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1. Introduction

Biomass combustion is the main global source of fine carbonaceous
aerosols in the form of black carbon (BC) and organic carbon (OC)
(Smirnov et al., 2015). Biomass aerosols are mainly generated by man-
made fires such as the burning of crops, deforestation and the burning of
biofuels, as well as wildfires. Wildfires not only emit large amounts of
greenhouse gases (Tian et al., 2011; Wotton et al., 2017) but they have a
significant effect on the optical and microphysical characteristics of clouds
(Martins and Dias, 2009; Liu et al., 2013; Meyer et al., 2015), the processes
of sedimentation (Avissar et al., 2002; Dias et al., 2002; Khain et al., 2008;
Leng et al., 2014), increase the scale of carbon-containing emissions caus-
ing changes in the state of climatically-active components of the atmo-
spheric layer (Rakhimov et al., 2014), alter surface reflectivity leading to
variations in radiative forcing (Huang et al., 2016), and severely damage
the functioning of forest ecosystems (Jiang and Zhuang, 2011; Wang
et al., 2012; Nikhil et al., 2021; Zhou et al., 2021a). Of most direct and im-
mediate concern for humans is the deterioration of air quality and the ac-
companying damage to human health.

Atmospheric aerosols, also known as particulate matter, and its constit-
uents PM, 5 (particulates with diameters <2.5 pm) and BC, are radiation-
active components of the atmosphere (Gustafsson and Ramanathan,
2016; Akinwumiju et al., 2021; Mozny et al., 2021; Zhou et al., 2021b).
BC is a byproduct of combustion and has a significant effect on the atmo-
sphere, settling on low-lying clouds and trapping the heat on the Earth's sur-
face. Estimates of the variability of the relative contents of BC and PM, 5 in
atmospheric aerosols are important for the modernization of both empirical
aerosol models and climatic estimates (Westervelt et al., 2016; Chen et al.,
2018). In addition, due to air currents, aerosols travel long distances and
can have a major effect on air quality even far from its source.

The United States is currently one of the world leaders for both the num-
ber of wildfires recorded annually and the affected areas. The states of Cal-
ifornia, Oregon, and Washington are some of the most flammable in terms
of wildfires, despite constant improvement in the means and methods for
preventing, early detection, and fighting both the wildfires themselves
and their consequences. As a result of increased drought, the problem of
wildfires in California has become especially urgent in recent years
(Raffuse et al., 2013; Louie, 2020; Li et al., 2020a,b). The main problem
of limiting wildfires over huge areas is the difficulty of detecting them in
time, especially with sparse populations. A variety of satellite imagery is
used to detect and monitor wildfires (Gorchakov et al., 2014;
Shikwambana, 2019; Zhu et al., 2019; Nguyen et al., 2021; Zhang et al.,
2021). These same satellites and others can be used to monitor resultant
air quality over a large area.

During the COVID-19 pandemic, air quality improved in many parts of
the world as flights, road traffic, and factory emissions were reduced
(Filonchyk and Peterson, 2020; Kumari and Toshniwal, 2020; Menut
et al., 2020; Wyche et al., 2021; Zhu et al., 2020; Naqgvi et al., 2021). At
the same time, high levels of air pollution caused by forest fires were ob-
served in some parts of the world. However, in mid-August 2020, unfavor-
able climatic and natural factors on the west coast of the United States
(Fig. S1) led to the outbreak of wildfires. Smog, from relentless forest
fires in the western states, spread across the country affecting air quality
even in the eastern parts of the continent.

By September 12, 2020, over 100 wildfires raged in the states of Ore-
gon, California, and Washington. The total affected area was almost 2 mil-
lion hectares (nearly 5 million acres). More than 1.3 million hectares
(3,212,370 acres) of land burned. By the end of 2020, nearly 1.8 million
hectares (4,447,897 acres) were burned in California alone. The wildfires
destroyed more than 10,000 buildings and caused more than $12 billion
in damage, including over $10 billion in property damage and over $2 bil-
lion in firefighting costs (Louie, 2020). The California wildfires in 2020 are
the largest recorded wildfires in modern history (Keeley and Syphard,
2021).

The combined use of ground and satellite observations, along with me-
teorological data, can result in a better understanding of the spatial and

Science of the Total Environment 826 (2022) 154103

temporal characteristics of aerosols. In this paper, we examine aerosols in
the atmosphere using data products from Tropospheric Monitoring Instru-
ment (TROPOMI) and Moderate Resolution Imaging Spectroradiometer
(MODIS), combined with meteorological data from the European Center
for Medium-Range Weather Forecasts (ECMWF), as well as PM, 5 readings
from ground monitoring stations in the period from 10 to 16 September
2020. The results of this study provide a better understanding of the deteri-
oration of air quality as a result of the fires. The multifaceted approach pro-
vides a model for how air pollution from forest fires can be examined.

2. Data sources and methodology

To gain a better perspective on the 2020 forest fires across the United
States, a variety of satellite and ground-based data are used in this study.
The purpose is to better understand how the deterioration of air quality
from forest fires can be detected with a variety of data sources. We begin
by examining the sources of data.

2.1. PM, 5 measurements

PM, 5 are fine inhalable particles with diameters generally 2.5 pm and
smaller. By getting deep into lungs, these fine particles pose the greatest
health risk. Some of these particles even get into the bloodstream. Daily
PM,, 5 concentrations (measured in pg/m3) for the studied area were ob-
tained through 24-h daily sampling from the US Environmental Protection
Agency (EPA). Average daily values in the period from August 15 to Sep-
tember 25, 2020 were downloaded from the EPA's Air Quality System.
PM,, 5 data were obtained from 336 monitoring stations located in different
parts of the country, including both rural and urban areas.

2.2. MAIAC AOD data

Data on aerosol optical depth (AOD) were interpolated from the Multi-
Angle Implementation of Atmospheric Correction (MAIAC). MAIAC per-
forms atmospheric correction using a method developed for the Moderate
Resolution Imaging Spectroradiometer (MODIS) (Lyapustin et al., 2018).
Time series analysis and spatial processing is used to separate the contribu-
tions of the atmosphere and surface to improve cloud detection as well as
aerosol and surface characteristics. The process performs well for both
dark surfaces covered with vegetation and bright ones in the desert. The al-
gorithm results in a spatial resolution of 1 km making it possible to conduct
research on a local scale. To analyze the spatial and temporal distribution of
aerosols during the wildfires, MODIS-MAIAC Land Aerosol Optical Depth
(AOD) Daily Level 2 product (MCD19A2) at a wavelength of 550 nm was
obtained from NASA's Earth Observing System Data.

2.3. TROPOMI

Launched in 2017 by the European Space Agency (ESA), the Sentinel-5
Precursor satellite was designed for the daily global atmospheric observa-
tion of the Earth's chemical composition, including the content and distri-
bution of major pollutants and greenhouse gases. Its main sensor is the
Tropospheric Monitoring Instrument (TROPOMI), collecting data in the ul-
traviolet, visible, near, and mid-infrared ranges (Veefkind et al., 2012). The
spatial resolution of the sensor is 5.5 x 3.5 km. The sensor has global cov-
erage with a 24-h temporal resolution. TROPOMI records the reflectivity of
wavelengths interacting with various constituents of the atmosphere, in-
cluding aerosols, NO, (nitrogen dioxide), O3 (ozone), SO, (sulfur dioxide),
CO (carbon monoxide), HCHO (formaldehyde), and the important green-
house gas, CH, (methane).

The Ultraviolet Aerosol Index (UVAI) is based on spectral contrast in the
ultraviolet (UV) spectral range for pairs of wavelengths at 340 and 380 nm,
where the difference between the observed and modeled reflectivity gives
the residual value. If this value is positive, it indicates the presence of UV-
absorbing aerosols such as dust and smoke. Clouds produce residual values
close to zero, and negative residual values may indicate the presence of
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non-absorbing aerosols. This index is ideal for tracking the evolution of ep-
isodic aerosol plumes from dust flares, volcanic ash, and biomass burning.
TROPOMI Level 2 UVAI data were downloaded from the Copernicus
Open Access Hub platform.

2.4. MERRA-2

The Modern-Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2), was developed at NASA's Global Modeling and As-
similation Office (GMAO). MERRA-2 reanalysis is based on the GEOS-5
model (Goddard Earth Observing System, version 5.12.4), containing
blocks of information for modeling atmospheric and ocean circulation, at-
mospheric composition, biogeochemistry, processes on the Earth's surface
collected over the satellite's operational era (from 1980 to present)
(Gelaro et al., 2017). The model has 72 levels from the surface to
0.01 hPa with a spatial resolution of 0.5 x 0.625°. MERRA-2 reanalysis in-
cludes the assimilation of aerosol observational data based on GEOS-5, in-
tegrated with GOddard Chemistry Aerosol, Radiation and Transport
(GOCART), providing information on five atmospheric aerosols: sea salt,
dust, OC and BC, and sulfate aerosols. The GEOS-5 model also includes
the assimilation of aerosol optical depth (AOD) from satellite observations
using MODIS, AVHHR and MISR, as well as ground-based measurements
from the AERONET network. The MERRA-2 information product is divided
into dozens of subsets according to parameters, sizes, and spatial-temporal
resolution. This study used BC surface mass concentration (BCSMASS) in
the MERRA-2 subset M2T1NXAER (or tavgl_2d_aer Nx) downloaded
from NASA's Goddard Earth Sciences Data and Information Services
Center (GES DISC).

2.5. CAMS

The Copernicus Atmosphere Monitoring Service (CAMS) global fore-
casting system, implemented by the European Center for Medium-Range
Weather Forecasts (ECMWF), monitors the daily activity of wildfires
around the world based on satellite observations. It monitors their intensity
and estimated emissions and allows CAMS to build a more long-term pat-
tern of fire activity. CAMS enables wildfire observations with NASA's
Terra MODIS and Aqua MODIS instruments in its Global Fire Assimilation
System (GFAS). GFAS assimilates fire radiative power (FRP) observation
from satellite sensors to provide daily estimates of emissions from wildfires
and biomass burning. This parameter estimates the amount of thermal en-
ergy released per unit of time during the burning of vegetation (Li et al.,
2020a).

In this study, we used a technique for calculating the FRP index that
makes it possible to estimate the integral radiation power of heat radiation
from a thermally active zone, an indicator of the contribution to air pollu-
tion. Wooster et al. (2005) showed a linear relationship between FRP and
combustion intensity, verifying that the higher the FRP value, the higher
the biomass combustion rate. More burning biomass results in more
smoke entering the atmosphere that can be transported over considerable
distances from the fire site. The spatial resolution of GFAS data is 0.1°.
GFAS fire data is based on satellite observations of active wildfires but
the system tries to minimize the detection of other heat sources such as vol-
canoes and gas flares that would limit its applicability to wildfires.

2.6. FIRMS

The Fire Information for Resource Management System (FIRMS) was
developed at the University of Maryland and supported by the National
Aeronautics and Space Administration (NASA). The system allows you to
receive operational information about the location of hot spots in real-
time within 3 h after the MODIS (Moderate Resolution Imaging
Spectroradiometer) satellite has passed. According to MODIS data, a wild-
fire is detected when a temperature anomaly is recorded over the area
under study. According to the MODIS satellite probe, thermal anomalies
represent the center of a 1 km pixel, which was marked by the MOD14/
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MYD14 Fire and Thermal Anomalies (Justice et al., 2002). MODIS temporal
resolution is 1-2 days.

2.7. CALIPSO

CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation) is a US-French research satellite launched as part of NASA's Earth
Observing System (EOS). It is designed to study the Earth's cloud coverage.
The main purpose of CALIPSO is to carry out global measurements of aero-
sols and clouds. Such measurements are necessary to study the degree to
which aerosols and clouds influence the climate system. Satellite lidar
height-distributed backscatter measurements are independent of surface re-
flection and require an aerosol extinction-to-backscatter ratio. The aerosol
ratio is calculated by comparing wavelengths of 532 and 1064 nm, defining
the types of aerosols, such as dust, polluted continental, clean marine, clean
continental, polluted dust and smoke (from wildfires). The CALIPSO satel-
lite data was analyzed to determine the type of aerosols over the study re-
gion during the period of wildfires. CALIPSO Level 2 Vertical Feature
Mask (VFM) and Level 2 Aerosol Profile version 4-21 data product was
used with a horizontal grid of 5 km and a vertical resolution of 30 m (for
heights below 8.2 km). The data has been filtered for quality purposes.
For this, only cloudless profiles were used. The CALIPSO cloud and aerosol
detection score provides a numerical confidence level for classifying layers
using the CALIOP cloud-aerosol discrimination (CAD) algorithm. CAD
scores range from —100 to 100, with negative values indicating aerosols
and positive values indicating clouds. The larger the CAD scores, the higher
the confidence in the correctness of the classification. The CAD score was
required to be between —100 and —70 (Liu et al., 2010).

2.8. Meteorological data

Meteorological data used in this study included air temperature at a
height of 2 m above ground, wind speed and wind vectors at 10 m above
ground, surface pressure, and relative humidity at 850 hPa. All meteorolog-
ical data were obtained from the ERAS reanalysis data provided by the
European Center for Medium-Range Weather Forecasts (ECMWF). The spa-
tial resolution is 0.25 X 0.25°, with atmospheric parameters on 37 pressure
levels (ECMWF, 2018).

3. Results
3.1. Analysis of ground-based PM}, 5 concentrations

During the wildfires, air quality in the area of the wildfires plummeted
and reached the level of the most polluted cities in the world. As a result of
the spread of fire over thousands of square kilometers, a record amount of
soot and other combustion products were released into the atmosphere.
This turned the skies in the US west to a red and orange color (CBS, 2020).

Although the wildfires began in mid-August, the greatest impact on air
quality came a month later, in mid-September. The level of pollution in
some regions of the country increased four to eleven times above the 35
ng/m?® for PM, 5 National Ambient Air Quality Standards (NAAQS) limit
set by the United States Environmental Protection Agency. Thus, according
to Fig. 1, from September 10 to September 16, 2020, concentrations of
PM, 5 exceeding 150 pg/m?® were recorded in the largest cities of Califor-
nia, Oregon, and Washington such as San Francisco, Los Angeles, Seattle,
Tacoma, Kent, Fresno and Oakland. In some cities, including Beaverton,
Medford, Spokane, and Corvallis, these numbers were over 250 ug/m?>. In
the Oregon cities of Portland, Salem, Eugene and Springfield along with
of Vancouver, Washington, it was over 400 ug/m?>. In terms of air quality,
these cities briefly became some of the most polluted in the world, with pol-
lution values higher than even the largest cities in India, China, Pakistan,
and Bangladesh including Delhi, Kanpur, Beijing, Tianjin, Lahore, and
Dhaka.

Wildfires resulted in the release of hazardous air pollutants such as BC
and OC, as well as gaseous aerosol precursors, that further contribute to
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Fig. 1. Average daily PM, 5 concentration in major cities in California, Washington, and Oregon from August 15 to September 25, 2020.

higher PM, 5 values. Data from 336 PM, s monitoring stations were inter-
polated using the inverse distance weighted (IDW) technique to create
the map in Fig. 2. The map depicts the western part of the US during the
most severe wildfires. In mid-September, smoke from numerous wildfires
covered most of the states of Oregon and Washington, as well as northern
and eastern California. According to Fig. 2, the most affected counties
were Mono (CA), Klickitat (WA), Deschutes (OR), Josephine (OR), Lane
(OR), Linn (OR), and Marion (OR) where the average daily PM, 5 concen-
tration during the week from 10 to 16 March exceeded 350 pg/m>. (More
details on the location of counties are provided in Fig. S2 of the Supplemen-
tary Materials.)

The Fire Information for Resource Management System (FIRMS) was
used to identify wildfire hotspots. According to the obtained data, in the
United States during the study period of 2020, a total of 35,346 fire spots
(confidence level > 80%) were registered, nearly 7 times more than the
4479 in 2019. The distribution of the fire counts within the study area is
represented in Fig. 3. The Kernel Density algorithm was used to identify
several large wildfires represented by clustered fire counts. It can be
noted that most of the wildfires were in California, Washington, and Ore-
gon, accounting for over 85% of all wildfires reported in the entire country
in 2020.

3.2. Fire radiative power and PM, 5 fluxes derived from the CAMS

Fig. 4 shows the distribution of wildfire radiative power, in the range
between 0.01 and 32 W m ™2, similar to the wildfires shown in Fig. 3. Sev-
eral studies using small experimental wildfires have demonstrated that the
total amount of FRP released during a fire has a simple linear relationship
with the total amount of biomass fuel consumed (Wooster et al., 2005;
Freeborn et al., 2008; Mota and Wooster, 2018). It is worth noting that
high FRP values are consistent with high values of PM, 5 as measured by
ground stations (see Fig. 2).

The quantification of aerosol fluxes is vital to improving the fundamen-
tal understanding of the Earth system in the face of multiple biogeochemi-
cal changes. Data on PM, 5 fluxes are critical to understanding their
emission pathways. PM, 5 fluxes provided by GFAS (Fig. 4) also indicates
the source of emissions — the combustion of biomass (forest vegetation
or shrubs). Fig. 4 shows the estimated PM, 5 fluxes. Pollutant emissions
have been localized and associated with high PM, 5 concentrations and
high FRP values. At the sites with the highest emissions, PM, 5 fluxes
exceeded 300 pg m ™~ 2 s~ 1. The original map presumably reflects emission
sources associated with intense fires. This is not surprising since the burn-
ing of fossil fuels is one of the main sources of PM, s.
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Fig. 2. Spatial distribution of PMy 5 (in pg/m®) in the western US from 10 to 16
September 2020. 24-h mean values above 25 ug/m? are considered dangerous to
human health (World Health Organization (WHO), 2005).

The combustion of biomass is one of the main problems faced in all re-
gions of the world. In addition to protecting biodiversity, forests perform
ecosystem functions crucial to agriculture, including regulating the water
and carbon cycles. Climate change, accompanied by an overall decrease
in precipitation in the western US, leads to a decrease in the number of
extinguished wildfires, resulting in the release of a large amount of soot
into the upper atmosphere. The problem is further escalated by the fact
that these particles appear in the central and eastern parts of the country,
affecting changes in the rainfall cycle in these regions.

Precipitation is another factor associated with aerosols in the atmo-
sphere. A number of studies have shown that a large amount of emissions
of particulate matter formed as a result of wildfires lead to a change in
the mechanisms of cloud formation and their growth, as well as the nature
of precipitation. This prevents the formation of small clouds, delaying or
even restraining precipitation over large areas affected by fire emissions
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(Avissar et al., 2002; Dias et al., 2002) thus limiting the air cleansing poten-
tial of precipitation.

Aerosol particles often can act as cloud condensation nuclei (CCN), on
the surfaces of which water vapor can thicken and condense in the air. If
the environment is relatively clean, then CCNs are few. The ability of
these particles to form cloud droplets differs depending on their size as
well as their exact composition since the hygroscopic properties of these
various components are very different. Particulate sulfates and sea salt
that easily absorb water can act as CCN, growing rapidly, colliding with
smaller particles and fall out as rain. If the atmosphere is contaminated
with large amounts of insoluble CCN particles such as soot or BC from wild-
fires, water droplets will grow slowly as the cloud grows (Khain et al., 2008;
Leng et al., 2014). Often these clouds don't produce rain as the droplets
evaporate before reaching a critical size for precipitation, and water drop-
lets, together with aerosols, do not return to the ground but are carried
away by wind.

3.3. Characteristics of aerosol properties

The wildfires in the western United States resulted in large concentra-
tions of pyrogenic carbon released into the atmosphere, with extremely
dense and extensive plumes of smoke that could be observed from space.
In addition to ground-based monitoring data, satellite data were used to de-
termine aerosol loading and the transport of pollutants. Spatial gaps in
ground-based monitoring are inevitable, and satellite data can fill air qual-
ity information in areas where ground-based monitoring is not available.
The choice of satellite data to address specific air quality problems depends,
in part, on data accuracy and spatial and temporal resolution.

Satellite data were sampled September 10-16 when the maximum num-
ber of wildfires were observed. This was also the time-frame with the
highest concentrations of PM, s for the entire observation period beginning
when forest fires first started at the beginning of August. Intense heat and
drought that sparked catastrophic wildfires in the west of the US were in-
tensified by strong winds. Many satellites and other space instruments
closely monitor the development of these wildfires. According to the
FIRMS data, over 8000 hot spots were registered in the period from 10 to
16 September in three states: California, Oregon, and Washington (Fig. 5).

True-color MODIS/Terra images show that a huge area has been af-
fected by heavy smoke from fires. As shown in Fig. 5, the MODIS image
shows the presence of aerosol plumes from wildfires covering most of the
west of the country, including adjacent ocean areas. Fire spots are marked
with red dots and thick smoke from fires is evident with gray plumes.
Note that the wildfires correspond to the spatial distribution of flux of
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Fig. 3. Kernel density map of the hot spots observed from FIRMS data over the west coast of the US between August 16 and September 25, 2019 (a) and 2020 (b).
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Fig. 5. MODIS/Terra true-color image with super-imposed FIRMS fire spots in the period from 10 to 16 September 2020. The red dots indicate areas of active fire.
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CAMS PM,, 5 in Fig. 4. This confirms that smoke aerosols were formed as a
result of wildfires, and not another phenomenon.

An important indicator of smoke thickness is aerosol optical depth
(AOD), obtained from MODIS MAIAC, and ultraviolet aerosol index
(UVAI), obtained from TROPOMI. AOD is a measure of light extinction (ab-
sorption + scattering) caused by atmospheric aerosols. High AOD values,
greater than 0.6, indicate the presence of more aerosols and suspended par-
ticles in the atmosphere and therefore a significant amount of absorption
and scattering of radiation, while lower AOD values indicate fewer aerosols
and increased transmission of radiation. UVAI indicates the presence of UV-
absorbing aerosols in the atmosphere, like dust and smoke. If the UVAI
values are positive, it indicates absorbing aerosols (dust and smoke). If
small or negative, it indicates non-absorbing aerosols or clouds. Therefore,
these parameters can be used as monitoring indicators for the state of the
atmosphere.

Biomass combustion in a wildfire can result in the release of large quan-
tities of smoke aerosols. The daily frequency and global coverage of mea-
surements from MODIS and TPOPOMI satellite instruments allow
tracking the transport of such an aerosol plume over days and even
weeks. Fig. 6 show the circulation of aerosols caused by the massive wild-
fires that ultimately affected air quality in the northern, southern, and east-
ern states.

AOD and UVAI data from September 10-16 were selected to analyze the
local impacts of carbonaceous aerosols emitted from severe wildfires and
their further impact on air quality in other regions. During this period, a
large amount of BC aerosols were detected with AOD and UVAI values in
most of the territory during this period exceeding 1 and 2, respectively.
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Higher values of AOD and UVAI indicate the presence of a large amount
of aerosols in the atmospheric column. This significantly degraded air qual-
ity, especially in California, Oregon, and Washington, where values of AOD
and UVAI in some areas reached 3.7 and 6.6, respectively. Areas with high
values of AOD and UVAI coincide with wildfires and smoke shown in Fig. 5
and also coincide with high concentrations of PM, 5 shown in Figs. 2 and 4.
According to the spatial distribution of UVAI shown in Fig. 6b, the smoke
cloud has spread not only eastward, but also westward above the Pacific
Ocean. Strong winds blew smoke thousands of kilometers to major cities
on the country's east coast, including New York, Washington, Boston, Phil-
adelphia, Baltimore and Portland (ME), which is also confirmed by previ-
ous studies (Hung et al., 2021). The higher elevations found in Colorado,
Utah and Wyoming in the west central US limited the transport of aerosols.
Although closer to the fires, these states had lower AOD and UVAI values.

ABL is the lowest part of the troposphere and has an important impact
on the atmospheric environment. Concentrations of air pollutants emitted
from various anthropogenic activities or biomass burning are concentrated
in the ABL. The height of the air mass plays an important role in the life
cycle of smog, especially when the air mass interacts with the atmospheric
boundary layer (ABL), and affects the heating and dynamics of the atmo-
sphere, deposition and PM concentration at the surface. The height of the
ABL indicates the degree of turbulence and dispersion of air pollutants
(Uzan et al., 2016). Ground air pollutant concentrations at higher ABL are
lower than at lower ABL (Kawai et al., 2018.).

ABL heights over the western and central US from ECMWEF ERAS reanal-
ysis are shown in Fig. S3. The reanalysis data show that the height of the
ABL above the study area ranged from 500 m to over 3000 m, which may
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Fig. 6. Spatial distribution of (a) aerosol optical depth (AOD) obtained from MODIS MAIAC and (b) ultraviolet aerosol index (UVAI) obtained from TROPOMI over the US

from 10 to 16 September 2020.
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contribute to vertical air diffusion. As a result, this led to the movement of
smog in the planetary air current system far beyond its formation, resulting
in high AOD and UVAI values even in the east coast of the country.

Some studies have shown that smoke plumes from forest fires often do
not extend beyond the boundary layer (Trentmann et al., 2002). However,
large fires can release enough energy (see Fig. 4) to cause smoke to rise
above the boundary layer. In this case, the smoke particles were found to
extend from the ABL to the free troposphere (FT) (see Fig. S3). The mecha-
nism of this development can be explained by a combination of several fac-
tors, it is the continuous emission of smoke from the surface in the ABL.
These factors may contribute to the long transport of smog by easterly
winds in the free troposphere.

A high and positive UVAI may be an indicator of mineral dust or smoke
aerosols and can only be confirmed by using observations related to particle
size. Therefore, Angstrom exponent (AE) and fine mode fraction (FMF)
were used to study particle sizes using AERONET sun/sky radiometer mea-
surements from NASA Ames (N37.420° W122.06°), Fresno 2 (N36.785°
W119.773°) and the Mount Wilson (N34.225° W118.056°) located near
the fire sources. In this study, AERONET Version 2, Level 2.0 data retrieval
was used.

The AOD values obtained from the AERONET stations are in good
agreement with the data from MODIS MAIAC. As can be seen from
Table 1, the FMF ranged from 0.9 to almost 1, clearly indicating the pre-
dominance of smog layers in the atmosphere. Accordingly, AOD, associated
with coarse-mode was almost zero, and the total AOD (tAOD) was almost
equal to the AODy of the fine-mode. This indicates that large particles
were practically absent during this period. The Angstrom Exponent (AE)
was mainly in the range of 1.2-1.5, again indicating the presence of a pro-
nounced mode of accumulation of fine particles.

3.4. Vertical distribution aerosols and surface black carbon concentration

The main mechanism for the transfer of pollution from the local to the
regional scale is the vertical transfer from the surface layer upward into
the free troposphere, and from there it is carried by winds to other regions.
The spread of smoke and dust plumes into the atmosphere facilitates the
transfer of pollutants further from emission sources. To study the prevailing
types of aerosols and their vertical distribution during the period of fire ac-
tivity, data on their vertical profile obtained from CALIPSO lidar were used.
CALIPSO Level 2 Version 4.21 cloud and quality screened data generated
the aerosol classification and vertical aerosol extinction. Fig. 7 shows the
day and night CALIPSO aerosol profiles obtained from September 10 to
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15. The trajectories were chosen to cover the western and central parts of
the country.

CALIPSO satellite trajectories over desert regions of the US, in vertical
aerosol profile, showed dust layers at an altitude of 0 to 8 km (Fig. 7b, c,
e, f, g, and h) in the central, western and southern regions of the country,
including over dust sources in the Great Basin, Mojave Desert, Chihuahuan
Desert, Sonoran Desert, Colorado Plateau, and Great Plains. Nevertheless,
all profiles show dense layers of smog and polluted dust aerosols in the en-
tire vertical profile (between 35 and 47°N) as a result of the intensive com-
bustion of biomass. The range of extinction values over most of the territory
was in the range from 0.15 to 1.2 km ™! at an altitude of up to 10 km from
the surface (Fig. 8). High extinction values (>0.5 km ~ 1) can be attributed to
smoke (biomass-related) and contaminated dust (a mixture of dust and bio-
mass smoke), which is evident from the aerosol type classification. Aero-
sols, identified as smog, were also recorded between 20 and 30°N over
the Pacific Ocean, Gulf of California, and Mexico, demonstrating that
smoke aerosols could also move to the south and west.

During MERRA-2 reanalysis, black carbon surface mass concentration
data were used, provided by NASA Global Modeling and Assimilation Of-
fice (GMAO) (Fig. 9). Large quantities of carbonaceous aerosols were re-
leased into the atmosphere during the wildfires. According to the figure,
it was found that wildfires generated a large number of BC aerosols with
a maximum surface mass concentration of approximately 370 ug/m>, sub-
sequently affecting the air quality far from the place of their formation
(Shikwambana, 2019). The results of MERRA-2 reanalysis showed that
the concentration of BC is similar to observations obtained by CALIPSO, in-
dicating the presence of smog over the study area. Fig. 9 shows that smoke
and polluted dust aerosols spread not only across the country but also cov-
ered the coastal waters, extending far into the ocean. At the same time, the
concentration of BC is similar to that of AOD and UVAI Chemically, BCis a
component of PM, s, so it is not surprising that the spatial distribution and
concentrations of BC and PM,, 5 are similar. These results are supported by
results from other studies indicating that wildfires release a large amount of
BC aerosols (Smirnov et al., 2015; Zhu et al., 2019; Biswas et al., 2020;
Pandey et al., 2020; Nguyen et al., 2021).

4. Conclusions

In mid-August 2020, large wildfires erupted in the western part of the
US, peaking between September 10-16, when smoke from the wildfires
spread across most of the country. Wildfires occur annually in the region
but are rarely so widespread. They destroy natural forest communities
and contribute to the release of large amounts of combustion products

Table 1
Daily values of aerosol parameters derived from AERONET sky radiometer measurements.

AERONET site Date AODs00 tAODso AODy AOD, AE.440-870 FMFs00
10 Sep. 2020 5.608 - - - 1.506 -
11 Sep. 2020 2.534 3.140 3.120 0.020 1.272 0.993
12 Sep. 2020 0.859 1.199 1.181 0.018 1.252 0.984

NASA Ames 13 Sep. 2020 1.014 1.521 1.495 0.027 1.285 0.982
14 Sep. 2020 0.646 0.828 0.800 0.028 0.896 0.966
15 Sep. 2020 0.553 0.797 0.786 0.011 1.311 0.986
16 Sep. 2020 0.125 0.187 0.180 0.006 1.395 0.964
10 Sep. 2020 2.448 3.386 3.353 0.033 1.311 0.990
11 Sep. 2020 3.600 4.737 4.716 0.021 1.331 0.996
12 Sep. 2020 2.216 3.031 2.992 0.039 1.379 0.987

Fresno 2 13 Sep. 2020 1.646 2.190 2.165 0.025 1.315 0.988
14 Sep. 2020 1.212 1.665 1.644 0.021 1.409 0.987
15 Sep. 2020 1.166 1.670 1.645 0.025 1.367 0.985
16 Sep. 2020 0.988 1.451 1.431 0.020 1.349 0.986
10 Sep. 2020 2.814 4.140 4.088 0.052 1.343 0.988
11 Sep. 2020 2.767 - - - 1.996 -
12 Sep. 2020 2.326 3.014 2.957 0.057 1.215 0.982

Mount Wilson 13 Sep. 2020 0.460 0.701 0.676 0.025 1.264 0.963
14 Sep. 2020 0.399 0.508 0.480 0.028 1.384 0.946
15 Sep. 2020 0.909 1.299 1.204 0.095 1.452 0.937
16 Sep. 2020 1.093 0.724 0.686 0.038 1.494 0.955
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Fig. 7. CALIPSO Vertical Feature Mask (VFM) level 2 version 4.21 over the west and center of the US.
into the atmosphere, including small particles as measured by PM, s and derived from satellite and reanalysis data. During the period of the greatest

BC, that have serious environmental and health consequences.

wildfire activity, September 10 to September 16, significant changes in the

This study quantified the impact of wildfires on air pollution in the af- composition of the atmosphere in the region were observed, as evidenced
fected areas using surface PM, 5 concentrations and aerosol properties from data of the TROPOMI and MODIS instruments. The most noticeable
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Fig. 8. CALIPSO Level 2 version 4.21 aerosol extinction coefficient (at 532 nm) vertical profile. The extinction profile is averaged for the region between 35 and 47°N latitude.
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Fig. 9. Spatial distribution of MERRA-2 black carbon surface mass concentration (ug/m>) over the US during 10-16 September 2020.

increase were in PM, 5 concentrations that were several times higher than
the established NAAQS limit. Aerosol loadings in the region grew at
unprecendented rates with values of AOD and UVAI exceeding 1 and 2
for most of the country. In some areas of California, Oregon and
Washington, these values reached 3.7 and 6.6, respectively.

Although wildfires are often episodic and of short duration, the high fre-
quency and increased duration in recent years have made a long-term im-
pact on people's lives. The results show a significant increase in pollution
in western parts of the country within a short period, affecting millions of
people. Other parts of the country are also negatively affected. Due to the
increase in the number of wildfires in recent years, more research is needed
on the long-range transport of smoke from wildfires and its effect on human
health.

In the future, as climate change accelerates, leading to higher tempera-
tures and possible drought, wildfires are likely to become more frequent
and intense, with greater impacts on air quality in areas near and far. Re-
search can help identify the increase in the concentration of air pollutants
that result from such wildfires. Since the ground air quality monitoring net-
work is sparse, satellite observations will play an important role. Further
work is also needed to assess the associated health risks of air pollutants
from wildfires. Results of this research can be used for a comprehensive
analysis of the state of the atmosphere at the time of wildfires and for
assessing the nature and volume of gas emissions into the atmosphere.
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