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1. Abstract 
Air quality modelling is a widely used tool to represent the complex meteorological and 

chemical processes that take place in the atmosphere and ultimately determine the air quality 

at a given location. These tools, however, have not been thoroughly utilized in Colombia, and 

have been left out of the analysis and design of environmental public policy. In this work we use 

a state-of-the-art Chemical Transport Model (the Weather Research and Forecasting model 

coupled with Chemistry WRF-Chem) to evaluate the impact of proposed public policies on air 

quality for the city of Bogota. We set-up our numerical experiments during the months of 

February and September of 2018. The first step was to identify relevant public policy 

documents related to air pollution, and to implement some of the proposed measures as an 

emission scenario in the WRF-Chem model. The numerical experiment results are then used to 

quantify the effect of those proposed public policies. Overall, we considered 3 emissions 

reductions scenarios. A Base Case scenario (BC) was simulated by merging global emissions 

from EDGARV3.9 with a local emission inventory for the city of Bogotá. The scenarios include 

urban interventions, modernization of vehicle fleet and industrial emissions, as well as fuel 

changes in some cases. In order to assess a potential reduction in resuspended road dust, our 

first mitigation scenario (S1) considers the impact of paving still unpaved roads. This urban 

intervention would avoid more than 10000 ton/yr of particulate matter emissions to the 

atmosphere. In the second scenario (S2) we assess the impact of a technology-driven reduction 

associated with the change in fuel from coal to natural gas in the industrial sector, avoid more 

than 387 ton/year or particulate matter. Lastly, we considered a third mitigation scenario (S3) 

in which the impact of more stringent emission standards applied to the heavy- and light-duty 

diesel vehicles is evaluated, with minimum Euro IV standard, reducing in 675 ton/year of 

particulate matter. Based on the modeling results we calculate the number of premature deaths 

attributable to PM10. For scenario 1 present 9 and 12 mortality cases for February and 

September respectively, benefiting mostly lower-income communities. Scenario 2 and 3 

present 1 case for each month, benefiting the center and south of the city. While for PM2.5, the 

paving of unpaved roads generates a maximum reduction of 6 and 8 𝜇𝑔/𝑚3 and avoid 3 and 4 

deaths for February and September respectively. Scenarios S2 generate a maximum reduction 

of 3.26𝜇𝑔/𝑚3 for February and 2.55 𝜇𝑔/𝑚3 for September, avoiding 1 death for each month 

and finally S3 show the most homogeneous reduction in Bogota with a mean of 0.52 𝜇𝑔/𝑚3  for 

February and 0.65 𝜇𝑔/𝑚3 for September, avoiding 1 death for each month. Further analysis will 

assess how such proposed emissions reductions scenarios could alter the environmental 

inequalities in the city associated with air pollution exposure. 

2. Introduction 
The rapid increase in urban population in Latin America, the growth of vehicular traffic, 

together with relatively weak controls on industrial emissions result in substantial emissions 

to the atmosphere. Consequently, public health is affected by exposure to atmospheric 

pollutants in levels much higher than those contemplated in the WHO guidelines. 

Environmental pollution is associated with high concentrations of pollutants such as 

particulate matter smaller than 10 and 2.5 microns (PM10 and PM2.5), sulfur oxides (SOX) and 

nitrogen oxides (NOX), which are related to rates of chronic diseases and mortality (EPA, 

2016a).  
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In Colombia, mitigation strategies have been proposed to reduce the negative impact of sectoral 

growth and its consequences on air quality. These public policies have been proposed both at 

the national and local level. At the national level the National Council of Economic and Social 

Policy (CONPES) has published an Air Quality Management guideline CONPES document 3943 

(CONPES 3943, 2018). At the local level, another significant public policy to manage air quality 

in Bogota is the Ten-Year Plan for Atmospheric Decontamination of Bogotá (Bogotá-DP-2010 

hereafter) (SDA, 2010). This plan proposed a series of interventions to decrease emissions from 

mobile and industrial sources.  The coordination and design of these plans is essential, since 

some measures can bring improvements but there are others that may not. Among the 

proposed local strategies there are energy efficiency initiatives, implementation of cleaner fuels 

and emissions controls, as well as the use of an electric public transport fleet.  However, for the 

aforementioned document, a box model was used to represent the impact of emissions on 

concentrations in a general way for all of Bogotá, without considering the impact of the 

reduction of emissions in a spatial way (SDA, 2010), so the complex interactions of air 

pollutants in the atmosphere were not adequately considered, evidencing the need for the use 

of a robust model of air quality that allows understanding the climatic interactions with the 

proposed policies and thus knowing their effectiveness temporally and spatially. 

Air quality modeling in Colombia is a relatively young topic that has not yet been fully 
developed. The use of three-dimensional chemical transport models started in the early 2000s, 
when Zárate et al., (2007) used the Transport and Air Pollution Model (TAPOM) with 
meteorological inputs from the Finite Volume Model (FMV), in Bogotá. In their work, they also 
developed a local emission inventory for Bogotá and Cundinamarca. Nedbor-Gross et al., (2018) 
implemented and evaluated the Community Multiscale Air Quality Modeling System (CMAQ) 
for Bogotá, using 4 domains centered in Bogotá, using WRF – meteorology as an input, then the 
performance of the model was evaluated with data from the Bogota Air Quality Monitoring 
Network (AQMN) (Nedbor-Gross et al., 2017). Currently the model is part of the SIMCAB 
(Bogotá's Integrated Air Quality Modeling System).  Perez, M.P. (2018) has successfully 
implemented the WRF-chem model in Colombia, evaluating different static data such as 
topography and land use in Bogota, identifying the best configuration that represents local 
conditions. On the other hand, Karen Ballesteros et al., (2020) also used WRF-chem model to 
determine the contribution of forest fires on a regional scale in the north of South America, 
being a model that allows to evaluate the impacts on the concentrations in a temporal and 
spatial way, it also allows to identify the chemical speciation of the PM. 
 
Compared to other large Latin American cities, Bogotá has built some capabilities that allow for 
an adequate planning for future emissions reductions. For instance, the district environmental 
secretariat has compiled a detailed and spatially resolved emission inventory, with an updated 
version for 2012 and 2018. The city also has had an air quality monitoring network for over 20 
years.  
 
Despite the current capabilities, the formulation of public policies related to air pollution could 

benefit from a stronger science-based approach utilizing modern analysis tools. This analysis 

should be a support to implement future decisions regarding investments in infrastructure and 

changes to cleaner technologies. In this study, we use the Research and Weather Forecast model 

together with Chemistry (WRF-Chem) which has already been implemented in Colombia, to 

evaluate the temporal and spatial impacts on air quality of the immediate implementation of 

three public policy initiatives proposed in CONPES, Bogotá-DP-2010 and regulations referring 
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to the issue of air quality that cover reductions in industry, transportation and resuspended 

material. We also use this tool to quantify the impacts of the implementation of each scenario 

in the population of Bogotá. 

3. Research question 
What is the expected air quality impact of reducing sectoral anthropogenic emissions on 

pollutant concentrations? And what are the potential effects of these reductions on air 

pollution-related premature mortality cases in the city? 

4. Objectives 
 

General objective: 

• To determine, through numerical simulations, the impact of policy-based 

anthropogenic emission reduction scenarios on air quality and on potential health 

outcomes in the city of Bogotá. 

Specific Objective: 

• To establish the basic configuration of the WRF-Chem model that better represents 

anthropogenic emissions and concentrations of pollutants in Bogotá. 

• To establish anthropogenic emission reduction scenarios in Bogota in line with public 

policy documents. 

• To assess the effect over concentration of different air pollutants of the proposed 

anthropogenic emission reductions. 

• To estimate, using appropriate concentration-response functions, the premature 

mortality cases attributable to the proposed emission reduction scenarios. 

5. Methods 
In this section we briefly describe the WRF-Chem model, all the necessary information to 

inform the simulation, and the anthropogenic emissions utilized in the simulations. We also 

describe model configuration, the translation of proposed public policies into emission 

reduction scenarios and their impacts on the population. 

5.1. Modelling system general configuration 

WRF-Chem model is part of the Weather Research and Forecasting WRF modelling package 

(Grell et al., 2005). This model couples the representation of meteorological processes to 

atmospheric chemistry processes and is therefore referred to as an on-line model. WRF-Chem 

can perform weather simulations, as well as coupled chemical transport of atmospheric 

constituents, simulation of ozone, particulate matter, UV radiation (NOAA, 2017). In this study, 

we used WRF-Chem version 3.9.1. A dynamical downscaling of the input meteorological fields 

was achieved by configuring the model to run one-way nested simulations using three domains 
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of increasing spatial resolution. The chemical species concentrations and meteorological fields 

are transferred from the parent to inner domains. Three nested domains were created to carry 

out simulations (Figure 1). Horizontal resolution for domain 1 (d01) is 27x27 km with 121x121 

grid cells; for domain 2 (d02) is 9x9 km with 127x127 grid cells; and for domain 3 (d03) is 3x3 

km with 133x133 grid spaces, and 41 vertical levels. Available processing power currently 

prevents us from performing higher resolution simulations. 

 

Figure 1 Geographic location of the three nested modelling domains used in this study, and topography for the region of 
interest. The domain covers a vast part of Northern South America.  

5.2. Initial and Boundary Conditions 

The Final Operational Global Analysis (FNL) was utilized for initialization and boundary 

condition information of the meteorological fields. The FNL data is available in 1°x1° resolution, 

every six hours. It includes variables such as air temperature, humidity, soil temperature, 

precipitable water, among others (UCAR, 2016). Tropospheric composition from the global 

chemical transport model CAM-Chem was used to compute the initial and boundary conditions 

for the chemical species at the domain boundaries. NASA GMAO GEOS-5 model drives the 

meteorological fields. CAM-Chem /GEOS-5 results were gridded for boundary and initial 

conditions for the outermost domain d01, while d02 and d03 used the information from their 

corresponding parent domains by using NDOWN. 

5.3. Static geographical fields 

Two available databases for land use in WRF-Chem, USGS and MODIS, have already been 

evaluated and tested in the model configuration (Perez, M.P. 2018). Land use categories over 

d03 where examined closely (especially over Bogotá) as the meteorological fields can be highly 
sensitive to this spatial variable. MODIS land use data was used because it captures Bogota’s 

current urban area accurately (See annex A). We used topographic fields from Advance 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation 

Map data from NASA, as it has been shown to be more precise than the available global default 

database in WRF for Bogotá (Nedbor-Gross et al., 2017). 
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5.4. Modelling period 

The selected modeling periods were February and September 2018. These months are selected 

as representative of high concentrations and unfavorable meteorological conditions 

(February), and of low concentrations of atmospheric pollutants (September). Emissions for 

working days and non-working days were computed and fed to the model as input. To allow 

model stabilization, a spin-up time of 18 hours was applied. Spin-up time was not necessary to 

do for the following simulation blocks, because we generate the initialization of the three 

domains with the last simulation.  

5.5. Gas-phase chemistry, aerosol modules, and physics configuration 

Gas phase chemistry in our simulation setup uses the lumped structure mechanism RACM, 

which is a tropospheric gas-phase chemistry mechanism often used in regional air quality 

simulations (Stockwell et al., 1997). Aerosol microphysics, were described with the Modal 

Aerosol Dynamics Model for Europe (MADE), which describes the aerosol particle size 

distribution with 3 lognormal aerosol modes (Aitken, accumulation and coarse), and sources 

for aerosol particles are modelled 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). As for the physics configuration, Table 1 show the summary of 

model configuration, parameterizations and additional options used in WRF-Chem v3.9.1. 

Table 1 Model configuration, parameterizations and additional options used in WRF-Chem V3.9.1 

Category  Selected option  
Microphysics  Lin et al. Scheme  
Cumulus  Grell-Devenyi ensemble  
Shortwave radiation  Dudhia scheme  
Longwave radiation  Rapid Radiative Transfer Model RRTM  
Land surface  Noah Land-Surface Model unified scheme  
PBL scheme  Yonsei University  
Surface layer physics  MM5  
Chemical gas-phase mechanism  RACM  
Aerosol module  MADE - VBS 
Biogenic emissions  Calculated on-line using MEGAN  
Photolysis  Madronich  

 

5.6. Fire, Biogenic and Anthropogenic emissions 

Fire emissions were taken from the Fire Inventory from NCAR, FINN version 1(Wiedinmyer et 

al., 2011). FINN uses MODIS active fire data, land cover, and specific emissions factors to 

calculate spatially distributed emissions from wildfires, agricultural fires, and prescribed 

burns. FINN has 15 gas-phase organic species and several primary particle species. The 

temporal resolution for Biomass Burning (BB) emissions from FINN is daily and spatial 

resolution 1 km × 1 km. 

Biogenic emissions are calculated online in WRF-Chem using the Model of Emissions of Gases 

and Aerosols from Nature, MEGAN (Guenther et al., 2006). MEGAN includes Isoprene, 
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Monoterpenes, Oxygenated compounds, Sesquiterpenes, and Nitrogen oxide species with 

emissions rates varying according to meteorological variables. 

The Emissions Database for Global Atmospheric Research version 4.3.1 (EDGAR V4.3.1) 

anthropogenic emissions inventory was used for all simulation domains. EDGAR V4.3.1 has a 
horizontal resolution of 0.1°x0.1°, and it is disaggregated in 17 emission sectors, out of which 

13 were used and applied to the simulations for all modelling domains. The four remaining 

classes were left out because either they do not pertain (e.g. aviation supersonic), or they show 

to have no estimates over the desired area. EDGAR V4.3.1 includes emissions for PM10, PM2.5, 

BC, OC, VOCs, CO, SO2, NOX and NH3 (Crippa et al., 2016) .  

A Local emission inventory developed by Bogota’s local environmental authority (SDA-2012 

and SDA-2018) was also used in our simulations. The local emission inventory with a resolution 

of 1kmx1km its only available for Bogota city limits. It is disaggregated into residential, mobile, 

industrial, service stations, and re-suspended particulate matter (RPM) sources from paved 

roads, unpaved roads, quarries and buildings. It includes PM10, PM2.5, VOCs, CO, SO2, and NOX 

species. An updated 2018 version of the emission inventory is available for the mobile, 

commercial and industrial sources sectors.  

According to the local emission inventory, the contribution of mobile sources is overwhelming 

for most gas-phase pollutants (Figure 2). For PM, this emission inventory suggests a 

predominance of RPM emissions is observed, representing 96% of the total emissions. The 

contribution of the "other" sector in VOCs emissions is not negligible.  

 

Figure 2 Emissions from the different sectors within Bogota, mobile, industrial, commercial and RPM sectors come from 
local inventory, the sector called "other", represents the emissions in Bogotá from the different sectors of EDGAR V4.3.1 
inventory that is not included in the local inventory, additionally, in "other" of VOCs emissions, there are also emissions 
from service stations from local inventory  * RPM emissions in the figure are scaled by a factor of 0.1.  ** CO emissions 
from mobile sources are scaled by a factor of 0.1 

5.7. Emissions chemical speciation 

The EPA’s speciate database was employed to obtain general profiles per source type for 

particles, this were implemented just for the local emissions inventory, the stipulations in 

Buzcu-Guven et al., 2007; Chow et al., 2011 were also considered (see annex B). The global 

inventory already has emissions from BC and OC these were taken as EC and organic fraction. 

Speciation of VOCs followed the profile proposed by Gross & Stockwell, 2003 (See annex C). 

5.8. Base-case simulation (BS) 

A Base-Case simulation was constructed using EDGAR V4.3.1 emissions from three domains 

and merging them with local emissions for Bogotá city limits. Only the sectors common to both 
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inventories were merged (Industrial, commercial and mobile sources). NH3 emissions are only 

included in EDGAR and are mostly from agriculture. The emissions of Gas Stations from the 

local inventory were not included in the simulations. This is because 79% of emissions are 

located at a single point, directly affecting the ozone and Secondary Organic Aerosol (SOA) 

formation. Increasing factors were applied to project EDGAR V4.3.1 emissions from 2010 to 

2018, only for industrial and mobile sectors. For industrial sources, a factor of 1.16 was applied, 

adapted from the Banco de la Republica de Colombia (2017), which represents industrial 

growth. For mobile sources, an increase factor of 1.4 was applied, obtained from the Secretaria 

de Movilidad (2017), according to the increase in the vehicle fleet in Bogotá. 

According to simulations carried out within the research group, if 100% of the emissions in the 

local inventory are used, there would be a substantial overestimation of the particles and gas-

phase species concentration, except for SO2 (See annex D). 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, these emissions 

were reduced to 40% for February and 32% for September according to Pérez-Peña et al, 

(2017), because February is a month with low precipitations which generates higher 

resuspension compared to September,  a RPM2.5/RPM10 ratio of 0.15 was applied according to 

Pace, (2005) (Annex B). 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 0.35 to 

NOx and VOCs and a factor of 0.45 to CO from this source according to Gallardo et al, (2012), 

that suggest overestimation in the emissions of NOx and CO from mobile sources in Bogotá. 

Total mobile emissions were separated into emission from diesel and gasoline and a different 

speciation profile was given to each type of source (see annex B). The separation was made 

considering the consumption of fuel in Bogota, which is 54% diesel and 46% gasoline, as fuel 

consumption is a proxy of the activity factor of mobile sources (AF). 

Temporal activity patterns were applied to emissions from the mobile, commercial, industrial 

and RPM source (Figure 3). 

 

Figure 3 Hourly fraction profiles. The hourly variation of emissions for industrial, commercial and RPM sources is the 
same for working-days, Saturday and Sunday, for mobile sources, time variation is presented for working-days, Saturday 
and Sunday 

The emissions were also given a differentiated activity pattern for weekdays and weekends, to 

account for emissions differences between working-days, Saturdays, and Sundays. Table 2 

shows the different increase or reduction factors for business days, Saturdays and Sundays of 

the mobile, commercial and RPM sources (SDA, 2012), the other sectors do not have this factor. 
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Note that mobile sources emission on week-days is higher than Saturday and Sunday, this is 

because there are more vehicles in week-days than Saturday and Sunday. The activity for RPM 

emissions was linked to that of mobile sources. Finally, commercial activity on Saturday and 

Sunday is higher than during week-days. 

Table 2 Daily fraction profiles (SDA,2012) 

Sector Week - Day Saturday Sunday  

Mobile 1.14 0.81 0.50 

Comercial 0.84 1.40 1.40 

RPM 1.04 0.90 0.90 
 

5.9. Bogota Air quality Monitoring Network 

Bogota has an Air Quality Monitoring Network (AQMN) with 13 stations, continuously 

monitoring PM10, PM2.5, CO, NOX, SO2, O3 and meteorological variables (Figure 4). Data from the 

AQMN was used to evaluate the simulated air pollution and meteorological fields. 

 

Figure 4 Air Quality Monitoring Stations 

5.10. Scenario generation 
The local “Decadal Plan for Air Pollution Reduction in Bogotá” formulated in 2010 (PDDAB), 

and the “Public Policy for the Abatement of Air Pollution” [CONPES 2018 document], a national 

white paper outlined by the National Council of Social and Economic Policies (CONPES) were 

taken as the basis for the construction of the reduction scenarios included in our study. Detailed 

emissions information published by Bogotá’s environmental authorities were also utilized in 

our analysis. These scenarios consider reductions on each of the most influential sources in 

Bogotá, which are mobile, industrial, and RPM sources. In the emission reduction scenarios, a 

reduction in certain sources is applied, leaving the other emission sources constant. In order to 

quantitatively determine the change in concentrations attributable to the decrease in emissions 

from each of the scenarios, the following equation was used: 
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Δ𝐶𝑅𝑆_𝑗
𝑖 = C𝐵𝐶

𝑖 − C𝑅𝑆_𝑗
𝑖  

Where C𝐵𝐶
𝑖  is the concentration of species 𝑖 on the Base Case simulation (BC), C𝑅𝑆_𝑗

𝑖  is the 

concentration of species 𝑖 on the 𝑗-th Reduction Scenario (RS_j). Therefore Δ𝐶𝑅𝑆_𝑗
𝑖  represents 

the expected change in the concentration of species 𝑖 under the specific Reduction Scenario. 

When Δ𝐶𝑅𝑆_𝑗
𝑖  is positive, it means there is an expected reduction in concentrations of species 𝑖 

under that scenario. When Δ𝐶𝑅𝑆_𝑗
𝑖  is negative, it means that there would be an increase in 

concentrations under that scenario for that specific species. The equation can be applied 

temporally and spatially. The reduction was applied only in Bogotá. We considered the impacts 

on PM2.5, Ozone, NO, NO2, and SO2, See Figure 5 where a summary of the methodology is shown. 

We considered three emission reduction scenarios: 

• Scenario 1 – (S1): Reduction of resuspended road from unpaved roads 
• Scenario 2 – (S2): Technological conversion of industrial combustion sources from 

coal powered to CNG powered 
• Scenario 3 – (S3): Technological conversion for heavy- and light-duty diesel vehicles to 

EURO IV emission standard. 
 

 

Figure 5 Flow diagram of the project proposed methodology. Blue arrows show data necessary for the Base Case run, as 
well as for the Reduction Scenarios. Red boxes and yellow arrows represent modifications to the simulation inputs from 
the Air Quality Public Policy Plans.  

Each of these scenarios has been or is currently a target by local environmental authorities. 

The details defining each emission reduction scenario is outlined in sections 5.10.1 to 5.10.3. 
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5.10.1. Scenario 1. Reduction of Resuspended Road Dust Emissions (S1) 
As shown in Figure 2, according to the most current emissions inventory in the city, 

resuspended dust emissions (RPM) seem to be the dominant primary coarse particle source. 

Even after applying correcting factors to decrease the substantial over estimation of RPM 

emissions in the original local emission inventory, the prevalence of emissions on unpaved and 

paved roads is apparent (Figure 6). Reducing RPM emissions on paved roads is complex and 

expensive, as it may require changing the pavement, increasing the frequency of road cleaning, 

and improving habits of conduction. However, emissions on unpaved roads can be solved with 

paving, eliminating emission of re-suspended on unpaved roads, generating a reduction of 

10457 ton/year of PM10 and 1569 ton/year of PM2.5. Therefore, we considered the paving 

unpaved roads as our first potential reduction scenario.   

 

Figure 6 RPM disaggregated emissions (SDA, 2012) 

The spatial distribution of unpaved roads, in the city is observed to be prevalent it is centered 

in the south-west and in the north-east of the city (Figure 7a), places dominated by middle- 

and low-income neighborhoods. 

5.10.2. Scenario 2. Reduction of industrial emissions (S2) 
According to the 2018 emissions inventory, Bogotá had 2030 industrial combustion sources, of 

which 47% were boilers, 35% furnaces, and 18% to other types of sources (SDA, 2020). 

Regarding the use of fuel, 87% of the industries use natural gas, 4% coal, 3% diesel and liquefied 

petroleum gas each, 2% wood and used oil without treatment and the remaining 1% with other 

fuels such as biogas and others energy sources such as electricity. Although only 4% of the 

industrial combustion sources use coal as fuel, those sources account for 80% of the total 

industrial sector particulate matter emissions in Bogotá.  

For this scenario, we considered the replacement of coal-powered industrial combustion 

sources by natural gas. Emission factors (EF), activity factors (AF) and the calorific value of 

carbon and natural gas were considered to make the fuel change conversion (See annex E). 

Table 3 shows emissions from the industrial sector before and after applying the reduction. 

Table 3 Emissions from industrial sources in ton/yr before and after applying the reduction. The emissions without 
reduction were obtain from updated local emission inventory from SDA 2018, others include: natural gas, diesel, wood 
and oil without treatment. 

Technology Emissions without reduction in Ton/year  

PM NOX SO2 CO VOC 

Boiler >100BHP 109.89 122.20 355.03 4.81 2.41 
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Boiler <100BHP 1.70 0.72 1.88 0.05 0.02 

Brick furnace 246.14 88.35 233.84 120.99 9.37 

Coal furnace 30.87 11.08 29.33 15.17 1.18 

Others  87.15 1171.46 23.08 353.38 57.48 

Total 475.75 1393.81 643.16 494.40 70.46 

Technology  Emissions with reduction in Ton/year 

Gas boiler >100BHP 0.65 1.91 0.00 3.69 0.48 

Gas boiler <100BHP 0.01 0.09 0.00 0.04 0.00 

Gas brick furnace 0.40 4.98 0.03 2.12 0.29 

Gas furnace  0.05 0.63 0.00 0.27 0.04 

Others  87.15 1171.46 23.08 353.38 57.48 

Total 88.26 1179.07 23.11 359.5 58.29 

 

According to table 3 this technological transformation implies a reduction in the emissions 

factor for this sector of 99% for PM, 96% for NOx, 99.9% for SO2, 95% for CO and 93% for VOCs. 

Figure 7b shows the spatial distribution of industrial sources in Bogotá that use coal as fuel. 

Most emissions from this sector are in the center-west and south of the city, places dominated 

by industrial land use.  

5.10.3. Scenario 3. Reduction of mobile diesel sources (S3) 
Heavy- and light-duty vehicles (HLDCV -Trucks, campers and pickup trucks) are the largest 

emitters of particulate matter from mobile sources in Bogotá, (See annex F). HLDCV contribute 

39% of PM2.5 emissions for mobile sources but only represent the 4% of all fleet. According to 

this, we constructed a scenario targeting a reduction in HLDCV emissions. The reduction 

scenario considered only HLDV diesel vehicles. Our scenario assumes that National Act #1972 

from 2019 is applied. This law establishes that by year 2022 all heavy and light-duty cargo 

vehicles must operate with a minimum standard of Euro IV.  

To construct the scenario, we assume that the entire HLDCV-diesel transport fleet would 

comply with Euro IV standard (Table 4). This scenario implies a reduction of 88%, 88%, 0.02%, 

3%, 4% and 5% in PM10, PM2.5, CO, NOX SO2 and VOCs respectively for heavy and light-duty 

vehicles. Annex G contains the different EF and AF used in the calculation. Unfortunately, we do 

not have the distribution of emissions from mobile sources disaggregated by vehicle type. 

Therefore, it is unknown to us the spatial distribution of each individual fuel type and 

technology. As a result, it was decided to apply the reduction to the entire mobile sector that 

use diesel. PM10, PM2.5, CO, NOX SO2 and VOCs emissions were reduced by 62%, 63%, 0.003%, 

0.6%, 0.4% and 0.5% respectively. 

Table 4 Emissions from mobile sources in ton/yr before and after applying the reduction. The emissions without 
reduction were obtain from updated local emission inventory from SDA 2018. Heavy- and light-duty vehicle are 
disaggregated in trucks, campers and pickup trucks. Others include: Car, vans, TCP, SITP, Taxis, Motorcycles, Special 
transport (See annex F) 

Category Fuel 
Emissions without reduction in Ton/year 

PM10 PM2.5 CO NOX SO2 VOCs 

Trucks Diesel 661.2 608.3 2099.5 3021.4 21.0 340.2 
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Campers and 
pickup trucks 

Diesel 20.4 18.8 367.6 100.3 0.1 32.7 

Trucks, campers 
and pickup trucks 

Gasoline and 
gas 

26.3 20.9 20225.5 381.0 73.9 767.3 

Other 
Diesel, 

Gasoline and 
GNV 

1139.0 1029.0 245352.2 25964.1 1777.0 21377.3 

Total 1847.0 1677.0 268044.8 29466.9 1872.0 22517.6 

Category Fuel Emissions with reduction in Ton/year 

Trucks Diesel - Euro IV 54.5 50.1 2099.5 2922.0 17.4 285.5 

Campers and 
pickup trucks 

Diesel - Euro IV 6.4 5.8 363.6 100.3 0.1 32.7 

Trucks, campers 
and pickup trucks 

Gasoline and 
gas 

26.3 20.9 20225.5 381.0 73.9 767.3 

Other 
Diesel, 

Gasoline and 
GNV 

1139.0 1029.0 245352.2 25964.1 1777.0 21377.3 

Total 1226.2 1105.8 268040.8 29367.4 1868.4 22462.9 

 

Figure 7c shows the spatial distribution of mobile sources. The greatest emissions are found in 

the west and south of Bogotá, on the main entry and exit roads of the city, with a high presence 

of heavy and light-duty vehicles. The information we use for this scenario is provided by the 

SDA for the year 2012, updated to 2018. 

5.11. Population weighted concentration 

The population weighted concentrations (PWC) is a metric that relates the concentration of any 

pollutant to the spatial distribution of the population. This allows to easily identify which places 

have high concentrations together with a high population density. So, we calculated the PWC 

for February to determine the effectiveness of the results generated by the Base Case and 

subsequent Reduction Scenarios in the population. We used the high-resolution population and 

socioeconomic stratification for Bogotá from the most recent census (DANE, 2018). Annex H 

presents the spatial distribution and the number of people disaggregated by socioeconomic 

strata. PWC is defined as: 

PWC =
𝑃(𝑥, 𝑦) ∗ 𝐶𝑥𝑦

𝑖

𝑃𝑡
 

Where: 𝑃𝑥𝑦 𝑖𝑠 𝑡ℎ𝑒 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑐𝑒𝑙𝑙 𝑥𝑦, 𝐶𝑥𝑦
𝑖  𝑖𝑠 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖 𝑖𝑛 𝑐𝑒𝑙𝑙 𝑥𝑦 and 

𝑃𝑡 𝑖𝑠𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛. The PWC equation is applied spatially, in this way, the cells with the 

highest PWC value are points with both high concentrations and high population, indicating 

which places should be intervened with higher priority. 
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    a)                                                   b)                                                c) 

   
Figure 7 Spatial distribution of coarse particulate matter emission fluxes from a) resuspended road dust from unpaved 
roads, b) coal-powered industrial sources, c) mobile sources. Note the different in scales for the fluxes in each map. 

5.12. Health Impacts 

A linear log model was used to estimate the short-term health impacts attributable to each 

scenario. 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). 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  

(∆𝑦) as indicated by next equation (EPA, 2015): 

∆𝑦𝑜  = 𝑦𝑜(1 − 𝑒−𝛽∗∆𝑋) ∗ 𝑃𝑜𝑝 

Where, ∆yo (number of cases) is the number of attributable cases to each scenario; ∆𝑋 is the 

difference between  concentrations from Base case and each scenario; 𝑦𝑜  is the basal incidence 

rate of the health effect (number of cases per capita); 𝑃𝑜𝑝 is the population affected by the 

change in air quality; finally 𝛽 (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) is the coefficient 

extracted from an epidemiological study and that corresponds to the slope of the 

Concentration-Response curve. We used a 𝛽 of 0.44 ±  0.11%/10 μg 𝑚−3 for PM10 and  

𝛽 of 0.68 ±  0.11%/10 μg 𝑚−3  for PM2.5 for all-cause mortality reported in  Liu et al., (2019). 

For 𝑦𝑜, we used data from the Ministry of Health that reports an all-cause mortality rate of 403 

deaths per 100.000 inhabitants during 2018 for Bogota. 
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6. Results and discussions 
All the results shown are obtained from the simulation of domain 3 in Bogota. 

6.1.  Base case simulation - meteorology and chemical performance evaluation 

The base case scenario for the month of February and September 2018 was thoroughly 

evaluated against observations from the AQMN of Bogotá (table 5). Modeled wind speed was in 

relatively good agreement for all AQMN stations with RMSE less than 2.3 m/s. However, given 

that low wind speeds are prevalent in the city, the percent bias on this variable is high, with 

44% overestimation. This positive bias is observed in 10 out of 11 stations in February and 9 

out of 11 stations in September. Regarding the wind direction, the best results are presented in 

points 1, 2, 6, 7 and 8 according to MGE and MB, as noted by other authors, wind direction is 

not well captured by the model (Kumar et al., 2016; R. Nedbor-Gross et al., 2017). In figure 8 

the wind rose for the 8 point is presented as an example for February and September, the other 

points are in Annex I, 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 due to lack of data, with underestimate in all points for February and overestimations 

in points 4, 5, 6 and 10 and underestimate 1, 2, 7 and 8 for September 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 5 Summary of evaluation metrics and benchmarks values for meteorological variables established in annex J 
(RMSE = root mean square error, MB = Mean bias, MGE = Mean gross error, d = Index of agreement), in green highlight 
represents the values that meet 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 STATION 
WS  WD T 

RMSE  
(m/s) 

MB 
(m/s) 

d 
MGE  
(deg) 

MB 
(deg) 

MGE  
(°C) 

MB 
(°C) 

d 

FEBRUARY 

1 Guaymaral 2.02 1.64 0.47 101.43 -3.7 2.49 -1.99 0.82 

2 Suba 1.79 1.31 0.47 99.57 9.86 2.38 -1.77 0.83 

3 Usaquen 1.61 0.42 0.48 89.04 37.24 NA NA NA 

4 Las Ferias 1.21 0.41 0.72 112.05 71.46 1.34 -0.35 0.9 

5 P Simon B 1.2 0.67 0.73 112.81 52.38 2.18 -1.02 0.82 

6 
Puente 
Aranda 

1.14 0.34 0.81 66.14 -3.31 1.24 -0.64 0.89 

7 Keneddy 1.08 0.04 0.82 81.42 8.23 2.25 -2.1 0.77 

8 Carvajal 1.23 0.39 0.75 68.22 -14.59 2.46 -2.36 NA 

9 Tunal 1.54 1 0.58 70.56 -21.97 NA NA NA 

10 
San 

Cristobal 
1.54 0.49 0.52 102.49 49.81 1.37 -0.31 0.89 

SEPTEMBER 

1 Guaymaral 2.01 1.64 0.50 92.23 -12.08 1.45 -0.57 0.91 

2 Suba 1.83 1.18 0.59 107.66 -9.07 1.35 -0.24 0.93 
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AQMN STATION 
WS  WD T 

RMSE  
(m/s) 

MB 
(m/s) 

d 
MGE  
(deg) 

MB 
(deg) 

MGE  
(°C) 

MB 
(°C) 

d 

3 Usaquen 1.51 0.26 0.60 91.08 33.39 NA NA NA 

4 Las Ferias 1.37 0.65 0.58 102.71 63.24 1.09 0.37 0.92 

5 P Simon B 1.47 0.86 0.56 105.62 50.34 1.44 0.13 0.90 

6 
Puente 
Aranda 1.47 -0.21 0.76 70.01 3.35 1.12 0.52 0.91 

7 Keneddy 1.25 0.02 0.79 87.46 20.63 1.73 -1.35 0.87 

8 Carvajal 2.07 1.24 0.62 52.58 14.19 1.59 -1.29 0.88 

9 Tunal 2.28 1.82 0.38 55.94 -21.12 NA NA NA 

10 
San 

Cristobal 1.75 0.73 0.53 105.20 82.81 1.08 0.59 0.92 
 
 
a) February                                                               b) September 

 
Figure 8 Wind roses AQMN point 8, obs = observed, mod = modeled. a) February month. b) September month. 

The figure 9 shows the simulated monthly-mean spatial distribution of PM2.5   from base case 

for domain 1, 2 and 3 for February and September. The February simulation period highlights 

the significant impact of biomass burning emissions, which can be seen as the high 

concentration in southern Colombia, which are due to forest fires and open burning, exceeding 

70 𝜇𝑔/𝑚3. High concentrations are also observed in the east of domain 1 (figure – 9a) for the 

two months, coming from boundary conditions, with high chloride content, characteristic of 

marine aerosols.  
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a)                                                  b)                                               c) 

      

   
Figure 9 Monthly-mean spatial distribution of ground level PM2.5   from base case for February and September for the 
three modelling domains. a) domain 1, b) domain 2, c) domain 3. 

Also, we computed monthly-mean spatial distribution of PM2.5, NOX, SO2 and O3 for the city of 

Bogotá in the base case for the month of February and September from domain 3 (Figure 10). 

In the case of PM2.5, NOX and SO2, the highest concentrations occur in areas dominated by 

industrial sources and high vehicular flow. In the north and east of the city, concentrations are 
the lowest, owing to a lower number of industrial sources, favorable meteorological conditions 

and topography (mountainous area).  Note that the concentration of PM2.5 in the surroundings 

of the city is around 12  𝜇𝑔/𝑚3 for February, this is due to the increase in concentrations by 

forest fires, also note that there are higher concentrations of SO2 outside Bogotá, a product of 

thermoelectric plants. In the case of O3, the lowest concentrations occur in the city compared to 

its surroundings, this is due to the high VOCs and NOX emissions in Bogotá, which causes ozone 

to be titrated, with higher concentrations outside of the city. This feature is commonly observed 

in the airsheds of large urban centers. The differences in NOX and O3 concentrations between 

the two months will be explained later. 
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Figure 10 simulated monthly-mean spatial distribution of PM2.5, NOX, SO2 and O3 max 8 hour for the city of Bogotá in the 
base case of February 

The temporal evolution (daily means for the month of February and September) of simulated 

air pollutants concentrations is shown in Figure 11 for PM10, PM2.5, CO, NOX, and SO2, and 

compared with observations from Bogota’s monitoring network. Similarly, also shown the 

mean diurnal profiles of O3 and several meteorological variables (temperature and wind 

speed).  

For the second modeled week of September there are two increases in concentrations for PM10, 

PM2.5, CO, NOX. Close analysis of model output suggests this is due to a change in wind direction, 

disfavoring Bogota (wind direction from west to east), bringing high concentrations of 

secondary organic aerosols, NO-3 and 𝑁𝐻4
+ for PM and increasing the concentrations for gases 

product of emissions from the city and its surroundings (Figure 12). However, the observations 
show the same behavior, but with less intensity for CO and NOX, generating overestimations in 

the modeled concentrations. An overestimation can be observed at the beginning of the 

September for these two gases, this is due to the initial conditions extracted from the CAM-

quem model for that date. These NOX overestimates cause an underestimation in the O3 

concentrations as evidenced in figure 11 - f for September, since the O3 is part of the oxidation 

process from NO to NO2. Despite that, the model is able to capture the observed temporal 

changes. 

a)          February                                                          September                                                                       

 
b)         February                                                          September                                                                       
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c)           February                                                          September                                                                                                                                     

 
d)          February                                                          September                                                                                                                                     

 
e)          February                                                          September                                                                                                                                                                                                                     

 
f)           February                                                          September                                                                                                                                     
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g)         February                                                          September                                                                                                                                                                                                                

 
h)          February                                                          September                                                                                                                                     

 
Figure 11 February simulation, figure a, b, c, d and e are daily-means, figure f, g and h are mean diurnal profiles. 

Weekly wind direction and SOA concentration in domain 3 for September are shown in Figure 

12. Weeks 1, 3, and 4 have a similar average wind direction from east to west, however, in week 

2 there is a change in wind direction, causing increases in PM concentrations in Bogota, coming 

from the west of the domain, with high concentrations of SOA, NH3 and NO3. This change in wind 

direction occurs concurrently with the increase in gas concentrations, especially CO and NOX 

coming from the surroundings and from the same emission of the city, as evidenced in figure 

11- c and 11 - d for September. 
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Figure 12 Wind direction and SOA averaged weekly for the month of September in D03, notice that there are four boxes, 
each box represents one week, so the 4 boxes represent the entire month of September 

Table 6 shows the mean of the observations with the modeling and the different statistical 

metrics established in annex J. The results were calculated with hourly model output.  Monthly 

mean PM10 and PM2.5 for February show an underestimation of more than 22% with respect to 
the means observed, this may be due to the following three reasons. 1. PM emissions from forest 

fires are injected at the surface and not at height (the chemical mechanism used in the WRF-

chem simulations does not yet allow injecting emissions from fires at height), 2. An 

overestimation of 40% in wind speed and 3.  The uncertainty of the emissions inventories. What 

may be causing the underestimation of PM concentrations in February, different from 

September, where there is no influence of forest fires, presenting similar averages between 

observed and modeled. In the case of O3, show an overestimation in February and 
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underestimation in September, this may be due to the underestimation of NOX in February and 

overestimation in September. With respect to correlation coefficient for the variables PM10, 

PM2.5, and SO2 are low (less than 0.34) for two months, 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 K), different from 

observations, where the lowest concentrations occur in the early morning hours, and the 

highest concentrations occur during the day. 

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 J is in the optimal range, with the best results for 

Temperature, WS, PM2.5 and PM10. 

Table 6 Summary of evaluation metrics and benchmarks values for February simulation. Green highlight represents 
the values that meets either goal or criteria standards established in annex J. 

Variable Units  Observed Modeled NMB NME r RMSE MB MGE d 

FEBRUARY 

PM10 
 

54.02 39.56 -26.76 35.04 0.28 24.44 -14.46 18.93 0.51 

PM2.5 
 

26.07 20.2 -22.54 33.94 0.2 11.28 -5.88 8.85 0.48 

O3 max 8 h ppb 25 44 112.36 117.11 0.74 18.63 15.31 15.96 0.62 

CO ppm 0.71 0.64 -10.47 29.31 0.6 0.27 -0.07 0.21 0.75 

NOx ppb 40.29 36.99 -8.21 40.17 0.61 22.52 -3.31 16.19 0.76 

SO2 ppb 2.19 1.45 -33.69 47.4 0.34 1.43 -0.74 1.04 0.49 

WS m/s 1.59 2.24 41.42 51.03 0.71 1.02 0.66 0.81 0.74 

Radiation 
 

194.24 269.23 36.61 52.5 0.89 197.14 75.13 101.98 0.9 

T °C 14.82 13.49 -9.00 11.48 0.87 2.16 -1.33 1.7 0.87 

SEPTEMBER 

PM10 
 

39.04 43.02 10.20 64.95 0.13 32.07 3.98 25.35 0.43 

PM2.5 
 

16.87 16.97 0.60 62.46 0.30 13.35 0.10 10.54 0.55 

O3 max 8 h ppb  21.56 16.50  -48.09 71.67 0.87 11.28 -6.46 9.63 0.66 

CO ppm 0.87 1.01 15.94 80.94 0.15 0.93 0.14 0.70 0.40 

NOx ppb 42.70 75.66 77.18 111.64 0.36 72.90 32.96 47.67 0.40 

SO2 ppb 2.31 2.31 0.04 70.62 0.15 2.10 0.00 1.63 0.39 

WS m/s 1.74 2.51 44.07 53.69 0.71 1.19 0.77 0.93 0.72 

Radiation 
 

 179.33 279.23   55.70 73.22   0.86 232.99   55.70  131.32 0.85  

T °C 14.46 14.22 -1.65 6.74 0.90 1.29 -0.24 0.97 0.95 

 

Table 7 shows the results modeled with the disaggregated observations in the AQMN, keep in 

mind that AQMN stations are located from north to south (Figure 4), it means that station 

number 1 is located in the north and number 10 in the south. Station 5 exhibits the largest 
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positive bias for PM10, PM25, NOX, CO and SO2. This is likely due to the fact that the station is 

located in a green zone, classified as background station, and the resolution of the model 

(3x3km) is not enough to capture this change in the green zone and decrease in emissions, 

presenting higher modeled concentration than what is observed. In February, the model 

underestimates particles in all stations for the reasons already mentioned. However, the 

modeled surface concentrations have a spatial pattern similar to observations in February and 

September, with high concentrations in the south center of the city (station 7 and 8), medium 

concentrations in the city center (station 4 and 6) and low concentrations in the north. and 

south of the city (station 1, 3 and 10).  Regarding gas phase concentrations, it is difficult to 

conclude due to the lack of observed data, but O3 in February and NOX and CO in September are 

overestimated in all station for the reasons already explained. 

Table 7 Results disaggregated by stations, NA represents missing values 

AQMN 

PM10 

[𝜇𝑔/𝑚3]  
PM2.5 

[𝜇𝑔/𝑚3] 
O3 max 8 h [ppb] NOX [ppb] CO [ppm] SO2 [ppb] 

Obs Mod Obs Mod Obs Mod Obs Mod Obs Mod Obs Mod 

FEBRUARY 

1 41.55 29.31 21.9 17.27 31.71 40.51 33.52 35.62 NA 0.56 NA 1.15 

2 60.13 28.35 25.73 16.83 36.77 50.1 NA 24.95 NA 0.48 1.96 0.96 

3 58.79 35.05 23.84 18.31 30.8 36.33 NA 41.1 0.57 0.76 NA 1.28 

4 56.1 37.47 25.89 19.48 18.32 35.47 33.27 50.68 0.61 0.73 NA 1.32 

5 40.37 45.82 22.33 22.34 NA 33.37 36.78 51.41 0.64 0.79 0.84 2.26 

6 59.28 41.32 23.38 21.48 13.6 37.35 43.51 44.89 0.71 0.66 1.39 1.64 

7 63.56 45.2 32.46 22.39 19.75 50.49 22.05 28.34 0.73 0.53 2.82 1.08 

8 70.92 62.76 29.25 24.57 20.65 51.51 81.9 27.75 1.21 0.5 4.92 1.49 

9 54.84 38.4 31.85 20.14 15.76 45.11 39.15 32.97 NA 0.53 1.96 1.21 

10 40.11 33.52 24.63 18.59 26.96 49.87 NA 26.2 NA 0.52 NA 0.97 

SEPTEMBER 

1 31.78 27.18 14.19 12.17 26.76 18.07 30.28 62.98 NA 0.70 NA 2.04 

2 43.83 27.81 13.20 12.25 20.92 20.11 NA 50.52 NA 0.61 0.91 1.66 

3 45.73 38.04 11.91 14.64 31.19 14.57 NA 80.82 NA 1.06 NA 2.32 

4 30.12 43.28 15.24 18.50 22.00 14.48 30.34 98.11 0.65 1.19 NA 2.33 

5 28.46 58.55 14.02 22.57 NA 13.30 31.09 117.46 0.84 1.38 2.07 4.40 

6 37.77 47.16 15.27 17.30 13.08 6.62 39.17 92.47 0.84 1.06 1.10 2.72 

7 51.28 55.84 21.43 20.86 19.27 19.12 46.34 63.52 0.74 0.80 3.12 1.77 

8 71.59 70.16 32.92 23.02 12.37 16.06 90.41 52.83 1.24 0.65 4.21 2.12 

9 34.52 34.24 19.86 14.61 NA 16.70 18.39 36.57 NA 0.56 2.58 1.57 

10 21.23 29.19 9.82 13.15 NA 17.18 NA 42.79 NA 0.56 NA 1.28 
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6.2. Scenarios 
The mean spatial distribution of Δ𝐶𝑅𝑆_𝑗

𝑖  for the month of February and September is presented 

in Figure 13 for PM2.5, O3, NOX and SO2. For PM2.5 a maximum reduction of 6 and 8 𝜇𝑔/𝑚3 occurs 

in Scenario S1 for February and September respectively in the south-western part of the city, 

where there is presence of unpaved roads (figure 7a). In Scenario S2, the maximum reduction 

is 3.26𝜇𝑔/𝑚3 for February and 2.55 𝜇𝑔/𝑚3 for September in the south of the city, a place with 

the presence of coal-powered industrial sources (Figure 7b), with a mean change of 0.47 and  

0.22 𝜇𝑔/𝑚3 respectively in the Bogota area. Regarding scenario 3, the reduction is more 

spatially homogeneous than scenario 1 and 2, it is because the spatial distribution of mobile 

sources is found throughout Bogotá (figure 7c), with a maximum reduction of 1.2 𝜇𝑔/𝑚3 for 

February and for 2.1 𝜇𝑔/𝑚3 September. 

From the point of PM2.5 speciation, the greatest reduction of organic carbon (OC) and elemental 

carbon (EC) occurs in S3, as diesel-powered mobile sources are rich on OC and EC (Annex B).  

From the point of view of sulfates, the greatest change is generated by S2, while the major 

changes generated by S1 correspond to unspeciated PM, for what is expected to be a reduction 

of mineral components. (See annex L where the difference maps of the PM2.5 speciation 

mentioned in this paragraph are presented). 

Regarding NOX, S1 as expected has a negligible change in Bogota, as only primary particle 

emissions are impacted in this scenario. Scenario 2 has a maximum reduction of 2.26 ppb for 

February and 1.26 ppb for September in the center and south of the city. Scenario 3 shows a 

slightly smaller reduction of 0.32 and 0.45 ppb from February and September respectively in 

Bogota. This relatively small reduction is consistent with the fact that EURO IV emission 

standard does not imply a severe reduction in NOX emissions. In our scenario, the reduction in 

emissions was only 3% for heavy and light-duty vehicles. 

For O3 concentrations, we calculated the difference for maximum 8 hours. For tree scenario, the 

mean changes in Bogota for two months (0.2, 0.02 and 0.17 ppb for scenarios 1, 2 and 3 

respectively for February and -0.59, -0.27 and -0.73 ppb for scenarios 1, 2 and 3 respectively 

for September) is small considering that the maximum 8-hour mean concentration is 45.23 ppb 

for February and 18.10 ppb for September in Bogota. Consistent with the change in emissions 

from scenario 1, 2 and 3, where the variation of NOX and VOCs is less than 4% of the total 

emissions in Bogota for three scenarios. 

Finally, SO2 concentrations, as expected, the mean change is -0.01 ppb in scenario 1 and 3 for 
February and 0.01 ppb in the same scenarios for September, since that scenario 1 does not 
present changes in SO2 emissions and the reduction emission of SO2 in heavy and light-duty 
vehicles in scenario 3 was 4%. On the other hand, in scenario 2, the greatest change occurs in 
the center and south of the city, where the industrial sources that uses coal as fuel are located, 
with a maximum reduction of 3.37 and 4.9 ppb for February and September respectively, which 
is consistent with scenario 2 emissions, where SO2 was reduced by 99.9% for coal industrial 
sources.  



27 
 

 



28 
 

 
Figure 13 Spatial distribution of 𝛥𝐶𝑅𝑆_𝑗

𝑖  for PM2.5, NOX, O3 and SO2 concentration. Note that at the top of each map there 

is a title, referring to which month it belongs, also, there is a  𝛥𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, referring to the mean change between 
Base case concentration and each scenario concentration in Bogotá area. S1= scenario without unpaved roads, S2= 
scenario with industrial reduction sources, S3=scenario with mobile reduction sources.  
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6.3. Population weighted concentration 

We calculate the PWC for PM2.5, NOX, SO2 and O3 max-8-hour from our base-case simulation 

(Figure 14) and in this way, it is possible to identify which points are critical in the city, that is, 

points where there are high concentrations and high population density. We can see that for 

PM2.5 one grid-cell stands out as a hot-spot, at the south west of the city. This is due to emissions 

from unpaved roads, high traffic flow and high population density of strata 0, 1, 2 and 3. For 

NOX and SO2, the northwestern and central western parts are more affected, a place with a high 

predominance of people from strata 2 and 3, characteristic of high traffic flow and industrial 

land uses. For O3, it presents a behavior similar to that of PM2.5, with a critical point in the south-

west of the city. 
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Figure 14 Population weighted concentration for February Base-case simulation in Bogotá area. 

We calculated the difference in population weighted concentration for tree scenarios (Figure 

15), note that the difference was calculated between Base case simulation and each scenario, 

observe that in each map there is the 𝜟PWC, referring to the mean change in Bogotá area, also 

consider that the mean PWC for Bogota from the base case is 0.27, 0.44, 0.62 and 0.02 for PM2.5, 

NOX, O3 and SO2 respectively for February, and 0.22, 0.88, 0.23 and 0.03 for PM2.5, NOX, O3 and 

SO2 respectively for September. 

The results are similar to the difference in concentrations (Figure 13), showing that the greatest 

benefits for PM2.5 occur in scenario 1, paving the unpaved roads, reducing the concentrations in 

strata 0, 1, 2 and 3, densely populated places. For the case of NOX and O3, in the three scenarios 

show percentage changes of less than 1.5% in Bogota area, congruent with the change in 

concentration shown in figure 12. Finally, for SO2, as expected, the greatest benefit occurs in the 

center and south of the city, a place densely populated by strata 0, 1, 2 and 3. 
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Figure 15 Difference between PWC Base case and each PWC scenario in Bogota area.BS=Base-case simulation S1= scenario 
without unpaved roads, S2= scenario with industrial reduction sources, S3=scenario with mobile reduction sources. Note 
that at the top of each map there is a title, referring to which month it belongs, also, there is a  𝛥𝑃𝑊𝐶, referring to the 
mean change between Base case concentration and each scenario concentration in Bogotá area 
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6.4. Health Impacts 

The estimated short-term total mortality from all causes associated with each scenario for PM10 

for February and September 2018 was calculated, the results can be shown spatially (Figure 

16) and as an absolute value for Bogota. Therefore, scenario 1 (paving the unpaved roads) 

implies an estimated reduction of 9 and 12 premature deaths per month, for February and 

September respectively in Bogota. Scenario 2 (reduction of sources that use coal as fuel) and 

scenario 3 (reduction of emissions from heavy and light-duty vehicles) present 1 case for each 

scenario and each month.  
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Figure 16 Number of mortality cases attributable to each scenario for PM10   for February and September. S1= scenario 
without unpaved roads, S2= scenario with industrial reduction sources, S3=scenario with mobile reduction sources 

It is observed that the number of cases attributable to PM10 of unpaved roads is the highest of 

the three scenarios for the two months, this is due to the predominance of road dust emissions 

and the high population density of strata 0, 1, 2 and 3 in the south west of the city (figure 6-a 

and annex H). Keep in mind that the number of cases is only for February and September 2018 

in Bogotá.   

Also, we calculated the number of case attributable to PM2.5 (Figure 17), the spatial distribution 

is the same for PM10 and PM2.5 as expected, however, in S1 there is a significant decrease  in the 

number of premature deaths for PM2.5 compared to PM10, while in S2 and S3 the values are 

similar. This is because in scenario 1, the 85% of unpaved road emission is PM coarse, and only 

15% is PM fine, while scenario 2, industrial emission has PM2.5/PM10 ratio of 0.7 and scenario 

3, mobile emission that use diesel has a ratio of 0.9 (annex B). Despite the above, the number of 

cases attributable to PM2.5 continues to be higher for S1 and lower for S2 and S3, with benefits 

in the center and south of the city, consistent with the results shown in section 6.2 and 6.3. 

Finally, for PM2.5, scenario 1 present 3 and 4 mortality cases for February and September 

respectively, scenario 2 and 3 present 1 case for each month. 
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Figure 17 Number of mortality cases attributable to each scenario for PM2.5   for February and September. S1= scenario 
without unpaved roads, S2= scenario with industrial reduction sources, S3=scenario with mobile reduction sources 

6.5. PM2.5 Chemical Speciation 

The chemical speciation of PM2.5 concentration in Bogotá was determined from Base case, 

scenario 1, 2 and 3 for February and September (Figure 18), as well, the average observed 

chemical speciation in three points of the city (Annex M) from February and September 2018 

is presented (Figure 19), corresponding to the simulation period.  
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Figure 18 Modeled PM2.5 Chemical Speciation for February and September, POM= primary organic matter, SOM= 
Secondary organic matter, BS=Base-case simulation S1= scenario without unpaved roads, S2= scenario with industrial 
reduction sources, S3=scenario with mobile reduction sources. 

Note that the main differences in the chemical composition of the base simulation of February 

and September are the percentages of organic aerosols and sulfates, being higher in February, 

this is due to forest fires, which causes the component of "others" to be lower in February than 

in September. The "others" component is not negligible, being mostly RPM, which was entered 

without speciation (Annex B), so it can be assumed that the majority is mineral contribution. 

In scenario 1, the reduction in “Others” decreased, since it does not have emissions from 

unpaved roads, being part of the group of RPM emissions and, as already mentioned, that 

emission was entered without speciation. Regarding scenario 2, the change was minimal in all 

species and for scenario 3, the greatest reduction occurs in EC, this is because 53% of the PM2.5 

emission from mobile sources that work with diesel is EC.  

 

Figure 19 Observed PM2.5 Chemical Speciation. OM= Organic matter. The location of the 3 points is in Annex L, the 
measurement campaign was carried out in February and September 2018 (Rincon Ma 2019), coinciding with the 
simulation period. In February, at point 2, no speciation was determined. 
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Figure 19 can be observed that the main component is “Others” in the three points, consistent 

with the modeled results. In point 2, there is a great contribution of EC, due to the influence of 

vehicular traffic around the point, however, in all points there is a great contribution from OM, 

not being well represented in the model, being a topic that requires further study. 

7. Conclusions 
The simulations suggest that the city's anthropogenic emissions inventory presents 

overestimates if it is used in its entirety, with overestimations in road-dust and gases for mobile 

sources emissions, for which a reduction factor of 0.40 and 0.32 was applied for February and 

September respectively in the road-dust emissions, for mobile sources, in NOX and VOCs a factor 

of 0.35 was applied and for CO a factor of 0.45. The spatial distribution of the emissions was not 

modified. 

Our base case simulations show an underestimation of more than 22% of PM for the month of 
February, which is likely explained by an 40% overestimation of windspeed, the injection of 

biomass burning aerosols at the surface and not at height and the uncertainty of emissions 

inventories. Our modelling experiments also show an overestimation and underestimation of 

Ozone in February and September respectively, which is probably the result of an 

overestimation of NOX concentration in February and an excess in September. 

For the three scenarios proposed, the greatest concentration changes of PM occur in scenario 1 

with maximum changes of 31 and 38 𝜇𝑔/𝑚3 for PM10 and 6 and 8 𝜇𝑔/𝑚3 for PM2.5 in February 

and September respectively, on the other hand, S2 and S3 showed maximum PM2.5 reductions 

of 3.26 𝜇𝑔/𝑚3 and 1.5 𝜇𝑔/𝑚3 for February and 2.55 𝜇𝑔/𝑚3 and 2.1 𝜇𝑔/𝑚3 for September 

respectively.  With respect to gas phase concentrations the largest changes in SO2 occur in 

scenario 2 with a maximum change of 3.37 and 4.9 ppb and a mean of 0.19 and 0.27 ppb in 

Bogota for February and September respectively. Changes in NOX and O3 can be considered 

minimal.  

The implementation of scenario 1 contributes to the reduction of PM concentrations in low 

socioeconomic strata, the most densely populated strata, with the greatest benefits in the 

southwestern part of the city. For scenario 2 and 3, the reduction in concentrations has less 

impact according to PWC than scenario 1, but even so, for scenario 2 the greatest benefits are 

observed in the south of the city while for scenario 3 the benefits are more homogeneous in the 
city. In the case of SO2, scenario 2 generates benefits in the south of the city, characteristic of 

low strata. 

The paving of unpaved roads (scenario 1) in Bogotá would prevent 9 and 12 deaths from PM10 

and 3 and 4 deaths from PM2.5 for February and September respectively, being the scenario with 

the greatest benefit of the three proposed. However, the number of deaths avoided according 

to scenario 2 (reduction of industrial sources) and 3 (reduction of mobile sources) is not 

negligible, with 1 due to PM10 and PM2.5 for each scenario and month. Therefore, the number of 

deaths avoided with the three scenarios simultaneously would be expected to be 11 and 14 

deaths from PM10 and 5 and 6 deaths from PM2.5 for February and September respectively. 
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10. Annex  
10.1. Annex A 

 

Figure 20 Land use category Modis. 1: Urban and built-up, 2: Croplands, 3: Dryland cropland and pasture, 4: Irrigated 
cropland and pasture, 5: Cropland/Natural vegetation grassland mosaic, 6: Cropland/Woodland mosaic, 7: Grassland, 8: 
Shrublands/closed shrubland, 9: Mixed shrublandgrassland/open shrubland, 10: Savanna, 11: Deciduous broadleaf forest, 
12: Deciduous needleleaf forest, 13: Evergreen Broadleaf, 14: Evergreen Needleleaf, 15: Mixed forest, 16: Water Bodies, 
17: Permanent wetlands, 18: Herbaceous wetland/wooden wetland, 19: Barren or sparsely vegetated, 20:Herbaceous 
tundra, 21: Wooded Tundra, 22: Mixed tundra. 

10.2. Annex B 
Table 8  particle emission speciation used in the model 

Species Mobile - Diesel Mobile - Gasolina Industrial Comercial RPM 

PM2.5/PM10 0.908 0.908 0.70 0.52 0.15 

Without speciation  21.2% 24.6% 81.6% 42.9% 100.0% 

EC 53.0% 20.5% 0.9% 10.8% 0.0% 

Organic 25.0% 53.8% 7.4% 46.3% 0.0% 

 𝑆𝑂4
−2 0.6% 0.8% 9.9% 0.0% 0.0% 

 𝑁𝑂3 0.0% 0.2% 0.3% 0.0% 0.0% 

 𝑁𝐻4 0.2% 0.0% 0.0% 0.0% 0.0% 
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10.3. Annex C 
Table 9 VOCs speciation used in the model 

VOC Species MW Split factor RACM 
(mol/mol) 

Split factor RACM 
(g/g) 

EHT 30 0.0341 0.0170 
HC3 44 0.4168 0.3041 
HC5 72 0.1091 0.1302 
HC8 114 0.0640 0.1210 
ETE 28 0.0646 0.0300 
OLI 56 0.0266 0.0247 
OLT 42 0.0310 0.0216 
TOL 92 0.0811 0.1237 
XYL 106 0.0735 0.1292 

HCHO 30 0.0197 0.0098 
ALD 44 0.0051 0.0037 
KET 72 0.0712 0.0850 

 

10.4. Annex D 

In Figure 21, the results obtained using 100% local inventory emission from September 3 to 8 

are shown, the observed results were obtained by averaging the AQMN values, for the modeled 

values, the concentrations of the same points where the AQMN is located were averaged. 

a)                                                                                       b) 

 
c)                                                                                         d) 

 
e)                                                                                           f) 
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g)                                                                                            h) 

 
Figure 21 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 10 show the means of observed and modeled of diferent variables. Strong 

overestimations are presented in PM, NOX and CO, and underestimation in O3, due to the high 

concentrations of NOX and VOCs. 

Table 10 averages of observed and modeled species using all local emissions inventory 

Variables PM10 PM2.5 O3 CO NOX SO2 Temperature 
Wind 
speed 

Units 𝝁𝒈/𝒎𝟑 𝝁𝒈/𝒎𝟑 ppb ppm ppb ppb °C m/s 

OBS 40.12 16.34 14.75 0.80 36.60 2.58 14.24 2.11 

MOD 119.85 27.54 4.56 2.48 255.98 3.50 14.20 2.45 
 

10.5. Annex E 

Table 11 shows the respective EF and AF for the emissions reduction from the industrial sector. 

Table 11 EF and AF used in S2- reduction from the industrial sector (SDA 2018) 

Tecnology 
EF in g/Kg-coal AF in Kg-coal/year 

PM NOX SO2 CO VOCs 

Boiler >100BHP 6.9 7.6 22.1 0.3 0.2 16043299.3 

Boiler <100BHP 10.5 4.5 11.6 0.3 0.2 161956.1 

Brick furnace 12.7 4.6 12.1 6.3 0.5 19350479.6 

Coal furnace 12.7 4.6 12.1 6.3 0.5 2427044.0 
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Tecnology EF in mg/m3-gas AF in m3-gas/year 

Gas boiler >100BHP 237.2 695.0 0.5 1344.0 176.0 2742444.3 

Gas boiler <100BHP 190.3 3191.8 23.1 1380.0 176.0 27684.8 

Gas brick furnace 121.8 1506.6 9.6 641.1 88.2 3307774.3 

Gas furnace  121.8 1506.6 9.6 641.1 88.2 414879.3 

 

For the determination of AF, the calorific value of carbon and natural gas was considered, where 1 

kg of coal generates 2 Kw of energy and 1m3 of gas generates 11.7 Kw of energy. 

10.6. Annex F 
Table 12 number of vehicles disaggregated by categories, type of fuel and amount emitted by species for 2018 year (SDA 
2018).  

Category Number Fuel 
Emissions in Ton/year 

PM10 PM2.5 NOX CO SO2 VOCs 

Car 1142295 Gasoline and GNV 307 275 18028 114152 790 24393 

Campers and vans  570530 Diesel, Gasoline and GNV 310 280 15233 104714 425 3458 

Heavy- and light -duty 99625 Diesel, Gasoline and GNV 708 648 10008 50428 95 3258 

TCP 5101 Diesel 123 113 9955 9141 9 98 

SITP Zonal y alimentadores 6332 Diesel - electricity 73 67 6366 6095 16 58 

SITP Troncal  2054 Diesel - electricity 23 21 2949 3636 22 30 

Taxi 49616 Gasoline, GNV, electricity 18 15 6288 23582 44 7318 

Motorcycles 524409 Gasolina - electricity 149 131 6138 266081 434 24746 

Special transport 12570 Diesel, Gasoline and GNV 129 119 8633 14545 31 761 

Others 3522 - 8 6 592 3281 5 215 

Total 1848 1675 84190 595655 1871 64335 

 

10.7. Annex G 
Table 13 EF and AF used in S3 before and after form heavy-and light-duty vehicles. (SDA 2018). The AF are the same 
before and after, we assume that the same number of vehicles and mileage is maintained.   

Category Fuel 
EF in g/Km 

AF in 
Km/year 

PM10 PM2.5 CO NOX SO2 VOCs 

BEFORE 

Trucks Diesel 1.029 0.946 7.258 13.430 0.033 1.512 642808652 

Campers and pickup 
trucks 

Diesel 0.273 0.251 10.905 3.827 0.002 1.248 74910980 

AFTER 

Trucks Diesel -Euro IV 0.085 0.078 7.258 12.987 0.027 1.269 642808652 

Campers and pickup 
trucks 

Diesel -Euro IV 0.085 0.078 10.787 3.827 0.002 1.248 74910980 
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10.8. Annex H 

Bogotá are divided into 6 socioeconomic strata including stratum 0, being inhabited by low-
income people, as opposed to stratum 6, being the most expensive to live. Figure 22 shows the 
spatial distribution of the population disaggregated by socioeconomic strata and number of 
people by strata with a total of 7.563.246 people (DANE 2018). 

 

 
Figure 22 Spatial distribution of number of people disaggregated by strata and total number of people by strata (DANE 
2018) 
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10.9. Annex I 

February 
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September 
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Figure 23 Wind roses disaggregated by the AQMN points, obs = observed, mod = modeled for February and September. 

10.10. Annex J 

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 14 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  

Temperature  

Mean Bias MB ≤ ± 0.5 °C   - 

Mean Gross Error MGE  ≤ 2 °C  - 

Index of agreement d ≥ 0.7   - 
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10.11. Annex K 

 
a)                                                                                       b) 

 
c)                                                                                         d) 

             
e) 

 
Figure 24 Simulation from September 3 to 29, results are hourly behavior in a day 



49 
 

10.12. Annex L 

 

 

Figure 25 Spatial distribution of 𝛥𝐶𝑅𝑆_𝑗
𝑖  for speciation PM2.5 concentration. Note that at the top of each map there is a 

title, referring to which month it belongs, also, there is a  𝛥𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, referring to the mean change between Base 
case concentration and each scenario concentration in Bogotá area. S1= scenario without unpaved roads, S2= scenario 
with industrial reduction sources, S3=scenario with mobile reduction sources. POA= Primary organic aerosol or organic 
carbon, EC = elemental carbon, SO4 sulfates, WIS= without especiation. 



50 
 

10.13. Annex M 

Location of the three monitoring points (figure 6), at point 1 a HI-VOL of PM2.5 was used, at 

points 2 and 3 low-vol of PM2.5 was used (Rincon Ma 2019). 

 

Figure 26 the measurement campaign was carried out in February and September 2018, coinciding with the 
simulation period. 

 

 


