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1. Introduction
In late December 2019, a novel coronavirus (COVID-19)
emerged in Wuhan and began spreading rapidly around
the world (Isaifan, 2020). The virus’s rapid spread led the
Chinese government to mandate stringent lockdowns in
various major cities, impacting a large swath of China’s
citizens (Fanelli and Piazza, 2020). As COVID-19 spread to
other nations in Asia, Europe, and the United States of
America, similar lockdowns were enacted to curb the virus’s rapid spread (Kontis et al., 2020).
These large-scale lockdowns severely restricted anthropogenic activity responsible for air pollution, such as the
operation of individual vehicles, energy consumption, and
industrial activity (Menut et al., 2020). Previous studies
found that the lockdowns were responsible for an estimated 48%–60% decline in on-road traffic in China and
Italy (Gualtieri et al., 2020; Y Wang et al., 2020). Similarly,
the lockdowns in the United States were responsible for
a 41% decline in on-road traffic during April 2020, compared to the levels during the previous 3 years (U.S.
Department of Transportation, 2020). In some countries,
industrial production and energy consumption declined
by 30% following lockdown measures (Liu et al., 2020).
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Recently conducted studies found significant decreases
in nitrogen dioxide (NO2) levels in China, India, and Western Europe during the COVID-19 lockdowns (Liu et al.,
2020; Vadrevu et al., 2020; Venter et al., 2020). The significant decline in major nitrogen oxides (NOx ¼ NO þ NO2)
emitting activity during lockdowns, such as driving, public
transportation, and operation of power plants, has been
cited as the primary reason for this reduction in NO2 levels
(Wang and Su, 2020). Specifically, in Northern China, a 53%
reduction in NO2 levels during the lockdown period was
observed (Shi and Brasseur, 2020). In India, there was an
estimated 40%–70% reduction in NO2 levels, with a 40%–
50% decline observed in Delhi and Mumbai (Sarfraz et al.,
2020; Singh et al., 2020). In major Western European cities,
there was roughly a 27% decline in NO2 levels during the
lockdown period (Bauwens et al., 2020).
The significant decrease in NO2 in these countries is
a positive side effect of an otherwise devastating crisis.
NO2 is a toxic air pollutant, and exposure to high levels
of NO2 is associated with aggravated respiratory diseases,
inflamed airways, hypertension, heart disease, chronic pulmonary disease, asthma, reduced lung function, and diabetes (Samoli et al., 2006; Achakulwisut et al., 2019). It has
been reported that the exposure to high levels of NO2 is
responsible for 79,000 premature deaths per year in Europe and far more premature deaths globally. It is no surprise, therefore, that the dramatic decrease in NO2 levels,
along with the decrease of other air pollutants such as
particulate matter during the COVID-19 induced lockdowns, saved around 11,000 lives in Europe and
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COVID-19 has quickly spread throughout the world, infecting and killing millions of people. In an effort to
contain the spread of the virus, many governments implemented stringent lockdown measures. These
lockdown restrictions, coupled with social distancing, severely curtailed transportation and industrial
activities, which are the primary drivers of nitrogen oxides emissions. This study investigates whether
lockdown orders in the United States have impacted tropospheric nitrogen dioxide (NO 2 ) levels by
evaluating 12 major counties with a total population of 38 million. For each county, Sentinel-5P satellite
data were obtained and analyzed to determine NO2 column concentrations during the pre-lockdown, peak
lockdown, and loosening lockdown periods in 2020.Then, NO2 levels were compared during these three periods
to the same time frame in 2019. Our results show that the lockdowns in the 12 major U.S. counties analyzed
led to a significant decline in NO2 levels, with an average reduction of 28.7% (+14.6%) and 17.6% (+10.9%)
during peak lockdown and loosening lockdown periods, respectively.
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2. Material and methods
2.1. Data source

The data used in our analysis are obtained from the TROPOspheric Monitoring Instrument (TROPOMI) on the European Space Agency’s Sentinel-5P satellite, launched in 2017
(Van Geffen et al., 2019). For our analysis of the change in
NO2 levels over the United States due to the COVID-19
lockdowns, the Sentinel-5P offline NO2 product by Google
Earth Engine was used. Specifically, the tropospheric NO2
column density band was used, which measures the density
of NO2 molecules from ground level through the troposphere (S5P Mission Performance Centre Nitrogen Dioxide
[L2-NO2] Readme document number, 2020). All data used
in the study are filtered according to the data provider’s
guidelines such that it only includes pixels with a qa_value
greater than 0.75. This removes low-quality pixels impacted
by cloud cover, snow or ice, and errors or problematic retrievals (S5P Mission Performance Centre Nitrogen Dioxide
[L2-NO2] Readme document number, 2020). TROPOMI tropospheric NO 2 column data are estimated to have

a systemic bias of –14% + 12% in urban areas (Tack et
al., 2021). The statistical uncertainty is 8.63 mmol/m2 for all
pixels, around 30% lower than that of the Ozone Monitoring Instrument (Van Geffen et al., 2020).
2.2. Time periods over which NO2 change was
analyzed

To determine whether NO2 levels have declined in the
United States due to COVID-19 lockdowns, 12 major American counties were investigated. A pre-lockdown period
spanning February 1 to February 29, 2020 (February 1 to
February 28 in 2019) was designated. During this period, no
social distancing was occurring, and COVID-19 had not yet
impacted daily life in the United States. Then, in each
county, peak lockdown was designated as the period from
when the official city lockdown order was announced to
when the first steps to loosen lockdown restrictions began.
The 30-day period after restrictions began loosening was
deemed the loosening lockdown period, when residents of
the county were still under social distancing or lockdown
measures, but the measures were less restrictive than during peak lockdown. The peak and loosening lockdown periods are unique to each city and determined by analyzing
government ordinances (more information on this provided in the supplementary information). Generally, peak
lockdown periods spanned late March through April, while
loosening lockdown periods typically fell during the month
of May as shown in Table 1.
2.3. Calculation of the change in NO2

The average tropospheric NO2 column concentrations were
calculated in each county over each of the three time periods in 2020 and the corresponding time frames in 2019.
To do so, the weighted average value was found (which
accounts for pixels that are not entirely within the bounds
of the selected county) of all pixels within the county
boundary on each day. The calculations excluded measurements for days where no data existed for the specific county
because it was filtered out due to high levels of cloud coverage, snow or ice cover, or other algorithmic errors. For
certain counties, particularly counties that are smaller in
terms of area, a significant number of days had no data
because they were filtered out. County boundaries were
determined using shapefiles provided by the National
Weather Service. Then, using the daily average levels of
NO2 for each county, the average level of NO2 present over
each county for the three time periods in 2020 and the
corresponding time frames in 2019 was calculated. Using
these values, the percentage shift in NO2 values using four
intervals of comparison: 2020 pre-lockdown to 2020 peak
lockdown, 2020 pre-lockdown to 2020 loosening lockdown, 2019 peak lockdown to 2020 peak lockdown, and
2019 loosening lockdown to 2020 loosening lockdown,
was then determined.
2.4. Meteorological data

The National Oceanic and Atmospheric Administration’s
local climatological data were used to evaluate meteorological conditions in the analyzed counties (National Centers for
Environmental Information, National Ocean and
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26,000–39,000 lives in China (Rupani et al., 2020; M
Wang et al., 2020).
In the United States, according to Johns Hopkins’s Coronavirus Resource Center, there were 710 confirmed cases
of COVID-19 on March 10. Starting as of March 11, COVID19 and the subsequent social distancing and lockdown
measures began to escalate rapidly in America. On March
16, San Francisco County became the first U.S. county to
impose a lockdown type order on its citizens, mandating
that they stay at home, barring essential trips. On March 19,
California issued a statewide lockdown order. On March 23,
a series of American states, including Massachusetts, Michigan, and Washington, followed suit, issuing statewide lockdown orders. Throughout March and April, more states
began to impose lockdown orders, as America’s confirmed
number of COVID-19 cases continued to rise exponentially.
On April 20, partial reopening went into effect in South
Carolina, the first state to begin some form of reopening. By
May 1, many American states had loosened lockdown restrictions, and Americans began to engage in some of the daily
activities they partook in before lockdown. However, most
Americans were still under some social distancing orders,
and it was not until May 20 that every American state had
introduced some form of reopening (Wu et al., 2020).
Given that many major regions of the United States
enacted stringent lockdowns that curbed human activity
as discussed earlier, and resulted in a 41% decrease in
traffic levels in April 2020, it was interesting to explore
whether similar declines in air pollution, as seen in China,
India, and Western Europe, would be observed in major
American cities during the COVID-19 lockdowns (U.S.
Department of Transportation, 2020). In this study, in an
attempt to determine whether a significant decline in NO2
pollution occurred during America’s COVID-19 lockdowns,
tropospheric NO2 column densities were analyzed in 12
major American counties during the peak lockdown and
loosening lockdown periods in 2020, and compared to
NO2 levels prior to lockdown in 2020 and to the corresponding periods in 2019.
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Table 1. Summary of peak lockdown and loosening lockdown time frames for each county. DOI: https://doi.org/
10.1525/elementa.2021.00002.t1
County

Peak Lockdown

Loosening Lockdown

March 22 to June 7

June 8 to July 7

Los Angeles County (Los Angeles)

March 20 to May 7

May 8 to June 6

Cook County (Chicago)

March 23 to April 30

May 1 to May 30

Harris County (Houston)

March 24 to April 30

May 1 to May 30

Santa Clara County (Santa Clara)

March 17 to May 3

May 4 to June 2

Wayne County (Detroit)

March 24 to April 23

April 24 to May 23

Philadelphia County (Philadelphia)

March 23 to April 30

May 1 to May 30

Allegheny County (Pittsburgh)

March 23 to April 30

May 1 to May 30

Fulton County (Atlanta)

March 24 to April 23

April 24 to May 23

San Francisco County (San Francisco)

March 17 to May 3

May 4 to June 2

Denver County (Denver)

March 24 to May 8

May 9 to June 7

Washington, DC

Atmospheric Information, 2021). Specifically, hourly temperature, wind speed, wind direction, and relative humidity data
from stations situated in each of the 12 counties were analyzed. The average level of these four meteorological variables in each county during the 2019 and 2020 peak and
loosening lockdown periods was calculated. Then, the mean
value across all 12 counties for each meteorological variable
during these four periods was found, enabling us to determine the percentage shift in temperature, wind speed, wind
direction, and relative humidity from 2019 peak and loosening lockdown to the 2020 peak and loosening lockdown, as
well as in comparison to a 2015–2018 baseline. These results
are summarized in the supplementary information section.
3. Results and discussion
3.1. 2020 pre-lockdown compared to 2020 peak
lockdown and loosening lockdown

The COVID-19 lockdowns in the United States had farreaching impacts throughout the country. In the United
States, like in Europe and Asia, lockdown measures
severely reduced transportation and industry, the two primary emitters of NOx.
NO2 shifts in the 12 analyzed counties were calculated
using four measures. The first two intervals compare NO2
levels during the 2020 pre-lockdown period in each
county to NO2 levels during the 2020 peak and loosening
lockdown periods, respectively. All counties observed a significant decline in NO2 levels from the 2020 pre-lockdown
period to the 2020 peak lockdown period, with a mean
decline of 49.3% (Table 2). From the 2020 pre-lockdown
period to the 2020 loosening lockdown period, the
decline in NO2 is even more drastic at 54.2% (Table 2).
Comparing NO2 levels between the 2020 pre-lockdown
period to the 2020 peak and loosening lockdown periods,
however, does not account for the seasonal shift in NO2.
NO2 concentrations are typically higher during winter
despite NOx emissions usually peaking during the summer

April 1 to May 17

May 18 to June 16

(Goldberg et al., 2020; Shah et al., 2020). Due to the
increased sunlight, the reaction rate of NOx with OH occurs more rapidly in the summer, resulting in the transformation of NOx to other species that have shorter
lifetime than NOx itself. In urban regions, this results in
1.5–3 times higher NO2 levels in the winter compared to
the summer (Goldberg et al., 2020). This is important to
consider when analyzing our results. Similarly, the seasonal weakening of the surface inversion layer is also a factor that potentially impacts our results. In winter, surface
inversions are more frequent and longer lasting due to
colder temperatures (Baumbach and Vogt, 2003; Czarnecka and Nidzgorska-Lencewicz, 2017; L Wang et al.,
2020). This inversion layer prevents the vertical transport
of pollutants, and therefore, pollutants are more concentrated near the surface (Shmool et al., 2014). The dramatic
decline in NO2 levels in 2020 from the pre-lockdown
period to the peak lockdown period and loosening lockdown period is, therefore, only partially the result of
decreased NOx emissions due to lockdowns, as seasonal
variability also plays a significant role. The pre-lockdown
period occurred during a colder period than the peak
lockdown and loosening lockdown periods. This likely explains why the decrease in NO2 levels from pre-lockdown
to loosening lockdown is greater than the decrease from
pre-lockdown to peak lockdown; loosening lockdown
occurred during a warmer period than peak lockdown,
and so while restrictions were not as strict, and NOx emissions were likely higher, increased sunlight and higher
temperatures likely resulted in shorter NO2 atmospheric
lifetime, fewer and weaker surface inversions, and therefore lower observed NO2 levels.
3.2. Comparison of the 2020 peak lockdown time
window with 2019

The third interval of comparison, which best reflects the
impact of COVID-19 lockdowns on air pollution, compares
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Table 2. Summary of county-level data comparing 2020 pre-lockdown NO2 levels to 2020 peak and loosening lockdown
NO2 levels and comparing 2020 peak and loosening lockdown NO2 levels to NO2 levels during the corresponding
periods in 2019. DOI: https://doi.org/10.1525/elementa.2021.00002.t2

D in 2020 Between Pre-

D in 2020 Between

D Between 2019

D Between 2019

Pre-lockdown and

and 2020 (Peak

and 2020 (Loosen-

Loosening Lock-

Lockdown

ing Lockdown

down Period (%)

Period; %)

Period; %)

Allegheny County (Pittsburgh)

–48.6

–45.0

–46.0

–20.7

New York City

–50.1

–55.1

–41.2

–18.0

Wayne County (Detroit)

–48.9

–51.1

–38.9

–16.5

Fulton County (Atlanta)

–31.4

–46.5

–34.3

–25.9

Philadelphia County (Philadelphia)

–57.8

–64.9

–30.9

–30.7

San Francisco County (San Francisco)

–69.2

–73.6

–29.3

–11.9

Cook County (Chicago)

–44.2

–43.1

–28.9

–17.3

Washington D.C.

–54.9

–60.4

–28.5

–14.3

Santa Clara County (Santa Clara)

–53.2

–54.6

–27.9

–24.1

Los Angeles County (Los Angeles)

–58.2

–61.6

–26.6

–20.0

Denver County (Denver)

–40.1

–51.6

–25.0

–24.4

Harris County (Houston)

–35.2

–42.8

12.7

12.8

Mean

–49.3

–54.2

–28.7

–17.6

NO2 levels during the 2020 peak lockdown period in each
county to the corresponding period in 2019 as shown in
Figure 1. Using this interval, it was found that 11 of the
12 counties experienced lower NO2 levels during the 2020
peak lockdown period compared to 2019, ranging from
Allegheny County’s 46.0% decline to Denver County’s
25.0% decline (Table 2). Harris County, however, saw
12.7% higher NO2 levels (Table 2). The mean decline
across all counties was 28.7% (Table 2). For context,
Wuhan, the epicenter of China’s COVID-19 outbreak and
a city placed on stringent lockdown for over a month,
observed an average of 53% decline in NO2 during lockdown (Lian et al., 2020). This significant decline in NO2
levels in the major U.S. counties analyzed during peak
lockdown was expected. As discussed above, lockdowns
severely halted transportation and industrial activity, both
of which are primary drivers of NOx emissions; therefore,
it’s unsurprising that NO2 levels declined significantly. This
2019–2020 decline, however, might have a contribution
from the long-term trend in atmospheric NO that has
been observed throughout the United States (Goldberg
et al., 2020). Simon et al. (2015) have also reported that
from 2002 to 2011, nationwide anthropogenic NOx emissions declined from 46.2 to 28 million tons per year.
3.3. Comparison of the 2020 loosening lockdown
time window with 2019

The fourth interval of comparison compares NO2 levels
during the 2020 loosening lockdown period in each
county to the corresponding period in 2019. This interval
allows us to determine whether even during the loosening
lockdown phase, NO2 levels were lower than during the

same time frame in 2019. Likewise, it also enables us to
compare the severity of the reduction in NO 2 levels
between the peak lockdown period and the loosening
lockdown period. Using this interval, 11 of the 12 counties
observed lower NO2 levels during the 2020 loosening
lockdown period compared to 2019, ranging from Philadelphia County’s 30.7% decline to San Francisco County’s
11.9% decline (Table 2). The mean decline across all counties was 17.6% (Table 2). Harris County, however, saw
12.8% higher NO2 levels (Table 2). The 28.7% mean
decrease in NO2 levels during the analyzed counties’ peak
lockdown periods is significantly larger than the 17.6%
decline during the loosening lockdown period. This is
largely expected given that as restrictions are loosened,
human activity such as driving resumes, likely causing NOx
emissions to rise.
3.4. Meteorology

Meteorological factors must be considered when analyzing the decline in NO2 levels during the 2020 peak lockdown and loosening lockdown periods. Year to year
meteorological variations can result in around a 15% difference in monthly NO2 levels (Goldberg et al., 2020). In
cities with relatively flat topography such as New York City,
Chicago, Washington, DC, and Atlanta, increasing wind
speeds from essentially stagnant to greater than 8 m/s
results in 30%–60% lower NO2 levels (Goldberg et al.,
2020). Likewise, in cities such as Los Angeles, which feature heterogenous topography, increasing wind speeds
from nearly stagnant to greater than 8 m/s results in
70%–85% lower NO2 levels (Goldberg et al., 2020). Wind,
particularly high-speed wind, disperses pollution away

Downloaded from http://online.ucpress.edu/elementa/article-pdf/9/1/00002/470269/elementa.2021.00002.pdf by guest on 24 May 2022

Lockdown and Peak
Lockdown Period (%)

County Name (Largest City)

Poetzscher and Isaifan: Impact of COVID-19 on NO2 in the USA

Art. 9(1) page 5 of 9

Downloaded from http://online.ucpress.edu/elementa/article-pdf/9/1/00002/470269/elementa.2021.00002.pdf by guest on 24 May 2022

Figure 1. Time series graphs of 28-day rolling average tropospheric NO2 column concentrations in 2020 and 2019 in
the 12 analyzed counties. Each graph illustrates county name and percent decline in NO2 during 2020 peak lockdown
period compared to 2019. The light blue shaded region labeled with the letter “P” represents peak lockdown period.
The light pink-shaded region labeled with the letter “L” represents loosening lockdown period. DOI: https://doi.org/
10.1525/elementa.2021.00002.f1
from city centers resulting in lower levels of NO2. Wind
direction also plays a significant role in determining urban
air pollution levels. While the effects of wind direction are
nonlinear, largely dependent on the location of other
major cities, northwest winds tend to result in the cleanest

air (Goldberg et al., 2020). The impact of other meteorological factors, such as temperature and relative humidity,
on NO2 levels are less clear (Harkey et al., 2015). Of the
four metrological variables studied, wind speed has the
most significant impact on NO2 (Roberts-Semple et al.,
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2012). To evaluate the degree to which meteorology
potentially influenced the observed reduction in NO2 concentrations in 2020, temperature, wind speed, wind direction, and relative humidity will be analyzed and
investigated further in our future work.
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