total emissions of the sectors are reduced POW, RCO and AGR, ozone rates will increase in 



the daily average by 0.21, 0.34 and 0.08 ppb, respectively. The other sectors have an average of 
0.37 ppb and contribute 1.32 ppt to the amounts of this pollutant. 
 

Table 8. The maximum daily ozone concentrations attributable to scenarios of simulation (ppb) 
to domain 1. the average is weighted by the distribution of the population for all domain 1 and 
the total is the total contributed in the distribution area of the population in all domain 1. 

 
 
 

 

 

 

 
 
 
 
The table 9 shows the population weighted average in domain 3 of the maximum daily 
concentration of ozone (ppb) due to emissions from the economic sectors. The sector that 
contributes the most to ozone variations in domain 3 and in Colombia are the sectors categorized 
in others and the transport sector, for domain 3 it contributes an average of 4.28 ppb and 2.49, 
respectively. In Bogotá, the other sectors attribute a daily average of 5.63 at maximum hours. In 
the case of Bogotá for the transportation sector there is no positive attribution, if emissions from 
this sector are eliminated, ozone concentrations will increase by an average of 0.26 ppb. This 
increase occurs because by reducing emissions from the transportation sector, NO 
concentrations are being eliminated, this pollutant reacts with ozone to generate NO2, for this 
reason, ozone concentrations are very low for the city of Bogotá. By eliminating NO, it would not 
react with ozone and therefore ozone concentrations would tend to rise. Ozone co-
concentrations in Bogotá represent very low fractions with respect to domain 3 concentrations 
 

Table 9.  The maximum daily ozone concentrations attributable to scenarios of simulation (ppb) 
to domain 1. the average is weighted by the distribution of the population for all domain 1 and the 
total is the total contributed in the distribution area of the pop 

Sector 
Maximum 

Value 
Minimum 

Value Mean D01 Total 

(""#) (""%) 
IND 9.54 -16.09 0.93 3.29 

POW 6.35 -19.47 -0.21 -0.75 
TRO 30.31 -2.06 6.01 21.19 
RCO 5.05 -7.05 -0.34 -1.21 
AGR 7.04 -7.90 -0.08 -0.29 

OTHER 9.42 -13.83 0.37 1.32 

Sector 
Maximum 

Value 
Minimum 

Value Mean D03 Total 

(""#) (""%) 
IND 4.39 -4.67 1.08 14.59 

POW 4.73 -4.87 0.39 10.08 
TRO 12.12 -3.48 2.49 77.62 



 
 
  

RCO 6.30 -3.03 0.79 6.31 
AGR 4.64 -5.71 0.90 15.41 

OTHER 15.28 -6.24 4.28 33.34 



(a) Industrial (b) Power generation (c) Transporte 

   

 
(d) Comercial and Residencial (e) Agricultural (f) Other Sectors 

   

Fig.  20. Average maximun concentrations in eight hours a day of ozono (ppb) from sources in domain 3 attributable to combustion emissions. 



 
To understand the bands that are manufactured in the industrial and other sectors, it is necessary 
to understand that ozone is not emitted into the atmosphere. This is a secondary pollutant, that 
is, it is generated from photochemical reactions. There is a relationship between topography (Fig. 
21) and ozone generation in the industrial sector and in the other scenario. With figures 19 and 

 
Fig.  21. Terrain Height (m) 

 
Fig.  22. Downward short-wave flux at ground surface (w m-2) 

 
Fig.  23. Cloud water mixing ratio (kg kg -1)  

Fig.  24. Toa outgoin long wave (w m-2) 



21 we can see that there is a lot of radiation in the strip that we want to analyze. The shortwave 
downward flow at the ground surface (Fig 22.) is the energy that comes from space to the ground. 
Radiation is a main component for the generation of ozone in the atmosphere. Another variable 
that can affect the atmospheric concentration of O3 is cloud water (Fig 23). Toa longwave (Fig. 24) 
is the radiation emitted from the ground to the outside.  
 

5.5 Healths Impacts 

  
5.5.1 Population Data  

 
In this investigation we managed to have the most recent census data for Colombia. The Fig. 25 
shows the population distribution for domain 1, with a total of 48,264,884 inhabitants. Urban 
development in Colombia is centralized along the mountain ranges. Colombia has four main 
cities, which have over a million inhabitants. These cities are Bogotá, Barranquilla, Calí and 
Medellín. Fig. 26, presents the distribution of data for domain 3, this domain includes Bogotá. 
From this figure it is observed that the population is concentrated in the city of Bogotá and there 
is a dilution in the periphery of Bogotá with a range of 3,000 to 15,000 habitants. For domain 3 
there are a total of 18.072.986 inhabitants 

 
For the data of the population distribution, a spatial redistribution had to be made, the 
population was for the political division of Bogotá (Fig. 25), This distribution is not adequate for 
calculating the impact on health, since the concentrations exposures were not going to be 
representative. The average distributions in the modeling time of the PM2.5 concentrations for 

 
 

Fig.  25. Distribution of the population in Colombia for the 
year 2018 (Dane, 2020) 

 

 
 

Fig.  26. Distribution of the population in domain 3 in 
Colombia for the year 2018 (Dane, 2020) 



the Base scenario in the political division of Bogotá can be seen in Fig.28, It has an average over 
the ground level of 12.04 µg m-3, and the average for the urban area of Bogotá (Fig.30) is 16.20 
µg m-3. Bogotá has a total of 7,091,640 inhabitants and is distributed in an urban subdivision for 
Bogotá called Zonal Planning Units (UPZ), Bogotá has 70 UPZ This distribution is provided by the 
District Planning Secretary and the data is from the 2018 Census. 

 
Fig.  27. Political division for Bogotá. 

Population= 7.091.640 persons  

 
 

Fig.  28. Bogotá Urban Zone, Distribution of the population 
by UPZ for the year 2018 (Census) 



 
 
 

5.6 Health Impact  

Premature deaths from cardiovascular, respiratory, pneumonia, and COPD due to short-term 
exposures to PM2.5 attributable to each sector in Colombia are evaluated using the CRF described 
in Section 4.4 and given in Table 12. Emissions of aggregate combustion represent a total of 
approximately 760 PM2.5-related premature mortality for the simulated period in Colombia. The 
distribution of early deaths (Fig. 28) among the different sectors reflects the concentrations 
attributable to the population weighted average PM2.5 sector shown in Table 3.  
Table 9 reports the cases reported by the Ministry of Health for each of the diseases evaluated 
in the time evaluated. We use this number of cases to calculate the basal incidence y0, this data 
presents a spatial distribution for each of the diseases. 
 

Table 10. Cases in the 14 days of simulation 

 Cardiovascular Respiratory Pneumonia COPD 
Colombia 2263 1961 258 45 

Bogotá 209 405 24 2 
 

 

 
Fig.  29. Average daily concentration above ground level of 
PM2.5 for the political division of Bogotá. 

 
Fig.  30. Average daily concentration above ground level of 

PM2.5 for the political division of Bogotá. 



The distribution of the impact on health due to cardiovascular diseases caused by the short-term 
exposure of PM2.5 for Colombia is presented in Fig. 31., for domain 3 it can be seen in Fig. 32., 
and finally for Bogotá it is presented in Fig 33. 
 

 

 
Fig.  33. Distribution of preventable deaths for Bogotá by the 

emissions built by each evaluated sector 

 

 

 
Fig.  31. Distribution of preventable deaths for Colombia by 
the emissions built by each evaluated sector. 

 

 
Fig.  32. Distribution of preventable deaths for domain 3 by 
the emissions built by each evaluated sector. 



5.6.1   Regional Impacts  
 
The sector that attributes the greatest number of deaths in Colombia due to ozone pollution is 
the transport sector, with an attribution to the number of preventable deaths of 144 number of 
deaths. The next sector that attributes the most to the number of cases is the industrial sector 
with an allocation of 40 cases. The disease evaluated with the most numbers of cases is 
cardiovascular, followed by respiratory. Table 11 shows the number of cases due to ozone 
exposure attributed to each sector and evaluated for three diseases for the study time in 
Colombia. 
 

Table 11. Number of cases in the modeling period attributed by O3 in Colombia (NM), Mortality rate 
per 100,000 inhabitants for one year. 

 Cardiovascular Respiratory Pneumonia 
 NM MR NM MR NM MR 

IND 26 1.43 13 0.70 1 0.03 
ENE -4 -0.24 -1 -0.06 0 -0.003 
TRO 101 5.47 41 2.21 2 0.11 
RCO -11 -0.61 -4 -0.23 0 -0.01 
AGR -4 -0.22 -1 -0.04 0 -0.002 

OTHER -1 -0.05 0 0.03 0 -0.00002 
 
The sector that attributes the greatest number of deaths in Colombia due to PM2.5 contamination 
is the transport sector, with an attribution to the number of preventable deaths of 87 the number 
of deaths. The next sector that most attributes to number of cases is the industrial sector with 
an allocation of 155 cases, and the agricultural sector has an important allocation with 136 new 
cases, the energy sector attributes with 51 cases, the RCO sector with 8 and the other sectors 
attribute with 44 cases. Table 12 shows the number of cases for PM2.5 exposure attributed to 
each sector and evaluated for three diseases for the study time in Colombia. 
 
Table 12. Number of cases in the modeling period attributed by PM2.5 in Colombia (NM), Mortality rate per 100,000 inhabitants 
for one year. 

 Cardiovascular Respiratory Pneumonia COPD 
PM2.5 NM MR NM MR NM MR NM MR 
IND 80 4.32 74 4.01 1 0.03 0 0.002 
ENE 27 1.47 23 1.27 0 0.01 0 0.0007 
TRO 105 5.68 82 4.41 1 0.04 0 0.003 
RCO 5 0.26 3 0.17 0 0.001 0 0.0002 
AGR 77 4.14 59 3.20 1 0.03 0 0.002 

OTHER 24 1.30 19 1.05 0 0.01 0 0.00 
 
 



5.6.2 Local Impacts  
 
The sector that attributes the greatest number of deaths in Bogotá due to ozone pollution are the 
sectors that are in OTHER with an attribution to the number of preventable deaths of 17 number 
of deaths. The next sector that attributes the most to the number of cases is the Commercial and 
Residential sector, with an allocation of 3 cases. Table 13 shows the number of cases for the ozone 
exposure attributed to each sector and evaluated for three diseases for the study time in Bogotá. 
 

Table 13. Number of cases in the modeling period attributed by O3 in Bogotá (NM), Mortality rate per 
100,000 inhabitants for one year. 

 Cardiovascular Respiratory Pneumonia 
O3 NM MR NM MR NM MR 
IND 1 0.49 1 1.38 0.017 0.51 

POW 1 0.19 1 0.54 0.007 0.20 
TRO -1 -0.34 0 -1.01 -0.013 -0.37 
RCO 2 0.64 2 1.83 0.023 0.67 
AGR 1 0.49 1 1.36 0.017 0.50 

OTHER 8 2.99 9 3.128 0 0.11 
 
The sector that attributes the greatest number of deaths in Bogotá due to PM2.5 contamination is 
the transport sector, causing 44 cases. The next sector that attributes the most to the number of 
cases is the Commercial and Residential sector, with an allocation of 3 cases. Table 14 shows the 
number of cases for PM2.5 exposure attributed to each sector and evaluated for three diseases for 
the study time in Bogotá. 
 
Table 14. Number of cases in the modeling period attributed by PM2.5 in Bogotá (NM), Mortality rate per 100,000 inhabitants for 
one year. 

 Cardiovascular Respiratory Pneumonia COPD 
 NM MR NM MR NM MR NM MR 

agr 4 1.64 9 3.4 0 0.02 0 0.0003 
ind 6 2.26 13 4.6 0 0.03 0 0.0005 
ene 0 -0.10 -1 -0.2 0 0.00 0 -0.00002 
tro 14 5.22 30 10.9 0 0.07 0 0.001 
rco 1 0.21 1 0.4 0 0.00 0 0.00004 

other 6 2.25 13 4.66 0 0.03 0 0.0005 
 
 
 
  



6 Discussion 
 
The spatial distribution and speciation of PM2.5 and ozone modeled through chemical transport 
models can be used to inform the design of sector specific emission measures. The attribution of 
the sectors to sulphates and SO2 is of great importance, they are related to the sulfur content in 
fossil fuels used in Colombia and the sulfur generated in power plants, this could be reduced by 
promoting the change in composition of fuels. The total sum of PM2.5 a attributed to the 
economic sectors in Colombia is 6.30 !"	$!" of which 14% are sulfates, in addition 164.8 %%&,  
of sulfur dioxide are attributable, these concentrations can be reduced with the change in the 
composition of the fuel used in Colombia. 
 
It is important to point out that although the marine sector is not modeled as a scenario, it is 
evident the important contribution it has to total emissions in the modeling domain, in addition 
to the high content of sulfur that it has. 
Epidemiological studies suggest that differential toxicity across PM species may be significant. 
Levy et al. (2012), showed differences in the correlations between the changes in hospitalizations 
and the concentrations of different types of PM2.5, with black carbon showing the greatest 
relative impact on health. CFRs are of great importance in order to understand, associate and 
describe the health problem related to atmospheric quality. 
The implementation of a chemical transport model is necessary to understand the attribution of the 
sources to the concentrations of atmospheric pollutants. Furthermore, with the use of the model, 
you can understand the atmosphere's own processes. In this study it is of great importance to 
highlight the contribution to PM2.5 emissions of the agricultural and industrial sector in Colombia, 
although these sectors are not the most attributed to PM2.5 concentrations, they are important 
sectors in this problem with a percentage of attribution of 33.7% and 36.3% respectively for PM2.5 
concentrations. 
 

7 Conclusiones  
 
Combustion emissions sources in Colombia are responsible for 536 premature deaths due to short-
term exposure to increased PM2.5 and ozone concentrations. In Colombia, during the study period, 
the sector that contributes the most to PM2.5 emissions in Colombia is the agricultural sector with 
29%, however, the sector that has the greatest attribution to PM2.5 and ozone emissions in 
Colombia it is the transport sector, attributing with 329 premature cases of mortality from 
cardiovascular and respiratory diseases. 
In Bogotá, during the study period, the sector that contributes the most to PM2.5 emissions in 
Colombia is the transportation sector with 23.9%. The sector with the highest attribution to PM2.5 
rates is the transportation sector for PM2.5 and other sectors for ozone, attributed to 123 premature 
cases of mortality from cardiovascular and respiratory diseases. 
Bogotá contributes 15% to Colombia in cases attributed to Cardiovascular and Respiratory 
diseases associated with air pollution in the economic sectors. 
This research is a tool for creating public policies that are aimed at mitigating emissions related to 
economic sectors. 
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Annex 
Annex A  
The figure 11 presents the vocation of land use for the agricultural and residential and 
commercial sectors. The figure represents the road infrastructure of Colombia. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bogota has a local inventory of emissions, the overestimation of the PM of this inventory was 
verified. If 100% of the emissions in the local inventory are used, there would be a substantial 
overestimation of the particles and gases concentration, except SO2 (Fig. 33). The aerosol particle 
overestimation is due to the excessive RPM emissions. To improve the model performance, these 
emissions were reduced to 32% with a ratio of fine to coarse RPM emissions of 0.15	was applied. 
On the other way, the overestimations of the gaseous concentrations are due to the predominance 
of mobile sources emissions. We applied a reduction factor of 0.2 to the gases from this source, 
except SO2 emission.  
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Fig.  34. Vocation of land use for the agricultural sector and 
the residential and commercial sector 



 
c)                                                                                         d) 

 
e)                                                                                           f) 

 
g)                                                                                            h) 

 
Fig.  35. Simulation results from September 3 to 8, figure a, b, c, d and e are the hourly results, figure f, g and h are hourly 
behavior 

	



In	 Table	 14	 show	 the	 means	 of	 observed	 and	 modeled	 of	 different	 variables.	 Strong	
overestimations	are	presented	in	PM,	NOx	and	CO,	and	underestimation	in	O3,	due	to	the	high	
concentrations	of	NOX	and	VOCs.	
 

Table 15. Averages of observed and modeled species using all local emissions inventory 

Variables	 PM10	 PM2.5	 O3	 CO	 NOX	 SO2	
Units	 +,/.#	 +,/.#	 ppb	 ppm	 ppb	 ppb	
OBS	 40.12	 16.34	 14.75	 0.80	 36.60	 2.58	
MOD	 119.85	 27.54	 4.56	 2.48	 255.98	 3.50	

 
 
Annex C 
Table 16. Description of the specific sectors in this research according to the sectors of the global INVENTORY EDGAR V4.3.1 

Sector EDGAR 
ABBREVIATION EDGAR DESCRIPTION IPCC SOURCE CATEGORY 

Industrial 

IND Combustion for 
manufacturing 

Manufacturing Industries and Construction 
(ISIC 

TRF Transformation 
industry 

Manufacture of Solid Fuels and Other 
Energy Industries 

Solid Fuel Transformation 
Otherrelated to oil 

Natural Gas 
Iron and Steel Production 

Power 
Generation ENE Power industry Public Electricity Generation 

Road 
transport TRO Road transportation 

Road Transportation(Includes: cars, light 
duty trucks, heavy duty trucks and buses, 
motorcycles, evaporative emissions from 

vehicles) 
Commercial 

and 
Residential 

Sector 

RCO Energy for buildings 
Other Sectors (Includes: 

Commercial/Institutional, Residential, 
Agriculture/Forestry/Fishing) 

Agriculture AGR Agriculture 

Manure Management 
Rice Cultivation 

Agricultural Soils 
Field Burning of Agricultural Residues 

Other PPA 
Process emissions 

during production and 
application 

Industrial Process (Includes: mineral 
products, cement production, lime 

production, limestone and dolomite use, 
soda ash production and use, asphalt 



roofing, road paving with asphalt, chemical 
industry,metal production, other 

production,production and consumption 
of halocarbons and Sulphurhexafluoride) 

Solvent and Other Product Use 

ref Oil Refineries 
Petroleum Refining 

Distribution of Oil Products 

TNG Railways, pipelines, 
off-road transport 

Railways 
Other Transportation (Includes: pipeline 

transport, off-road) 
PRO Fuel exploitation Coal Mining 

SHP Shipping 

Exploration (of oil and natural gas) 
Production 

Transport (of oil and natural gas) 
Refining/Storage (of oil and natural gas) 

Venting and Flaring 
Navigation(Includes: international marine, 

national navigation) 
 
 
 
Annex D 
Model	evaluation	-Recommended	performance	metrics	(Emery,	Tai,	&	Yarwood,	2001)	
were	calculated.	On	the	other	hand,	metrics	for	pollutants	were	retrieved	from	Emery	et	al.,	
(2017).	Summary	of	metric	values	is	in	Table	7.	
 

Table 17 Meteorology and pollutant metrics for evaluation and benchmarks 

Variable	 Metric	 Abbreviation	 Criteria	 Goal	

PM10	
Normalized	Mean	Bias	 NMB	 	<	±	60		 	<	±	30	
Normalized	Mean	Error	 NME	 	<	75	 <	50		

PM2.5	
Normalized	Mean	Bias	 NMB	 	<	±	30	 	<	±	10	
Normalized	Mean	Error	 NME	 	<	50	 <	35		
Correlation	coefficient	 r	 	>	0.4	 >	0.7		

O3	
Normalized	Mean	Bias	 NMB	 <	±	15		 <	±	5		
Normalized	Mean	Error	 NME	 	<	25	 <	15		
Correlation	coefficient	 r	 	>	0.5	 >	0.75		

Wind	Speed	
Root	mean	square	error	 RMSE	 ≤	2.5	m/s		 ≤	2	m/s		

Mean	Bias	 MB	 ≤	±	0.5	m/s			 	-	
Index	of	agreement	 d	 	>	0.6	 	-	

Wind	Direction	 Mean	Gross	Error	 MGE	 ≤	55	deg	 ≤20	deg	
Mean	Bias	 MB	 ≤±	10	deg	 	



Variable	 Metric	 Abbreviation	 Criteria	 Goal	

Temperature		
Mean	Bias	 MB	 ≤	±	0.5	°C		 	-	

Mean	Gross	Error	 MGE	 	≤	2	°C	 	-	
Index	of	agreement	 d	 ≥	0.7		 	-	

 
Annex E 
	
a)                                                                                       b) 
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Fig.  36. Simulation from September 3 to 29, results are hourly behavior in a day 

	

 
 



 
 
Annex F 

 

 

 

 



 
Fig.  37. Wind roses disaggregated by the AQMN points, obs = observed, mod = modeled. 



Annex G

(g) Industrial (h) Power generation (i) Transporte 

   

 
(j) Comercial and Residencial (k) Agricultural (l) Other Sectors 

   

Fig.  38. Average daily concentration of black carbon (BC) at ground level (mg m-3) from sources in Colombia attributable to combustion emissions. 



Annex H 
 
 
  

Fig.  39. Average daily concentration of black carbon (BC) at ground level (mg m-3) from sources in Colombia attributable to combustion emissions. 

(a) Industrial (b) Power generation (c) Transporte 

   

 
(d) Comercial and Residencial (e) Agricultural (f) Other Sectors 
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Fig.  40. Distribution of the daily average delta of NOX concentrations for simulation domain 1. 

(a) Industrial (b) Power generation (c) Transporte 

   

 
(d) Comercial and Residencial (e) Agricultural (f) Other Sectors 
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Fig.  41. Distribution of the daily average delta of NOX concentrations for simulation domain 3 

(g) Industrial (h) Power generation (i) Transporte 

   

 
(j) Comercial and Residencial (k) Agricultural (l) Other Sectors 

   


