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Abstract 

Objective:  To compare estimates of spatiotemporal variations of surface PM2.5 concentrations in Colombia from 
2014 to 2019 derived from two global air quality models, as well as to quantify the avoidable deaths attributable to 
the long-term exposure to concentrations above the current and projected Colombian standard for PM2.5 annual 
mean at municipality level.

Methods:  We retrieved PM2.5 concentrations at the surface level from the ACAG and CAMSRA global air quality 
models for all 1,122 municipalities, and compare 28 of them with available concentrations from monitor stations. 
Annual mortality data 2014–2019 by municipality of residence and pooled effect measures for total, natural and spe‑
cific causes of mortality were used to calculate the number of annual avoidable deaths and years of potential life lost 
(YPLL) related to the excess of PM2.5 concentration over the current mean annual national standard of 25 µg/m3 and 
projected standard of 15 µg/m3.

Results:  Compared to surface data from 28 municipalities with monitoring stations in 2019, ACAG and CAMSRA 
models under or overestimated annual mean PM2.5 concentrations. Estimations from ACAG model had a mean bias 
1,7 µg/m3 compared to a mean bias of 4,7 µg/m3 from CAMSRA model. Using ACAG model, estimations of total 
nationally attributable deaths to PM2.5 exposure over 25 and 15 µg/m3 were 142 and 34,341, respectively. Cardiopul‑
monary diseases accounted for most of the attributable deaths due to PM2.5 excess of exposure (38%). Estimates of 
YPLL due to all-cause mortality for exceeding the national standard of 25 µg/m3 were 2,381 years.

Conclusion:  Comparison of two global air quality models for estimating surface PM2.5 concentrations during 2014–
2019 at municipality scale in Colombia showed important differences. Avoidable deaths estimations represent the 
total number of deaths that could be avoided if the current and projected national standard for PM2.5 annual mean 
have been met, and show the health-benefit of the implementation of more restrictive air quality standards.
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Introduction
Exposure to air pollutants have adverse effects on human 
health leading to increased mortality. Although various 
atmospheric pollutants are associated with increased risk 

of mortality, especially for respiratory and cardiovascular 
diseases, atmospheric particulate matter < 2.5 μm -PM2.5- 
is widely studied and is often used as a proxy indicator 
of air pollution exposure [1]. PM2.5 consists of inhalable 
particles and its adverse effects are due to their capac-
ity to penetrate and deposit into the lower respiratory 
tract, facilitating the submicron particles to avoid the tis-
sues’ natural mechanisms of clearance and to form active 
oxides into the lungs [2, 3]. These are the most cytotoxic 
ambient particles and as a result, there is a long- term 
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retention of the particles and their absorbed chemicals 
cause oxidative damage and an increase in the risk of tox-
icity [2, 4–6].

There is vast epidemiological evidence of the asso-
ciation between PM2.5 and mortality and morbidity out-
comes [7–10]. The International Agency of Research 
on Cancer (IARC) have raised environmental concerns 
about atmospheric particles affecting air quality and 
human health and declared PM in outdoor pollution as 
carcinogenic to humans [11]. In 2017, it was estimated 
that 92% of the world’s population lived in areas that 
exceeded the World Health Organization (WHO) Air 
Quality Guidelines (AQG) 2005 for PM2.5, thus contrib-
uting to 2.9  million deaths [12]. The burden of disease 
caused by ambient air pollution is large, particularly in 
low- and middle-income countries, being the leading 
environmental risk factor and one of the most impor-
tant overall risk factors for global mortality [13, 14]. It is 
estimated that ambient air pollution is responsible for 4 
to 9  million deaths each year worldwide, and therefore 
reducing air pollutants concentrations has become a 
global goal related to achieving the Sustainable Develop-
ment Goals (SDGs) by making more restrictive air quality 
regulations [15].

In Colombia, according to the national burden of envi-
ronmental disease study, there were 15,361 deaths attrib-
utable to air pollution in 2016 (rate 719.18 per 100,000 
population) [16]. Increases in PM10 concentrations have 
been associated with increased risk of cardiovascular 
mortality in Bogotá [17], and increases in PM2.5 levels 
have been associated with increased risk of cardiopulmo-
nary morbidity in different Colombian cities [18]. Partic-
ulate matter, both PM2.5 and PM10, are the air pollutants 
of most concern by environmental authorities in Colom-
bia as they are the pollutants with more exceedances per 
year based on national regulatory levels [19].

The evolution of air quality regulations has been 
dynamic, and air quality regulations have been created 
and updated. Colombia has had exclusive regulations 
for the control of air pollution. In 2010, the Air Pollution 
Prevention and Control Policy was approved along with 
the resolution 610 that established the national air qual-
ity standard. The standard was updated by the resolution 
2254 of 2017, in which the maximum permissible PM2.5 
levels of 50 and 25  µg·m− 3 were established for daily 
(24 h) and annual mean, respectively. Starting in 2018, the 
maximum permissible levels were more restrictive for an 
average exposure time of 24 h with limits of 37 µg·m− 3. 
These levels established in 2017 were still above the 
WHO 2005 AQG for PM2.5 daily (24 h) and annual mean 
of 25 and 15 µg·m− 3 respectively. The annual 2005 AQG 
was proposed to be achieved in 2030. The updated 2021 
WHO AQG level for PM2.5 is 15 and 5 µg·m− 3 for daily 

and annual mean, respectively, and therefore the current 
national standard for PM2.5 annual mean corresponds to 
the new WHO interim target 2 [15].

Many of the world’s most developed countries meas-
ure PM2.5 concentrations through networks of monitor-
ing stations, concentrated principally in urban areas. 
Although these data sources are valuable, in developing 
countries, air quality monitoring stations are scarce in 
urban areas, as well as far from mid-sized cities, subur-
ban, and rural areas. Therefore, to obtain surface data of 
PM2.5 concentrations from these locations around the 
world, the results of air quality stations must be com-
bined with satellite observations and information from 
global models [20].

Colombia has a national air quality network composed 
of 24 surveillance systems and 175 monitoring stations of 
which 92 monitored PM2.5 in 2019 [19] (IDEAM, 2021). 
Consequently, spatial PM2.5 resolution in all Colombian 
cities is limited, due to the lack of enough air quality 
stations. In addition, previous studies showed that the 
region contributes to biomass burning aerosol associ-
ated to PM [21], which occurs mainly in locations far 
from existing monitoring stations. Thus, the importance 
of using global models to estimate the exposure to PM2.5.

Recently, some products with high temporal and spa-
tial resolutions from geostationary-orbit satellites have 
been available. Several studies assessed the relationship 
of PM2.5 and mortality, using satellite-derived estimations 
[22–28], mainly in the USA, Europe and Southeast Asia. 
Limited studies are available in South America [29–33].

For countries, estimating the avoidable mortality 
related to air pollution is central for decision making 
and for quantifying the potential health co-benefits that 
can be obtained with more strict air quality regulations. 
Consequently, the aim of the study was to compare esti-
mates of spatiotemporal variations of surface PM2.5 con-
centrations in Colombia from 2014 to 2019 derived from 
two global air quality models, as well as to quantify the 
avoidable deaths at municipality level attributable to the 
long-term exposure to current and projected for 2030 
Colombian standard for PM2.5 annual mean of 25 and 
15 µg/m3, respectively.

Materials and methods
Population
Colombia is a country located in South America with an 
estimated total population of 49,395,678 inhabitants in 
2019, with 29,221,754 over 25 years old, distributed in 
1,122 municipalities and 33 departments, including the 
capital district [34]. According to this census, 51.2% of 
the total population are women and 71.8% of the popu-
lation live in urban areas. Based on 2018 census, it is 
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estimated that the total population in Colombia in 2030 
will be 55,678,083 inhabitants.

Data sources
PM2.5
According to the Colombian Institute of Hydrology, 
Meteorology, and Environmental Studies - IDEAM, 
ninety-two out of 1,122 municipalities regularly measure 
air quality in Colombia [19]. Large cities such as Bogota, 
Medellin, Bucaramanga, Cali, and Barranquilla have 
automatic air quality monitoring networks. On the other 
hand, medium-sized and smaller cities perform periodic 
manual measurements that are not readily available [35]. 
Because of the scarcity of surface measurements in the 
country, we retrieved PM2.5 concentrations at the surface 
level between 2014 and 2019 (as a measure of long-term 
exposure) from the global estimations of the Atmos-
pheric Composition Analysis Group (ACAG) model and 
from the Copernicus Atmospheric Monitoring Service 
-CAMS- Reanalysis (CAMSRA). The ACAG is a global 
three-dimensional model that estimates surface concen-
trations by combining Aerosol Optical Depth (AOD) 
retrievals with GEOS-Chem chemical transport model 
and estimations are calibrated with global-ground based 
observations using a geographically weighted regression. 
We used the ACAG global surface PM2.5 estimations at 
0.1° resolution which are freely available from the Wash-
ington University ACAG website as version V5.GL.01 
[36]. CAMSRA uses four-dimensional variational data 
assimilation techniques that combines satellite observa-
tions with a global scale atmospheric model to produce 
aerosol and particle concentrations and mixing ratios of 
several gases at the surface and vertical gridded data [37, 
38]. We obtained CAMSRA PM2.5 concentrations at the 
surface level over Colombia using the ECMWF Web API 
in Python provided at this platform [39]. We retrieved 
daily data at three hourly temporal resolutions and grid-
ded at a 0.125° resolution (≈ 12  km) from January 1st, 
2014, to December 31st, 2019. The PM2.5 concentra-
tions were averaged per year and estimated at the cen-
troid of each municipality by using the Inverse Distance 
Weighted (IDW) interpolation method from the nearest 
four retrieved CAMSRA concentrations [40]. Then, the 
results obtained from IDW interpolation were assessed 
statistically through the Spearman correlation coefficient 
(Rho) and Mean Bias (MB).

In order to evaluate the responsiveness of ACAG and 
CAMSRA PM2.5 data, we compared retrieved annual 
average PM2.5 concentrations with available ground-
based measurements provided by IDEAM. We only 
used surface PM2.5 monitoring stations with more than 
75% of measurements. We found that from 2014 to 
2018, very few municipalities had enough information 

to compare with the models. Only in 2019, 28 munici-
palities reported PM2.5 measurements in 69 stations. 
Information from all the stations available in each 
municipality was averaged, and this average compared 
with ACAG and CAMSRA downloaded concentrations 
in each municipality using Pearson´s correlation coef-
ficient and plotting the data with a linear regression 
line. We used Bland & Altman limits of agreement for 
estimating the mean differences between models esti-
mations and ground concentrations and their 95% con-
fidence intervals [41].

Mortality data, avoidable mortality and years of potential 
life lost estimation
The annual mortality data for 2014–2019 by municipality 
of residence and the codes from the International Classi-
fication of Diseases 10th version (ICD-10) were obtained 
from the public information system for social protection 
in Colombia (SISPRO, for its initials in Spanish) which 
compiles vital statistics validated from the National 
Department of Statistics (DANE, for its initials in Span-
ish) [42]. Population estimations by municipality and life 
expectancy for adults 25 years and older were obtained 
from the DANE [34].

We calculated the number of annual avoidable deaths 
related to the reduction of levels of PM2.5 concentration 
between 2014 and 2019 to accomplish the national stand-
ard of 25 µg/m3 implemented in Colombia since January 
2011 and the 2030 projected national standard of 15 µg/
m3 which corresponds to current WHO interim target 3. 
For this purpose, we calculated annual avoidable prema-
ture deaths for adults 25 years and older using the pooled 
effect estimates for total, natural and specific causes of 
mortality derived from meta-analyses of all international 
studies from Chen & Hoek [9] using Risk Ratios (RR) and 
selected international studies from Pope [43] using Haz-
ard Ratios (HR), as shown in Table 1.

We used these RR/HRs as reference because there are 
no cohort studies to estimate the effect of long-term 
exposure on mortality available for Colombia and these 
studies are the most updated systematic review and meta-
analyses of the effect of long-term exposure to PM2.5 on 
mortality based on results of 104 [9] and 75 [43] cohort 
studies around the world, respectively. The cohort stud-
ies included in these studies were conducted in North 
America, Europe, and Asia, with no studies from Africa, 
Central and South America; however, they included a 
wide range representation of PM2.5 concentrations that 
included mean annual levels in PM2.5 in Colombia. Using 
the RR/HRs derived from those meta-analyses, the num-
ber of annual avoidable deaths were calculated using the 
log-normal function expressed by Eq. (1) [44]:
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Where ΔY are the change in mortality expressed as 
avoidable deaths. Y0 is the baseline mortality rate for 
all causes or specific causes (2014–2019); Population is 
the exposed population, ΔPM is the annual PM2.5 con-
centration change from baseline (annual concentra-
tion obtained from models) to the Colombia standard 
of 25  µg/m3 which is the control scenario, and ß is the 
coefficient of theRR/HRs for an increase in PM2.5 concen-
tration. This coefficient was calculated based on the RR/
HRs calculated as pooled effect estimates from the stud-
ies from Chen & Hoek (2020) and Pope (2020) expressed 
according to Eq. (2) [45]:

where ΔQ refers to the PM2.5 concentration change 
that the studies used for RR/HRs estimation that is usu-
ally 10 µg/m3.

The baseline scenarios using the annual PM2.5 concen-
tration at municipality level were obtained from satellite 
data from ACAG and CAMSRA models as described 
before. The control scenario was the Colombia stand-
ard of 25 µg/m3 implemented in Colombia since January 
2011. Therefore, the annual number of avoidable deaths 
was zero for those municipalities with an annual PM2.5 
concentration equals to or lower than 25  µg/m3. For 
those municipalities with annual PM2.5 concentration 
over 25 µg/m3, the avoidable deaths calculated represent 
the number of deaths that could be avoided if the national 
standard had been reached in that year. The total number 

(1)
Avoidable deaths △Y = Y0 ∗ Population ∗

(

1− e−β∗△PM
)

(2)β = ln (RR) / △Q

of avoidable deaths 2014–2019 was calculated using the 
sum of the annual avoidable deaths for each municipal-
ity. The sum of avoidable deaths for municipalities of the 
same department were used to calculate annual and total 
avoidable deaths by department. The same procedure for 
calculating avoidable deaths was used with the projected 
2030 national standard of 15 µg/m3 .

Furthermore, we calculated years of potential life lost 
(YPLL) due to nationwide total avoidable deaths by year 
for the period 2014–2019. First, we calculated age-group 
specific avoidable deaths as the product of age-group 
specific proportions of national deaths by the total num-
ber of avoidable deaths by year:

where i indexed the year of interest (2014, 2015, …, 
2019), j indexed sixteen five-year age groups (25–29, 
30–34, …, 95–99, ≥ 100 years), and D corresponded to 
the nationwide total number of deaths among individu-
als 25 years and older. Then annual YPLL was calculated 
as the sum of the products of age-group avoidable deaths 
and their mean life expectancies (LE):

Results
PM2.5 exposure estimations and comparison 
against monitoring data
Figure  1 shows PM2.5 annual concentrations for 2019 
at the municipality level retrieved from ACAG and 

(3)∆Yij =
Dij

Di
×∆Yi

(4)YPLLi =
∑

=1
16

(

∆Yij × LEij

)

Table 1  Pooled effect estimates for PM2.5 exposure and mortality used for calculation of avoidable mortality

a Pooled effect estimates correspond to Risk Ratio (RR) for Chen & Hoek study and Hazard Ratio (HR) for Pope et al. study
b Total deaths excluding codes for Factors influencing health status and contact with health services (Z00-Z99) and codes for special purposes (U00-U99)

Mortality cause ICD-10 codes Pooled effect estimatesa

(95% confidence interval)
Reference

Total A00-Z99 1.08 (1.06–1.09) Chen & Hoek, 2020 [9]

Totalb A00-Y98 1.08 (1.06–1.11) Pope, 2020 [43]

Natural A00-R99 1.08 (1.06–1.09) Chen & Hoek, 2020 [9]

Circulatory system I00-I99 1.11 (1.09–1.14) Chen & Hoek, 2020 [9]

Respiratory system J00-J99 1.11 (1.03–1.18) Chen & Hoek, 2020 [9]

Cardiopulmonary I00-I09, I11, I13, I20-I51, I60-I69, 
J09-J18, J40-J47

1.11 (1.08–1.14) Pope, 2020 [43]

Respiratory malignant tumors C30-C39 1.12 (1.07–1.16) Chen & Hoek, 2020 [9]

Lung cancer C33-C34 1.13 (1.07–1.20) Pope, 2020 [43]

Ischemic Heart Disease I20-I25 1.16 (1.10–1.21) Chen & Hoek, 2020 [9]

Stroke I60-I69 1.11 (1.01–1.34) Chen & Hoek, 2020 [9]

Chronic Obstructive Pulmonary Disease J40-J44, J47 1.11 (1.01–1.34) Chen & Hoek, 2020 [9]

Acute Lower Respiratory Infections J12-J18, J20-J22 1.16 (1.01–1.34) Chen & Hoek, 2020 [9]
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CAMSRA models. There are significant differences in 
terms of the location and magnitude of the municipali-
ties with the highest concentrations with both models. 
The ACAG model shows that the municipalities with 
the highest concentrations (above 20 µg/m3) are in the 
northern central and south part of the country and are 
mainly in Amazon area and its surrounding areas. On 
the contrary, CAMSRA shows that the highest concen-
trations are in the country’s center, mainly Bogotá and 
the municipalities at the west of this city, overlapping 
with the most densely populated region of Colom-
bia (World Population Review, 2021. CAMSRA also 
showed high PM2.5 concentrations (> 25 µg/m3) in the 
north of the country and along part of the Caribbean 
coast, overlapping with highly populated municipali-
ties. However, in that region, ACAG model reproduces 
lower concentrations that are between 15 and 20  µg/
m3. The ACAG models reported PM2.5 concentrations 
over 20  µg/m3 over the eastern lowland, in the Ama-
zon and the Orinoco basins. There are also some dif-
ferences in concentrations over the time between 2014 
and 2019, but in general ACAG models are consistent 
in estimating higher concentration in the north-cen-
tral part and south part of the country and CAMSRA 

model are consistent in estimating higher concentra-
tions in the central part of the country (See Supple-
mentary figures S1-S2). Figure 2 shows the comparison 
of the estimated surface PM2.5 concentrations derived 
from ACAG and CAMSRA models for 2019 show-
ing that CAMSRA exceeded estimations from ACAG 
model in 673 municipalities (60%) with a mean differ-
ence of 1,4 µg/m3.

We also evaluated the ability of ACAG and CAM-
SRA to reproduce surface PM2.5 concentrations. This 
evaluation compared surface data from 28 Colombian 
cities to the data obtained from the models. Figure  3 
shows results from this comparison using yearly means 
in 2019 for ACAG and CAMSRA. Figure  3a) and c) 
show that ACAG and CAMSRA do not correlate well 
with ground-based measurements (ρ = 0.25, p = 0.193 
and ρ=-0.12, p = 0.558, respectively) and overestimate 
annual ground-based average PM2.5 concentrations from 
most cities (Fig.  3b and d): for ACAG model in 22/28 
(78.6%), mean bias = 1.7  µg/m3; 95%CI: 0.1–3.3 and for 
CAMSRA model in 22/28 (78.6%), mean bias = 4.7  µg/
m3; 95%CI: 2.4–6.9. Both ACAG and CAMSRA over-
estimate ground-based concentrations of PM2.5 for 
Bogota, the largest city in Colombia (about 6% and 

Fig. 1  PM2.5 mean annual concentrations for 2019 at municipality level (a) Estimations based on ACAG model (b) Estimations based on CAMSRA 
model
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56%, respectively), and Medellin, the second largest city 
(about 8% and 10%, respectively), whereas for Cali, the 
third-largest city, both models underestimated ground-
based measurements (23% and 5%, respectively).

Using the ACAG model, there were a total of 10 (1%) 
municipalities exceeding the level of the national stand-
ard of 25 µg/m3 in 2014, 27 (2,4%) in 2015, 40 (3,6%) in 
2016, 15 (1,3%) in 2017, 10 (1%) in 2018, and 18 (1,6%) 
in 2019. On the other hand, using the CAMSRA model, 
there were a total of 169 (15,1%) municipalities exceeding 
the level of the national standard in 2014, 238 (21,2%) in 
2015, 233 (20,7%) in 2016, 81 (7,2%) in 2017, 81 (7,2%) 
in 2018, and 150 (13,4%) in 2019. For the same year, 
the PM2.5 ground-based concentrations for de 28 cities 
showed that only one municipality exceed the annual 
standard. Therefore, the ACAG model showed a better 
estimation of ground-based concentrations compared 
to CAMSRA model. For the scenario with annual PM2.5 
concentration standard of 15  µg/m3, using the ACAG 
model, there were 97 (8.6%) municipalities in 2014 that 
comply this limit, 94 (8.4%) in 2015, 93 (8.3%) in 2016, 
116 (10.3) in 2017, 172 (15.3) in 2018, and 127 (11.3%) in 
2019.

Estimation of avoidable mortality
Based on the results from the comparison of both air 
quality models with surface data, we chose the ACAG 
model the estimation of the avoidable mortality. Using 
PM2.5 estimates at municipality level from ACAG model, 
the total number of avoidable deaths during 2014–2019 
was 142 for current PM2.5 annual standard of 25 and 

34,341 for the projected 2030 annual standard of 15 µg/
m3. Table  2 shows the number of avoidable deaths by 
year for the current and projected PM2.5 annual stand-
ard of 25 and 15 µg/m3 using the ACAG model. Figure 4 
shows the avoidable mortality for all causes using ACAG 
model by municipality for 25 and 15 µg/m3 annual mean 
concentrations.

For comparison, the total avoidable deaths estimated 
for the 28 cities with data from monitor stations in 2019 
showed only 6 avoidable deaths from the municipality of 
Yumbo near to the city of Cali. The total avoidable deaths 
estimated with CAMSRA model were on average 52 
times higher than the estimation using the ACAG model 
(7,368 deaths; 268,9 deaths per million people over 25 
years old) (See supplementary table S1). Large differences 
are explained mainly because annual PM2.5 estimations 
using CAMSRA were higher and over the national stand-
ard for more municipalities, and particularly for Bogotá 
and surrounded municipalities. Considering the current 
standard of 25 µg/m3 as reference and the ACAG model, 
the municipalities with the highest total avoidable deaths 
for all causes were Barrancabermeja (57), San José de 
Cúcuta (19), both locate at the northeast of the country, 
and Leticia (7), the capital of the department of Ama-
zonas. Avoidable mortality by department using ACAG 
model for PM2.5 exposure estimation for annual standard 
of 25 and 15 µg/m3 and estimations by municipality for 
annual standard of 15  µg/m3 are presented in Supple-
mentary material (Tables S2-S3).

Avoidable deaths related to cardiopulmonary causes 
accounted for 45% and 38% of the total preventable 

Fig. 2  Comparison of surface PM2.5 mean annual concentrations for 2019 at municipality level based on estimations from ACAG and CAMSRA 
models
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deaths using the ACAG model for annual mean concen-
trations of 25 and 15 µg/m3, respectively. For the estima-
tions using the 15  µg/m3 level as control reference, the 
ischemic heart disease represented 18% of total preventa-
ble deaths, while acute lower respiratory infections repre-
sent 4%, and lung cancer represented less than 1% of total 
avoidable deaths. Finally, the calculated total YPLL due to 
all-cause mortality for the current PM2.5 annual stand-
ard of 25  µg/m3 for the period 2014–2019 were 2,381 
and 122,996 years based on ACAG and CAMSRA PM2.5 
estimations, respectively (Fig. 5). In accordance with the 
number of avoidable deaths, YPLL from ACAG estima-
tions had lower mean and annual variation than YPLL 
from CAMSRA: 397 years (range: 78 − 1,076) and 20,499 
(range: 13,759 − 26,851), respectively.

Discussion
Our study estimated the avoidable mortality due to long-
term exposure to PM2.5 in Colombia during 2014–2019 
having as control scenarios the current national annual 
standard of 25  µg/m3 and the projected standard for 
2030 of 15 µg/m3 which correspond to the current WHO 
interim target 3. The estimated avoidable deaths were 
calculated at municipality level as the number of deaths 
that could be avoided if the national standard for PM2.5 
annual mean of 25 µg/m3 have been met and the avoid-
able deaths if the PM2.5 annual mean of 15  µg/m3 have 
been implemented. Estimations of attributable deaths to 
PM2.5 exposure differed depending on the global air qual-
ity model used for estimating the ground levels at munic-
ipality scale: More accurate surface PM2.5 concentration 

(a) (b)

(c) (d)
Fig. 3  Comparison of ground- and model-based PM2.5 mean annual concentrations for 2019 in 28 cities. Scatter plot (a) and mean difference 
plot (b) compare ground-based concentrations with estimations based on ACAG model. Scatter plot (c) and mean difference plot (d) compare 
ground-based concentrations with estimations based on CAMSRA model. Note: In figures (a) and (c) the dotted lines represent the perfect 
correlation among measurements and the solid black lines represent the fitted regression line for the data. In figures (b) and (c) the dotted blue 
lines represent the ranges of the difference between model and ground data and the red lines represent the mean of the differences (solid red 
lines) and their 95% confidence intervals (dotted red lines)
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Fig. 4  Avoidable mortality for all causes derived from estimations of annual surface PM2.5 concentrations based on ACAG model by municipality, 
Colombia, 2014–2019 (a) for national standard of 25 µg/m3 (b) for international interim target of 15 µg/m3

Fig. 5  Years of potential life lost attributable to exposure to annual PM2.5 concentrations above 25 µg/m3 as estimated using ACAG (YPLLA) and 
CAMSRA (YPLLC) models
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estimations for Colombia, and therefore more accu-
rate estimated avoidable mortality were obtained using 
ACAG model.

Ground-based monitoring is ideal due to its high accu-
racy. Nevertheless, it is not feasible with geographic 
coverage. The few PM2.5 air quality networks in develop-
ing countries may limit our ability to accurately assess 
human exposure to PM2.5 since measured concentrations 
may vary with increasing distance from the monitoring 
station. For this reason, advances are emerging in using 
ground-based data jointly with land use regression (LUR) 
and air quality models, satellite information, and low-
cost sensors for improvement of air quality estimated 
data. This combination of techniques may provide better 
spatial coverage, although information on temporal cov-
erage is still being studied [46]. These developments are 
especially important if used to estimate personal expo-
sure and variability within a city.

There were differences in estimations of ground con-
centrations using ACAG and CAMRA models, particu-
larly in the Amazon and the Orinoco basins. Although 
this country’s area has less than 3% of the population, 
this region is affected by seasonal wildfires between Janu-
ary and April that produce large amounts of PM2.5 [21]. 
Differences between estimated data from models and 
ground monitoring information may be due to uncer-
tainty of emission inventories or the incorrect represen-
tation of the meteorology in the region. Validation of 
air quality models with regional inventories is common 
for the United States, Canada, México, Europe, and East 
Asia [47, 48], although not for Colombia or other devel-
oping countries. For CAMSRA, modeling inconsisten-
cies due to cloud interference in the Amazon and South 
America, or some smoke episodes may overestimate val-
ues in some cases [49]. For ACAG, the MODIS data used 
in the Global Fire Emission Database (GFED) inventories 
is too coarse to detect the small and transient burning 
fires or other local emissions; thus, estimated values from 
both models may vary from ground-based monitoring 
air quality stations [50]. During the last years, events of 
Saharan dust intrusion to the Andes are rather scarce but 
have affected air quality in Medellín, Bogotá, and North 
of Colombia; increased by regional biomass burning in 
the Orinoco basin and the Magdalena Valley [51, 52]. 
Despite the substantial improvement of spatial resolution 
of atmospheric emission inventories in most developed 
countries, few emission datasets have been addressed for 
temporal profiles [53].

As explained above, model performance depends on 
the uncertainty of the emission inventories and mete-
orology. Differences between estimated data from mod-
els and ground monitoring information may be due to 
regional emission inventories, modeled meteorology 

uncertainty and accuracy of the satellite- retrieved total 
column aerosol optical depth (AOD). Van Donkelaar 
et al. [36] studied monthly global estimates of fine partic-
ulate matter and their uncertainty for ACAG model, were 
results pointed the obtained largest uncertainties over 
the relatively under-monitored regions of Africa, Latin 
America and Asia. For example, uncertainties in Andean 
and Tropical region of Latin America ranges from 3.4 to 
4.4 µg/m3 and 0.5–2.3, respectively. For CAMSRA model, 
mostly all profile are based on western European data 
and therefore the source of uncertainty for other world 
regions [53]. Using the same spatial resolution for both 
models (around 10 Km x 10Km), the ACAG model seem 
to capture better emission from Amazonian region and 
more precise estimation in other regions compared to 
CAMSRA model.

Using the ACAG model, for 2019 the exceedances 
were more frequently present over the current national 
standard in municipalities located in the departments 
of Antioquia, Córdoba, Santander, and particularly in 
departments at south of the country with lower popu-
lation density, and therefore they account for few total 
avoidable deaths. In contrast, municipalities in the 
department of Atlántico, located in the Caribbean region, 
showed no exceedances using the ACAG model for any 
of the year with no contribution to the total avoidable 
deaths under the current annual standard. Estimated 
avoidable deaths in Colombia for PM2.5 annual aver-
age scenario of 15 µg/m3 using ACAG model were con-
centrated in particularly in Bogotá, Medellín, Cali, and 
Bucaramanga, regions with high population density.

In Colombia, the national study of economic valuation 
of environmental degradation estimated that 8.030 deaths 
in the population over 44 years in 2015 were attributable 
to urban air pollution; 92% (7.362 deaths) were related 
to cardiopulmonary diseases and 8% (668 deaths) were 
related to lung cancer. Overall, the economic valuation 
of attributable deaths was estimated at 10,6 billion pesos. 
This study estimated PM2.5 concentration based on PM10 
reports of the national monitoring system and included 
only the population from 21 regions where air qual-
ity surveillance systems were in place, which included 
nearly half of the country’s population (DNP, 2018). The 
national study of burden of environmental diseases esti-
mated 15,681 deaths attributable to air pollution in 2016 
following the methodology of the GBD study 2015 and 
used PM2.5 data from available monitoring stations; the 
deaths were mainly related to IHD (rate 290.15 though 
100,000 population) and COPD (143.99 per 100,000 pop-
ulation). The attributable fraction of IHD and COPD due 
to PM2.5 were estimated at 15.8% and 17.5%, respectively, 
compared to 2.8% and 4% due to indoor pollution (INS, 
2018). Differences in attributable deaths in these national 
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studies are probably explained by the population cov-
ered, sources and estimation of PM2.5 levels, the causes 
of deaths included, and exposure-response curves used.

Our study adds to previous studies on avoidable mor-
tality related to ambient air pollution in Colombia as we 
included all municipalities of the country by using PM2.5 
estimates from two different air quality global models, 
and used the up-to-date global estimations of pooled-
effect measures (RR/HRs) derived from hundreds of 
cohort studies conducted around the world, including 
developing countries with a wide range of PM2.5 annual 
mean levels [9, 43]. However, it is important to note that 
estimates of our study correspond to the deaths attribut-
able to the excess of PM2.5 exposure over the current and 
projected 2030 national annual standard and they did not 
represent the total deaths attributable to PM2.5 exposure 
during the study period; therefore, our estimates cannot 
be compared directly with estimates of total deaths from 
the national studies mentioned above. It is also important 
to note that our analysis is concerned only with long-
term exposure to PM2.5 represented by an average expo-
sure over six years (2014–2019) and therefore our results 
are not comparable with those from analysis of short-
term effects that usually use days as time variable for the 
analysis.

National standards differ by country and Colombian 
annual standard for PM2.5 is the highest in the region of 
the Americas. The WHO global AQG were updated in 
September 2021 being one of their objectives to “provide 
interim targets to guide reduction efforts towards the 
ultimate and timely achievement of the AQG levels for 
those countries that substantially exceed the AQG levels” 
(WHO, 2021). According to the updated WHO air qual-
ity guideline, the current Colombian PM2.5 annual stand-
ard of 25  µg/m3 corresponds to the new interim target 
2. In Brazil and Chile, the current national PM2.5 annual 
mean standard is 20 µg/m3 and for Ecuador the standard 
is 15 µg/m3 which corresponds to the new interim target 
3 [54]. According to the new WHO guidelines all coun-
tries need to strengthen their effort in reducing PM2.5 
sources and emissions and review their national stand-
ards in a route to decrease the morbidity and mortality 
attributable to ambient air pollution.

There are limited studies assessing the amount of 
avoidable mortality at a nation-wide scale in South 
America and most of them have been conducted in Bra-
zil. Andreão et al. [29] studied 102 cities in the southeast 
region of Brazil by the estimation of daily PM levels using 
satellite data and mortality that would be avoided if they 
comply with WHO air quality guidelines. Results of this 
research showed that particle concentrations exceeded 
WHO guidelines by 8 to 12 times. Recently, Andreão 
et al. [44] assessed avoidable mortality during 2014–2018 

including 5570 Brazilian cities using ACAG model for 
estimating PM2.5 annual mean; the total avoidable deaths 
were estimated in 1,335 (10,7 per million population over 
25 years old) for a target of 20 µg/m3 and 48,700 deaths 
(389,6 per million population over 25 years old) for a tar-
get of 10  µg/m3. Despite the wide coverage of Brazilian 
cities, the results of this study showed lower estimates of 
total avoidable deaths compared to our study in Colom-
biabased on the ACAG model when comparing with the 
intermediate standard of 10  µg/m3. It is important to 
note that for 2014 and 2018 in Brazil there were no cit-
ies exceeding this standard and in 2015 exceedances 
occurred only in 2.7% of the cities, which imply a high 
compliance to the standard. Similarly, exceedances above 
the standard of 25 µg/m3 using the ACAG model ranged 
between 1% and 4% of the cities during the same years in 
Colombia, which might explain the low number of esti-
mated attributable deaths.

Results of Brazilian studies also showed that exposures 
to these fires induces acute health disorders [29, 44]. 
Colombia, similar to Brazil, suffers the effects of the high 
levels of particles emitted from wildfires with significant 
fire activity [27]. Also, burns over the Amazonia in South 
America and grassland plains in Northern South Amer-
ica during the dry season fires and the Orinoco River 
basin deteriorate air quality in highly populated urban 
centers hundreds of kilometers away from the sources 
[21].

Colombia updated its National Determined Contribu-
tion (NDCs) in 2020 having as its central goals the reduc-
tion in greenhouse emissions by 51%, and the reduction 
of black carbon emission by 40% by 2030 (compared to 
2014 levels) [55]. The Colombian NDCs are aiming to 
achieve the national goals for the Sustainable Develop-
ment Goals (SDGs) which were reinforced as political 
goals for all countries in the Glasgow Pact 2021 [56]. It 
is also now well recognized that countries need to make 
a joint effort in reducing air quality and climate change 
strategies as they are strongly related.

Countries need to assess the effects of air pollution on 
human health as a strategy to advocate for more restric-
tive air quality control and climate change mitigation 
goals. In this regard, quantification of mortality attributa-
ble to ambient air pollution is a key indicator of burden of 
disease due to air pollution. Seen in the benefit-point of 
view the total of avoidable deaths are the total deaths that 
might be prevented if PM2.5 standard had been accom-
plished and more restrictive standard is introduced. 
WHO recommends the quantification of the health co-
benefits related to reduction in air pollutants concentra-
tions as part of their national NDCs [57]. Quantifying 
avoidable deaths lets the government and citizens assign 
a value to the magnitude of the long-term air pollution 
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effects, and define local, regional, and national goals and 
resources allocation. Moreover, distribution of avoidable 
deaths might differ by geographical area and therefore 
spatial distribution of avoidable deaths at municipal-
ity level, as presented in this study, informs local gov-
ernments and communities for tailored local air quality 
planning.

Strengths of this study include the use of two global air 
quality satellite-based models to estimate PM2.5 ground 
concentrations at municipality level and the comparison 
of both model estimates with air quality monitoring data. 
This is the first study in Colombia and one of the limited 
studies in South America to assess the avoidable mortal-
ity related to PM2.5 long-term exposure using satellite-
based global air quality models. Estimates differed widely 
between CAMSRA and ACAG models but coincide in 
showing elevated levels of PM2.5 not only in large urban 
areas but also in some medium-size and small municipal-
ities. This geographical distribution of aerosols has been 
reported in other studies for Colombia, which showed 
the influence of biomass burning in small and large 
municipalities [58, 59]. The biomass burning along with 
a wide variability in meteorological conditions across 
the country might explain to some extent the difference 
between both model estimates and between model esti-
mates and ground levels. The main difference between 
ACAG and CAMSRA is the input information used, 
especially the emissions datasets. ACAG uses the GFED4 
biomass burning emission inventory as input information 
to quantify pollutants produced from this source, while 
CAMSRA uses the GFASv1.2 data set. A recent study 
compared these two and other data sets and found signif-
icant discrepancies between biomass burning emissions 
reported (Pan et al. 2020). Therefore, this is one impor-
tant reason for the PM2.5 concentration differences found 
in this study. Further research should improve emission 
estimations from biomass burning and identify other 
sources of uncertainty. In addition, our study estimated 
the number of avoidable deaths using updated pooled-
effect estimates from the most recent global meta-anal-
ysis of cohorts assessing long-term effects on mortality. 
Although this meta-analysis did not include cohorts from 
Colombia or other countries in South America, they 
do include studies from different regions of the world 
including countries in South Asia and China which cover 
a wide range of long-term PM2.5 exposure. Therefore, 
estimations of RR/HRs for mortality from these global 
studies (Chen and Hoek, 2020; Pope et al., 2020) are the 
best available estimate for assessing risks for mortality 
related to long-term PM2.5 exposure.

One important limitation of our study is that only 
28 municipalities (2.5%) had available PM2.5 data from 
ground air quality monitoring systems, which limited the 

comparison with estimates from global satellite-based 
models. Despite the small percentage of municipalities 
represented, the municipalities with available data account 
for most of the large cities and the municipalities with coal 
extraction in the country [19]. However, the scarce data 
from the Orinoquia and Amazon region do not represent 
concentrations derived from these large mostly rural areas 
of the country where biomass burning occur. This limita-
tion, however, do not affect the results for estimations of 
avoidable deaths derived from global models.

Conclusion
Comparison of two global air quality satellite-based mod-
els for estimating surface PM2.5 concentrations during 
2014–2019 at municipality scale in Colombia showed 
important differences. Compared to surface data from 
monitoring stations from 28 cities in 2019, ACAG model 
estimates of PM2.5 surface concentrations were more 
accurate compared to CAMSRA model.

We estimated a total of 142 and 34,341 avoidable deaths 
during 2014–2019 due to long-term exposure to PM2.5 
exceeding the current and projected national standard 
annual mean of 25 and 15 µg/m3 using estimations based 
on the ACAG global air quality model. For both scenarios, 
the cardiopulmonary diseases, and particularly the IHD, 
accounted for most of the attributable deaths due to PM2.5 
excess of exposure. These numbers represent the range of 
total number of deaths that could be avoided if the cur-
rent national standard for PM2.5 annual mean of 25  µg/
m3 have been met and more restrictive standard have 
been implemented. Estimates of avoidable deaths related 
to PM2.5 excess of exposure at municipality level might 
inform national and local decision makers about priority 
air quality interventions and support the health co-bene-
fits of making more restrictive air quality regulations.
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