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ABSTRACT 

 
Particulate matter (PM) is the main pollutant produced by open-pit mining operations, and its 

emission into the atmosphere is strongly associated with adverse health effects in the surrounding 
communities. The objective of this study was to evaluate the effects of the COVID-19-related 
lockdown on the PM concentrations in the North, Central, and South Zones of Cerrejón, Colombia, 
the largest open-pit coal mine in Latin America. To compare the levels before and during the 
emergency shutdown, we analyzed both the ground-based daily PM10 and PM2.5 data and the 
satellite (Terra/Aqua MODIS)-based daily aerosol optical depth (AOD) values from March 6 through 
April 13, 2020. The average PM10 concentrations in the North and South Zones, in contrast to 
those observed at other global monitoring sites, increased by 13–38% and 4–7%, respectively, 
although they decreased by 26–31% in the Central Zone, between the pre-lockdown and lockdown 
periods. Furthermore, during the latter, the daily PM2.5 levels in the South Zone rose by up to 43%, 
and we found higher AOD values (≥ 0.4) over the Central and South Zones as well as significant 
AOD-contributing loads upwind and downwind of the coal production pits. Finally, the increases 
in humidity and temperature (≥ 3.5% and ≥ 0.3 K, respectively), decrease in planetary boundary 
layer height (≥ 0.11 km), wind field variability, and rural biomass burning events shaped the 
spatial-temporal behavior of the PM in this region, and changes in meteorology and external 
sources nearly offset the reduction in emissions from mining activities. These results establish a 
baseline for developing future regulations and mitigation plans. 
 
Keywords: Aerosol, Particulate matter, Meteorology, Lockdown 
 

1 INTRODUCTION 
 

The new virus known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which 
causes the coronavirus disease 2019 (COVID-19), is spreading rapidly around the world. Therefore, 
on March 11, 2020, the World Health Organization (WHO) declared COVID-19 a pandemic (WHO, 
2020). A total of 103,912,620 cases of COVID-19 had been confirmed worldwide since February 
2, 2021, including 2,246,842 deaths in more than 220 countries. As of the same date, Colombia is 
among the top 11 countries in the world with the most reported cases of COVID-19, with 2,104,506 
cases and 54,272 deaths (Worldometers, 2020). The first confirmed case of COVID-19 in Colombia 
was on March 6. The effects of the disease are not limited to an international health crisis but also 
a major impact on the economy and environment. The main measure to contain the pandemic was 
the implementation of lockdown to avoid the collapse of the health systems (Interior, 2020). As 
such, many industrial activities globally were reduced because of the measures implemented by 
governments (Madurai Elavarasan et al., 2020; Ju et al., 2021). Therefore, the scientific community 
has published thousands of articles in recent months on topics ranging from the origin and 
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symptoms of the virus to environmental and socio-economic impacts caused by measures to 
control its spread (Huang et al., 2020; Nicola et al., 2020). Vitenu-Sackey and Barfi (2021) analyzed 
the effect of the pandemic on the economy of 170 countries during the first 10 months of 2020 
and found that a single percentage point increase in COVID-19 cases could lead to a reduction of 
up to 0.049 in the Human Development Index, indicating the deterioration of poverty alleviation 
efforts. Okereke et al. (2021) highlighted that the effects of COVID-19 intensified the problem of 
provision in health systems in low- and middle-income countries, thereby further intensifying the 
global crisis of identifying non-communicable diseases. 

Particulate matter (PM) is listed as the main indicator of air quality in urban and industrial 
areas due to its composition and sources of origin. Significant reductions of PM during the COVID-
19 pandemic have been found in cities (Chauhan and Singh, 2020; Dumka et al., 2020; Kumar et 
al., 2020; Singh et al., 2020) and industrial areas (Mandal and Pal, 2020; Ranjan et al., 2020; 
Selvam et al., 2020). Although traffic and PM emission activities have reduced, some studies 
report PM levels to increase (Arregocés et al., 2020; Broomandi et al., 2020). The increasing 
vehicle flow in urban and rural areas, industrial expansion, and dependence on the extraction of 
non-renewable resources expose Colombia to air pollution challenges (Casallas et al., 2020; 
Lopez-Restrepo et al., 2020). Studies to understand the environmental impact of the COVID-19 
pandemic in Colombia have focused on analyzing urban and small industrial areas. Mendez-
Espinosa et al. (2020) analyzed station records in urban areas. The results of their analysis reveal 
reductions of PM2.5 and PM10 by 40% and 44%, respectively. Arregocés et al. (2020) considered 
variations in urban and industrial areas by limiting the data records of one monitoring station to 
be representative of a particular area. The authors found that there were reductions in PM2.5 of 
up to 86% in industrial zones during quarantine compared to days prior to quarantine. However, 
the impact of COVID-19 on air quality has not been rigorously analyzed in Colombia, considering 
mining activities and its directly impacted areas. 

The main impact on the global mining sector has been a drastic reduction in demand as 
industrial production and construction have effectively stopped. This reduction affected mineral 
prices during March and April 2020 (Laing, 2020). In Colombia, coal mining is one of the main 
industries and contributes positively to the economic development of the country. Due to the 
COVID-19 pandemic, coal production in the country fell by 7% in the first quarter of 2020, 
compared to the previous year, and by 48.8% in the second quarter (Villa, 2020). In the north of 
Colombia known as the “Caribbean region,” is Cerrejón, the largest open-pit coal mine in Latin 
America. On March 27, 2020, Cerrejón placed 80% of its operational staff on leave to reduce the 
chances of infection among its workers, their families, and the general population (Cerrejón, 
2020). Although the economic impact due to the reduction of activities in Cerrejón has been 
determined, the impact in terms of air quality in the area has not been quantified. Opencast coal 
mines are considered important sources of PM emissions (Huertas et al., 2012; Arregocés et al., 
2018). The contaminants emitted can cause the deterioration of air quality in the vicinity of the 
emissions and hundreds of kilometers away (Chaulya, 2004). 

This paper presents the changes in air quality in the largest open-pit coal mine in Latin America 
as a result of associated lockdown measures due to COVID-19. The analysis covers from March 6 to 
April 13, 2020. This study aims to first assess the levels of PM10, PM2.5, and aerosol optical depth 
(AOD) values in the zones that comprise the mining complex before and during the lockdown. 
Additionally, this research seeks to understand the impact of mining emissions and meteorological 
factors on the spatial variability of PM. The results of this research provide information on the 
national impact on air quality due to mining in northern Colombia. 
 

2 METHODS 
 

The Cerrejón mine is located in northern Colombia between latitudes 10.95–11.20°N and 
longitudes 72.50–72.80°W. Cerrejón extends over 690 km2 and is divided into three sections, 
namely, North Zone, Central Zone, and South Zone. Geographically, the coal mine is located between 
the Perijá mountain range in the east and the Santa Marta snow-capped mountain range in the 
west. The Perijá mountain range is an extension of the eastern branch of the Andes that ends in 
the Guajira desert to the north, reaching an altitude of 3630 m above sea level (ASL). On the 
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other hand, the Sierra Nevada is one of the highest coastal ranges in the world, with an approximate 
altitude of 5700 m only 42 km from the Caribbean coast (Fig. 1).  

 
2.1 PM Data 

PM10 data were obtained from eight monitoring stations distributed over the three zones 
comprising the direct impact area of the open-pit coal mine. The stations that record PM10 levels 
use CFR equivalent method (40 CFR Part 58) given by the Environmental Protection Agency adopted 
by the Colombian regulations. In addition, an automatic PM2.5 monitoring station with a maximum 
operating volumetric flow of 5 L min−1 is located downwind in the South Zone. The equipment 
used in this station operates under the principle of aerosol optical depth. These data are readily 
available for download and are recorded in the air quality subsystem regulated by the Institute 
of Hydrology, Meteorology and Environmental Studies (IDEAM; http://www.ideam.gov.co/). The 
frequency for monitoring PM10 levels was 24 ± 1 h every 3 days and for PM2.5 monitoring was 24 
± 1 h daily. Table 1 shows the coordinates, altitude, and characteristics of the stations. Daily 
concentrations were analyzed and compared between the pre-lockdown and lockdown. 
 
2.2 AOD Data  

Daily data during pre-lockdown and lockdown of the mid-visible optical depth of aerosol in the 
air column were extracted at 550 nm from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) of the Terra and Aqua satellites. AOD denotes the column of integrated aerosols down 
to the surface of the atmosphere. The combined MODIS product (MCD19A2 Version 6) Level 2 
aerosol over the study area was acquired from the NASA Level-1 and Atmosphere Archive & 
Distribution System (LAADS) Distributed Active Archive Center (DAAC) (Lyapustin and Wang, 
2018). The data used in this study were Terra/Aqua Collection 6 Dark Target algorithms of optical 
depth with 1 km resolution over the surface monitoring stations located in the coal mine. 

 

 
Fig. 1. Location of PM10 and PM2.5 monitoring stations at the largest open-pit coal mine in Latin 
America. The red labels represent the PM10 stations and the cyan label represents the PM2.5 
monitoring station. 
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Table 1. Description of the PM monitoring stations at Latin America’s largest open-pit coal mine used to determine the impact 
before and during the lockdown.  

ID Pollutants Mining 
Zone Coordinates Altitude 

m ASL Features 

CoalM-1 PM10 North 11°10ʹ55.1ʺN 
72°36ʹ29.3ʺW 

120 Located in a semi-urban area. The dominant emissions 
are the activities of the North Zone of the mine and 
unpaved access roads to administrative facilities. 

CoalM-2 PM10 North 11°09ʹ27.1ʺN 
72°35ʹ18.2ʺW 

95 Located in an urban area. The dominant emissions are 
the activities of the North Zone of the mine. 

CoalM-3 PM10 North 11°05ʹ57.6ʺN 
72°32ʹ31.3ʺW 

155 Located in a rural windy area under the main coal mine 
and back filling pit. 

CoalM-4 PM10 Central 11°03ʹ50.3ʺN 
72°45ʹ58.6ʺW 

201 Located in an urban area. The dominant emissions are 
the activities of the Central Zone of the mine. 

CoalM-5 PM10 Central 11°01ʹ26.5ʺN 
72°44ʹ15.2ʺW 

130 Located downwind approximately 3.6 km from the 
mining sources located in the Central Zone. 

CoalM-6 PM10 South 10°59ʹ43.5ʺN 
72°46ʹ26.4ʺW 

155 Located approximately 3 km from the mining sources in 
an urban area. 

CoalM-7 PM10 South 10°57ʹ40.1ʺN 
72°46ʹ41.5ʺW 

141 Located downwind of mining sources and urban 
emission sources. 

CoalM-8 PM10 South 10°56ʹ29.1ʺN 
72°48ʹ09.7ʺW 

143 Located in a semi-urban area influenced by paved road 
traffic. 

CoalM25-1 PM2.5 South 10°57ʹ9.95ʺN 
72°42ʹ6.89ʺW 

197 Located 2 km from the backfill area and the main pit of 
the South Zone. Located in a rural area and upwind 
from indigenous communities. 

 
A descriptive analysis of daily AOD values, represented in line graphs, was performed for the pre-
lockdown and lockdown. The space-time pattern of the mean AOD level is described in two 
diagrams: (1) 15 days prior to lockdown (March 6–25, 2020) and (2) during the first 15 days of 
lockdown (March 26–April 13, 2020). In addition, the Terra MODIS satellite daily thermal anomaly 
dataset (MOD14A1 Version 6) was analyzed to identify forest fires and biomass burning as a 
source of aerosol input to the atmosphere during pre-lockdown and lockdown. The data obtained 
provided daily fire mask compounds with a resolution of 1 km derived from MODIS radiances of 
4 and 11 µm. MODIS C6 active fire location data (Giglio and Justice, 2016). Each active fire 
detection represents the center of a 1 km marked pixel containing one or more fires. 

 
2.3 Meteorology 

To determine the effects of meteorology on PM levels, simulations were performed with the 
Weather Research and Forecasting (WRF) numerical model. The WRF is a numerical Eulerian model 
that allows for the realization of downscaling of thousands of kilometers within a few meters. In this 
study, we used the WRF Model Version 4 to estimate the temperature at 2 m above ground (T2), 
wind speed at 10 m above ground (WS10), relative humidity (RH), and height of the planetary 
boundary layer (PBLH). Three computational domains were nested with horizontal grid resolutions 
of 18, 6, and 2 km east–west and north–south. The fine resolution of the 2 km domains allowed the 
analysis of meteorological variables in the areas of the mining complex where the PM monitoring 
stations are located. The initial and lateral conditions in the model simulations were obtained 
from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 dataset at grid 
resolutions of 0.25° × 0.25°. The simulations started at 01:00 UTC on February 20, 2020, and 
ended at 00:00 UTC on April 14, 2020. The spin-up was 720 h. For the configurations of the 
microphysics scheme, the Thompson scheme, New Tiedtke scheme for cumulus parameterization, 
and RRTMG scheme for long- and shortwave radiation were used. In addition, for the surface 
layer scheme, the revised parameterization of the MM5 model was selected. For the planetary 
boundary layer scheme, the Yonsei University scheme was used. Estimates of hourly values of 
RH, T2, and WS10 using the WRF model were validated with data from the observations of the 
only meteorological station in the study area (11.13°N, 72.62°W) (Table S1). The meteorological 
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variables for each of the zones of the Cerrejón mine were estimated by averaging the estimates 
given by the model at each point where the monitoring stations are located during pre-lockdown 
and lockdown. In addition, daily estimates of the PBLH and mean wind speed within the PBL were 
used to estimate the ventilation coefficient (VC) as a complement to atmospheric dispersion 
analysis (Chan et al., 2012). 
 

3 RESULTS AND DISCUSSION 
 
3.1 PM Concentrations and AOD Values 

Fig. 2 shows daily PM10 concentrations at eight monitoring stations distributed over the three 
zones of the coal mine, daily PM2.5 concentrations at one monitoring station located in the South 
Zone, and average estimates of daily AOD values for the entire study zone. The time of the strict 
quarantine is highlighted in light pink color. The days between March 6 and March 25, called pre-
lockdown, were used as references for the analysis. The strict lockdown was extended until April 
13. Therefore, 19 days of social isolation and restrictions given by government authorities are 
counted. 

In the North Zone, average PM10 concentrations recorded at the stations during lockdown were 
higher compared to pre-lockdown. A comparison of the mean concentration values from the two 
periods shows an increase in PM10 levels of 13.16%, 16.27%, and 37.58% at CoalM-1, CoalM-2, 

 

 
Fig. 2. PM concentrations during pre-lockdown and lockdown due to COVID-19 at the largest open-pit coal mine in Latin America: 
(a) records from three PM10 monitoring stations and daily AOD estimates in the North Zone; (b) records from two PM10 
monitoring stations and daily AOD estimates in the Central Zone; and (c) records from three PM10 monitoring stations, one PM2.5 
station, and daily AOD estimates in the South Zone. The lockdown began on March 25. 
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and CoalM-3 stations, respectively. Meanwhile, significant reductions in PM10 levels were recorded 
at CoalM-4 (3–25%) and CoalM-5 (1–32%) stations located in the Central Zone of the coal mine. The 
largest reductions were achieved on Day 6 (CoalM-4 = 9.72 µg m−3 and CoalM-5 = 14.70 µg m−3) 
of the lockdown. In the South Zone, PM10 concentrations averaged 1.21 µg m−3 at CoalM-7 and 
increased by 1.11 µg m−3 at CoalM-6 and 2.19 µg m−3 at CoalM-8 during lockdown, compared to 
the pre-lockdown averages. Furthermore, the PM2.5 recording station showed an increase in daily 
concentrations in lockdown of 23.82 ± 1.94 µg m−3. Studies have shown that the North Zone of the 
mine generates the highest number of emissions reaching the atmosphere. However, topography 
and wind direction transport PM to the South Zone. PM monitoring stations located in the South 
Zone have recorded the highest levels of concentrations downwind of the extraction pits (Arregocés 
et al., 2018; Rojano et al., 2018). April 4 was the most polluted day during the quarantine. On this 
day, six of the eight PM10 monitoring stations recorded the highest concentrations ranging 
between 26.7–45.8 µg m−3, which represented an increase of 5–33% in the average concentrations 
during the quarantine period. On April 6, AOD estimates were ≃0.57 in the Central and South 
Zones. A fairly significant dust plume from the mine pits was observed on April 5 and 7. A 
preliminary analysis revealed a 15% reduction in PBLH and an increase in RH compared to the 
average value observed during the period. 

The daily analysis of the pre-lockdown and lockdown AOD averages, shown in Fig. 2, reveals 
that the temporal variations of the AOD values exhibit a behavior similar to the average PM10 
concentrations in the study areas. Decreasing trends of average AOD values in the Central Zone 
and increases in the North and South Zones of the open-pit coal mine during lockdown are also 
shown. There was an average increase in AOD in the North Zone of 0.02 and South Zone of 0.11 
in the lockdown, peaking on April 3 (1.18) and April 4 (1.22), respectively. There are more days 
where AOD values are zero (North Zone = 10 days and South Zone = 4 days) during lockdown. 
Conversely, in the Central Zone, there are 8 days when the satellite does not detect AOD values; 
the reductions of the daily average values are estimated to be 31%.  

The spatial variation of daily AOD values in the pre-lockdown and lockdown periods in the 
study area are shown in Fig. 3. In the pre-lockdown, the spatial distribution of high AOD (~0.4) is 
located over the southern part of the domain area. Moreover, a significant load of AOD (~0.25) 
is shown downwind the coal mine production pits. Throughout lockdown, the spatial load of AOD 
increases in the atmosphere, especially in the south-central zone (≥ 0.5). The AOD values increase 
(0.3–0.5) upwind of the coal extraction pits compared to the AOD values during pre-lockdown. 
In both periods, the figures show the AOD loads in the northwestern sector of the domain 
(≥ 0.25). The spatial variability of AOD is not associated with precipitation because the region’s 
weather station and numerical simulations did not record precipitation during these days of 
analysis. A study in coal mining regions of various mining basins in India demonstrated a positive 
AOD anomaly (between 11–40%) due to ongoing mining operations, while negative AOD anomalies 

 

 
Fig. 3. Spatial variation of AOD in the pre-lockdown and lockdown in Latin America’s largest open-pit coal mine. 
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were observed in other parts of the country during the lockdown; the spatiotemporal variation 
of mining pit locations and the quantity of coal extracted directly influenced the AOD levels 
(Ranjan et al., 2020).  

When comparing the daily values of PM10 concentrations and AOD values, no significant linear 
behavior was observed (R2 ≥ 0.5). All PM10 surface stations recorded their maximum values during 
the pre-lockdown period with the exception of the CoalM-1 station, which recorded its maximum 
value (39.8 µg m−3) in early April. On the contrary, the AOD values in North and South Zones reached 
their maximum during the lockdown, implying a higher vertical distribution of PM during this period. 
The linear regression function of daily PM10 concentrations (y) and the observed daily AOD values 
(x) were different in the three study zones: y = 67x + 12 (R2 = 0.34, in the North Zone), y = 16x + 
35 (R2 = 0.11, in the Central Zone), and y = 10x + 28 (R2 = 0.31, in the South Zone). In the observed 
data, R2 ranged from 0.11 to 0.34, the slopes of the functions ranged from 10 to 6, and the intercept 
ranged from 12 to 28 in the three study zones. According to the results, the AOD values could explain 
up to 34% of the spatiotemporal variability of surface PM10. The declining performance of these 
statistical models can be attributed to factors such as scarcity of PM10 concentration data to fit 
the model, changes in PM10 vertical profiles, and optical properties of the pollutants on the surface. 
The trends of PM10 and AOD averages during the pre-lockdown and lockdown periods were 
similar. Higher values in the North and South Zones were observed during the quarantine for both 
datasets. On the other hand, due to the availability of PM2.5 data and WRF output estimates, we 
determined a regression model to explain the variations of PM using AOD data. 

Although AOD can be used as a metric to estimate overall air pollution levels, it is typically used 
as a proxy of PM2.5 concentration. The multiple linear regression function of PM2.5 and ground-
observed AOD was PM = −0.27AOD − 0.02PBLH + 0.06RH + 1.9T2 − 0.2WS (R2 = 0.60, in the South 
Zone). The results indicate that the statistical model for predicting PM2.5 concentrations is significant. 
The function shows that when AOD values are greater than 0.3, estimates are performed for the 
entire column detecting the surface PM2.5 concentrations. Furthermore, the relationship between 
PBLH-WS and PM2.5 concentrations is inverse. Subsection 3.2 discusses the meteorological effects 
on PM concentrations and AOD values during the study periods. 

 
3.2 Effects of Meteorology 

Simulations for wind vectors averaged over the periods show the significant influence of wind 
direction on the spatial variation of AOD (Fig. S1). The predominant trend of wind direction over 
the coal mine pre-lockdown is northeast. During the night throughout the quarantine period, 
average wind speeds decreased, and the predominant wind direction was from the east in the 
North Zone and the Central Zone. Meanwhile, the predominant wind direction in the South Zone 
was from the north, with higher wind speeds observed during the hours of solar radiation. These 
behaviors favor the receptivity in the coal mine of PM from regional sources, such as marine 
aerosols and the burning of biomass. When analyzing the thermal anomalies, a strong association 
is shown between higher values of AOD over the Central and South Zones of the mining area 
during both periods and the occurrence of forest fires and biomass burning in rural areas of 
Colombia and Venezuela (Fig. S2). Considering the decrease in mining PM emissions, PM levels 
are influenced by PBL dynamics and wind strength. Therefore, VC values were determined during 
the pre-lockdown and lockdown periods. The Central Zone reached the highest average daily VC 
values during the pre-lockdown (3480 ± 532 m2 s−1) and lockdown (3149 ± 952 m2 s−1), whereas 
the North Zone recorded the lowest coefficient during the pre-lockdown (2556 ± 580 m2 s−1), and 
the South Zone recorded the lowest average value during the lockdown (2478 ± 991 m2 s−1). A 
decreasing trend is generally observed after April 1 for VC values during quarantine in the Central 
Zone (14–50%) and South Zone (10–81%) when compared to the days prior to the lockdown (Fig. S3). 
Reduced VC and increased humidity values influenced hydroscopic growth and secondary aerosol 
formation, leading to increased AOD values and PM levels at the surface (Eck et al., 2020). These 
conditions may generate a positive aerosol-PBLH feedback that should be studied further to 
deepen the understanding of air quality in open-pit mining in the region. Increased surface aerosols 
and PM can substantially reduce sensible heat fluxes by decreasing PBL depth and weakening 
winds, creating favorable conditions for increased aerosol concentrations (Li et al., 2017; Liu et 
al., 2017). 
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Considering all variations, it is shown that the highest aerosol loads in the area are due to forest 
fires in Colombia and Venezuela, transfer of marine aerosols, and contributions from mining 
emissions. The higher AOD values (≥ 0.4) observed during the lockdown in the Central and South 
Zones of the mine are related to the convergence of wind in these zones, especially during 
nighttime. The load of sea salt aerosol (which is hydrophilic) from the ocean to the mining zone 
is significant if zero precipitation and wind fields during lockdown are considered. This difference 
has impacted the aerosol load on the mining areas. Although the company reports a reduction in 
activities during lockdown, aerosol load from mining activities is shown near the pits and 
downwind.  

During the lockdown, other near-surface weather variables play an important role in the 
spatial-temporal behavior of PM levels. Daily values of PBLH, T2, RH, and WS10 before and during 
lockdown are shown in Fig. 4. RH has average values of 72.67 ± 3.51%, 76.86 ± 4.60%, and 72.46 
± 5.93% in the North, Central, and South Zones of the coal mine. Local conditions plus humidity 
compared to the pre-lockdown period were present in all zones. For example, in the Central Zone, 
the average daily moisture values were 2.56% higher with daily values ranging from 68.56% to 
83.13%. Meanwhile, average T2 values were higher in the North (by 1.70 K), Central (by 1.45 K), 
and South (by 1.61 K) Zones during lockdown than during pre-lockdown. The Central Zone 
presented the lowest average T2 value among the three zones at 300.02 K during lockdown. On 
the other hand, the higher averages of daily WS10 during lockdown were higher for the North 
Zone (0.24 m s−1). Meanwhile, in the Central (0.1 m s−1) and South (0.30 m s−1) Zones, the average 
WS10 values were reduced compared to the pre-lockdown period. However, the highest average 
value during the isolation period is estimated in the Central Zone (4.80 ± 0.67 m s−1) compared  

 

 
Fig. 4. Daily values of PBLH, T2, RH, and WS10 at one of the world’s largest open-pit mines before and during lockdown. 

https://doi.org/10.4209/aaqr.200664
https://aaqr.org/


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.200664 

Aerosol and Air Quality Research | https://aaqr.org 9 of 14 Volume 21 | Issue 8 | 200664 

to the other two zones. When comparing the average PBLH values before and during the 
lockdown, reductions were estimated in the Central (≃0.077 km) and South (≃0.040 km) Zones, 
while there was an increase in the North Zone (≃0.002 km). A lower PBLH in the confined zone 
plus particles that are concentrated near the surface lead to higher PM2.5 values. During the first 
7 days of the quarantine period, a significant increase in PBLH daily average values was observed 
in the North Zone (up to 0.08 km) and the Central Zone (up to 0.018 km) compared to the pre-
lockdown PBLH daily average values. Throughout these days, increases in the average daily surface 
temperature of 0.81 K and 0.75 K were estimated for the North and Central Zones, respectively, 
with average daily humidity values below 73%. These conditions result in higher sensible heat 
flux and lower latent heat flux, leading to deeper convection, higher buoyancy, and increased 
PBLH (Zhang et al., 2013). After April 1, the PBLH showed decreasing trends, reaching reductions 
of up to 0.135 km and 0.156 km in the North and Central Zones of the mine complex, respectively. 
Average increases in RH (of up to 6%) tend to favor hygroscopic growth of aerosols and to reduce 
the amount of solar radiation reaching the ground (Zou et al., 2017). The reduction in sensible 
heat drives a diurnal evolution of the PBL (Li et al., 2017). During the PBLH reduction days, wind 
speed reductions were observed for the North Zone (0.55 m s−1), Central Zone (0.26 m s−1), and 
South Zone (1.01 m s−1). These meteorological conditions favor increased PM concentrations at 
the surface. Studies have found that low PBLH values are typically characterized by reduced wind 
speeds (Zhang et al., 2014; Liu et al., 2017; de Arruda Moreira et al., 2018).  

We used the conditional probability function (CPF) method, described in Uria-Tellaetxe and 
Carslaw (2014) for identifying the source contributions to PM2.5 concentrations. CPF was coupled 
with the back-trajectory cluster analysis, as established by Bennett et al. (2013), to provide more 
information on the contributions of sources located at long distances. CPF revealed three significant 
sources. In the northwest direction, mining activities are observed, as shown in Fig. S4(a). The 
largest contributions were recorded in the northwest direction from nearby sources, with the 
recorded PM2.5 concentrations ranging between 7 and 18 µg m−3 (40% of the contributions were from 
this source). Two potential major sources of PM2.5 in the east-northeast (ENE) and south directions 
contributed to the PM2.5 concentrations, thereby reaching a daily average of 18–30 µg m−3 as 
shown in Fig. S4(b). The 24-h back-trajectory analysis showed that contributions from marine 
aerosols predominated in the ENE direction, accounting for approximately 20% of the PM10 
concentrations (18–30 µg m−3) during the pre-lockdown period (Fig. S4(c)). During this period, in 
the south direction, contributions from biomass burning from nearby areas were estimated to 
be up to 60%. 52 active biomass burning fires were identified within a 15 km radius during the 
pre-lockdown period. The identification of this source explains the thermal anomalies recorded 
by the Terra MODIS satellite (Fig. 3). The source identified in the northeast direction and shown 
in Fig. S4(d) corresponds to a combination of marine aerosols and biomass burning at approximately 
60 km away from the source. Contributions ranged from 20–30% at the concentrations of 18–
30 µg m−3 during the lockdown. Thermal anomalies revealed an approximate reduction of 32% in 
active fires compared to the days prior to the start of the quarantine. 

Based on the comparisons, an increase in PM10 concentrations was observed at stations located 
in the North (13–38%) and South (4–7%) Zones during lockdown, while a reduction was observed 
at stations located in the Central Zone (26–31%). The PM2.5 station located in the South Zone 
showed an increase of up to 43% compared to pre-lockdown. The temporal variation in the mining 
zones of the AOD values is similar to the PM10 concentrations in both periods. The average values 
in the Central Zone decreased (down to 31%) and increased in the North (up to 10%) and South 
(up to 35%) Zones during lockdown. The spatial variation of daily AOD values during lockdown 
increased in the atmosphere, especially in the Central and South Zones (≥ 0.5). Furthermore, 
there was a significant increase (0.3–0.5) in the vicinity of the extraction pits during lockdown. 
Before and during the lockdown, there was evidence of AOD loads in the northwestern sector of 
the domain (≥ 0.25) from the coastal zone of the region. The data obtained provided by the daily 
fire mask compounds derived from MODIS radiances show the presence of active fires in rural 
areas of the countries of Colombia and Venezuela. Sanap (2021) estimated global and regional 
variations in aerosol loading imposed by the lockdown. Their results show that, in northern 
Colombia where our study area is located, forest fire emissions contributed significantly to the 
high aerosol and associated negative aerosol radiative forcing anomalies during the April lockdown. 
When combined with regional meteorology, they contribute to variations in PM values over coal 
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mine areas. During lockdown, the variations in wind direction were northwest-east. During daytime, 
the predominant direction was northeast–east, carrying biomass burning aerosols in rural areas. 
During nighttime, the predominant wind direction was northwest–northeast, carrying aerosols 
from the mining area by rural fires presented to the west of the department and particles from 
the ocean. Rainfall was zero during the period of analysis. Increased aerosol presence can suppress 
precipitation and the formation of open cell structures, leading to significant changes in PBL 
evolution (Jiang et al., 2002; Ackerman et al., 2004). The spatial variability of AOD is not associated 
with precipitation because the region’s weather station and numerical simulations did not record 
precipitation during these days of analysis. During lockdown, local environmental conditions were 
wetter (up to 3.5%) and warmer (up to 0.3 K) compared to pre-lockdown. The high temperatures 
and relative humidity conditions aid the gas-to-particle process, producing more secondary 
sulfate particles and inducing hygroscopic growth of the particles in the atmosphere (Achtert et 
al., 2009). Some aerosol species like H2SO4, some organics and sea salt, thus being able to take 
up water and grow or shrink smoothly as the RH increases (Kamra et al., 1997). Creating conditions 
that facilitate hygroscopic growth of particles in the atmosphere. It is estimated that RH values 
between 60% and 90% induce the hygroscopic growth of aerosols as they increase the gradient 
potential at a rate of 0.2 V m−1 for each unit increase in RH (Silva et al., 2015). Wu et al. (2021) 
found that relative humidity and temperature increase the levels of air pollutants. The trend 
showed reductions in PBLH (up to 0.11 km) on lockdown days over coal mine areas. The decrease 
in PBLH benefited from increased surface PM concentrations by providing unfavorable diffusion 
conditions (Luan et al., 2018). Su et al. (2020) found that contamination episodes in northern 
China, during isolation due to the COVID-19 pandemic, coincided with an abnormally low PBLH, 
which had been reduced by 45% compared to the PBLH during the same period in the previous 
four years; this caused high levels of aerosol at the lower surface of the atmosphere. The weather 
was generally unfavorable in the decrease in PM concentrations, increasing surface concentrations. 
The reduction in emissions from PM-mining activities was almost compensated for by changes in 
meteorology during the lockdown.  

Air mass turbulence during the day ascends to 2 km at average speeds of 0.6 m s−1; the highest 
velocities occur in the South Zone (1.21 m s−1). The model generally estimates air descent for the 
study zones (Fig. S5). Due to changes in the ground surface in this zone, the absorption of energy 
in the form of heat plays an important role in the surface temperature and consequently influences 
atmospheric processes on a short time scale. It is estimated that emissions are discharged into 
the atmosphere at a higher velocity in the South Zone than in the other zones. Variations in the 
vertical velocity increase the dispersion of aerosols and vertical velocities are estimated to affect 
aerosol-cloud formation relationships (Lu et al., 2012). As vertical velocity increases, droplet 
concentration increases, and relative cloud dispersion decreases. To estimate the effect of vertical 
velocity on the behavior of aerosol levels in the studied mining region, high-frequency measurements 
of vertical motions and measurements of microphysical and radiative quantities in the turbulent 
cloud area are needed (Peng et al., 2005). Interpretations of the results of the present investigation 
should consider that, at the PM10 and PM2.5 monitoring stations, direct emissions from mining 
activities and regional emission contributions to aerosol variability were being quantified during 
the COVID-19 pandemic. Additionally, WRF Model simulations allow for a determination of the 
meteorological effects on aerosol loading on daily time scales. However, how cloud microphysics, 
shortwave and longwave radiation, and PBL parameterization may affect the variability of aerosol 
levels is not studied. This study provides an opportunity to further examine the relationships of 
surface-level concentrations of PM and sensitivity in the parameterization of meteorological 
models widely used in research. 

  

4 CONCLUSIONS 
 

The COVID-19-related lockdown significantly increased the average PM10 concentrations at 
several monitoring stations in Cerrejón, Latin America’s largest coal mine, with daily values rising 
by 13–38% and 4–7% in the North and South Zones, respectively, which was mainly associated 
with rural biomass burning, regional wind fields, and the decreased PBLH. In the coal mine’s 
Central Zone, however, the daily concentrations decreased by 26–31%, which was associated with 
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the wind speed (averaging 4.80 ± 0.67 m s−1 at 10 m above the ground) and wind direction. 
Additionally, the PM2.5 levels measured at the South Zone station grew by up to 43% between 
the pre-lockdown and lockdown periods owing to the weather conditions and active fires in this 
area. 

Furthermore, the daily AOD values decreased in the Central Zone (by ≤ 31%) but increased in 
the North (by ≤ 10%) and South (by ≤ 35%) Zones during the lockdown. The AOD’s spatial-
temporal variability in this period was related to the wetter (by ≤ 3.5%) and warmer (by ≤ 0.3 K) 
conditions, which, by promoting gas-to-particle conversion, produced more secondary sulfate 
and induced the hygroscopic growth of atmospheric particles. Regional transport from the ocean 
and from active fires also contributed to the aerosol loads, and overall, changes in meteorology 
and other sources nearly offset the reduction in mining-related emissions during the lockdown. 

Thus, our results highlight the necessity of rigorously examining PM reduction measures in 
northern Colombia that are based on restricting emissions from open-pit coal mines. Both the 
source contributions and the meteorological factors in this region must be investigated.  
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