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ABSTRACT: Mobility reductions following the COVID-19 pandemic in the United States were higher, and sustained longer, for
aviation than ground transportation activity. We evaluate changes in ultrafine particle (UFP, Dp < 100 nm, a marker of fuel-
combustion emissions) concentrations at a site near Logan Airport (Boston, Massachusetts) in relation to mobility reductions.
Several years of particle number concentration (PNC) data prepandemic [1/2017−9/2018] and during the state-of-emergency
(SOE) phase of the pandemic [4/2020−6/2021] were analyzed to assess the emissions reduction impact on PNC, controlling for
season and wind direction. Mean PNC was 48% lower during the first three months of the SOE than prepandemic, consistent with
74% lower flight activity and 39% (local)−51% (highway) lower traffic volume. Traffic volume and mean PNC for all wind directions
returned to prepandemic levels by 6/2021; however, when the site was downwind from Logan Airport, PNC remained lower than
prepandemic levels (by 23%), consistent with lower-than-normal flight activity (44% below prepandemic levels). Our study shows
the effect of pandemic-related mobility changes on PNC in a near-airport community, and it distinguishes aviation-related and
ground transportation source contributions.
KEYWORDS: COVID-19, air pollution, aviation, ultrafine particles, natural experiment, traffic, emissions reduction impact

■ INTRODUCTION
Natural experiments have provided insight about air pollution
source impacts. For example, policies to reduce vehicular traffic
and congestion during the 1996 Olympics (Atlanta, Georgia,
USA) reduced peak daily ozone concentrations by 28%.1 The
temporary shutdown of a large steel mill in Utah (USA) in
1986 reduced PM10 concentrations by nearly half,

2 and during
the 2008 Olympics (Beijing, China), air pollution emission
controls reduced traffic-related emissions between 21% and
61%.3 A recent and significant change to source activities
coincided with the onset of the COVID-19 pandemic in 2020.
In that year, road transportation and commercial flight activity
decreased globally by 50% and 60%, respectively, relative to
prepandemic levels.4 In comparison to the shutdown of
commercial aviation operations in response to the September
11, 2001, attacks, the COVID-19 pandemic disrupted aviation

service more substantially in the short term (96% during
COVID-19 vs 33% following 9/11), and travel restrictions
continued for a longer period of time.5

Changes in air quality associated with the COVID-19
pandemic have been documented in numerous locations,
including Asia,6,7 Europe,8 India,9 and the United States.10

These studies largely focused on short-term (i.e., two to three
months) impacts during periods of pandemic-related economic
and social disruptions. However, such short-term studies may
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not adequately capture air pollution changes from differential
activities across sectors, especially for pollutants with strong
seasonality. This is important for pollutants like ultrafine
particles (UFP; <100 nm in aerodynamic diameter) in urban
areas with multiple emission sources. Few studies have
documented the UFP air quality impacts of the COVID-19
pandemic; a systematic review11 noted only two articles
measuring ultrafine particles, with an additional article
published more recently. The studies measuring or modeling
UFP were short-term in nature, with the longest monitoring
campaign being approximately seven weeks, and all were
focused on road traffic.12−14 Although UFP exposure in near-
airport communities has been shown to be elevated15 in the
U.S.16−18 as well as other countries19−22 during normal airport
operations, to date little work has been done to characterize air
quality impacts due to sharp decreases in aviation activity
during the pandemic.
The goal of this study was to quantify the changes in UFP

(measured as particle number concentration, or PNC) at a
near-airport site in response to an unprecedented change in
flight activity. We analyze PNC measurements collected over
multiple years at a rooftop site near a major airport (Logan
International Airport, Boston, Massachusetts, USA). Our
objectives were to (1) quantify the overall decrease in PNC
during the early state-of-emergency (SOE) period that
coincided with the maximum decrease in activity for all
modes of transportation and (2) examine if changes in PNC in
the year following the start of the SOE corresponded to the
differential rates of recovery of aviation and road traffic.

■ MATERIALS AND METHODS
Boston Logan International Airport and Monitoring

Site. Logan International Airport is located 1.6 km east of
downtown Boston. The airport has six runways, with a
preferred operational runway configuration for each wind-
direction quadrant. Continuous monitoring of PNC was
conducted atop a three-story building located in a mixed-use
(including residential) community in Chelsea, 4.0 km NW of
the airport. This site and the surrounding area have been
described elsewhere;23,24 briefly, the site is near several other
transportation modalities (major roadway 400 m to the west, a
commuter rail line 50 m to the north, and an active shipping
channel 1 km to the southeast; see Supporting Information
(SI) Figure S1)). During SE winds, which occur at 7%
frequency and orient the site downwind of the airport,
emissions from the airport (i.e., from ground transportation
and idling and taxiing aircraft) as well as aircraft landing on
runway 15 are advected toward the monitoring site.
Massachusetts State-of-Emergency (SOE). In response

to the COVID-19 pandemic, a state-of-emergency (SOE) was
declared in Massachusetts on March 10, 2020, which was lifted
on June 15, 2021.25 At the beginning of the SOE period, a stay-
at-home-advisory was issued, requiring all nonessential
businesses, schools, and other organizations to close their
physical workplaces, and recommending residents to stay
home and avoid travel. The ending of the stay-at-home-
advisory on May 18, 2020 initiated the reopening of the
Massachusetts economy, with restrictions being relaxed in a
gradual process according to four predetermined phases.
However, after restrictions were eased from May 2020 through
November 2020, they were increased again starting in
November 2020 given increasing COVID-19 cases and
hospitalizations and gradually rescinded starting in February

2021. Air quality measurements were made from April 2020
through June 2021 and were compared with prepandemic
measurements from 2017 and 2018.

Instrument and Data Acquisition. Ambient PNC was
monitored using a water-based condensation particle counter
(CPC, TSI Inc. Model 3783, D50 of 7 nm) from January 2017
through June 2021, with several discrete periods where
monitoring did not occur, notably October 2018 through
March 2020. Field procedures, the quality assurance (QA)
protocol, and the calibration procedures are described in the SI
(Table S1). Approximately 5% of data were removed prior to
analysis mainly due to automatically flagged CPC parameter
exceedances (e.g., nozzle pressure and pulse height). Hourly
landing and takeoff (LTO) (hourly totals for landings
(arrivals) and takeoffs (departures)) from January 2017−
June 2021 were obtained from the Federal Aviation
Administration Aviation System Performance Metrics Data-
base.26 Meteorological data collected at Logan Airport
(KBOS) were obtained from the National Centers for
Environmental Information Automated Surface Observing
Systems (ASOS) program and aggregated to hourly resolution
via the U.S. Environmental Protection Agency’s AERMINUTE
and AERMET processors.27 In short, AERMINUTE converts
the ASOS 2 min wind direction to x- and y-component wind
directions and follows a unit-vector approach to average within
a given hour to calculate the hourly wind direction; further
details can be found elsewhere.28,29 Monthly average daily
traffic (MADT) from January 2017−June 2021 was obtained
from the Massachusetts Department of Transportation Data
Management System.30 Four traffic counters were used, with
three counters representing local roads (Rt 1A Revere (Station
ID 8087), Rt 1A Boston (Station ID: AET16), and US 1
Boston Tobin (Station ID: AET15)), and a fourth representing
an interstate highway at Medford I-93 (Station ID: 82) (Figure
S1).

Data Processing and Analyses. Data collected prior to
August 2017 were recorded at 30-s averaging periods, with
subsequent data recorded at 1-s averages. Processed data were
aggregated to hourly resolution (n = 41,904 h) and merged
with flight activity (landings, takeoffs, and sum of landings and
takeoffs [LTO]), meteorological data, and MADT. Data were
classified into impact sector or nonimpact sector depending on
whether the hourly average wind direction positioned the site
downwind of the airport. Impact sector was defined as 135° to
175° based on the azimuth angle of the site to the widest span
of runways as done previously (Figure S2).23 Additionally, data
were classified as prepandemic (before March 10, 2020), the
early SOE period (March 11, 2020−March 2021, when
Massachusetts returned to its Phase III Step 2 reopening), and
the late SOE period (April−June 2021). Monthly average and
25th, 50th, 75th, 95th, and 99th percentile PNC were
calculated for these three periods.
We used an approach analogous to emissions reduction

impact methods within air quality modeling to evaluate the
changes in PNC and transportation activity throughout the
study period. This approach, described elsewhere,31 estimates
the impact of a source on pollutant concentration when
emissions are reduced in a given sector. First, eq 1 was applied
to PNC, road traffic, and aviation to scale the data by
prepandemic mean to visualize temporal trends:

C
C

i
i=

(1)
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where C is the measurement value at its highest resolution
(hourly for PNC and LTO, monthly for road traffic), i the data
type (PNC, road traffic, LTO), and μ the mean measurement
value for the ith data type for data before March 10, 2020.
We examined aviation and road traffic activity over the

entire study period to identify changes in transportation
patterns. To control for seasonal variation and the nonlinear
nature of the COVID-19 activity restrictions, we stratified the
data set and performed targeted analysis comparing the
months of April, May, and June (AMJ) across the data set
within the three time periods (prepandemic, early SOE, late
SOE) because these months correspond with large changes in
transportation patterns (Figure 1C).

These changes were analyzed following eq 2:

100m
m m

m

,1 ,2

,2
= ×

(2)

where μm,1 is the 3-month (AMJ) mean in 2020 or 2021, μm,2
the 3-month (AMJ) mean in 2017−2019, and Δm the %
change. We did not record PNC data for 2019, but LTO and
MADT were available for all three preceding years. Given the
influence of meteorological variability on PNC and to control
for it, we limited the comparison to the same season (spring/
summer months), and further, the mean and standard
deviations of key variables (e.g., temperature, precipitation,

relative humidity, etc.) were compared between years. We
observed no substantial differences in our time period of
interest (Table S2).
To visualize and explore PNC trends with respect to wind

direction and wind speed, we created bivariate polar plots that
group PNC by wind speed and direction using the “openair” R
package.32

■ RESULTS
Changes in Transportation Activity During the

Pandemic. Both flight and ground traffic were reduced
following the start of the SOE. While flight activity was
reduced by 74%, road traffic was reduced by only 39% based
on counts from the three nearest surface road counters and
51% on the nearest interstate highway counter during AMJ
2020 compared to the prepandemic (2017−2019) average for
the same months. Upon easing of the travel restrictions, road
traffic recovered to prepandemic volume (±10%) by AMJ
2021; however, flight activity remained 44% lower (Table S3
and Figures S7−S8).
The diurnal patterns of flight activity during early and late

SOE were similar to prepandemic years, but at lower volumes
(Figure 1). Flight activity peaked in the morning (0600−1000
h) and the afternoon (1500−1900 h). The morning had a
higher percentage of departures, and the afternoon had a
higher percentage of arrivals (Figure 1(A), (B)). Throughout
the study period flight activity during 0100−0400 h was
minimal, in accordance with noise abatement policy.

Changes in PNC during the Pandemic. Overall, mean
PNC was 48% lower during early SOE compared to
prepandemic mean for AMJ (Figure 1(C)), but by late SOE,
it was comparable to the prepandemic mean (±5%).
Reductions during early SOE were greater for impact sector
winds (−61.4%) than nonimpact sector winds (−48.0%).
During late SOE (AMJ 2021), mean PNC remained lower
than prepandemic levels for impact sector (−23.1%) but not
nonimpact sector winds (+5.4%).
During the early SOE, both the concentrations and the

impact sector vs nonimpact sector difference were reduced
(Table S3). Mean impact sector PNC (14,000 ± 8600
particles/cm3) was 2.1 times higher than mean nonimpact
sector PNC (6700 ± 4000 particles/cm3) in early SOE
compared to mean impact sector PNC (36,300 ± 24,900
particles/cm3) being 2.8 times higher than mean nonimpact
sector PNC (12,900 ± 9100 particles/cm3) in the prepan-
demic period. These patterns (i.e., impact sector PNC greater
than nonimpact sector PNC, a reduced relative difference
between impact sector and nonimpact sector PNC during early
SOE, and a recovery to prepandemic levels for nonimpact
sector PNC but not impact sector PNC during late SOE) were
consistent across all hourly aggregations of PNC (25th, 50th,
75th, 95th, and 99th percentile PNC; Table S3 and Figure S9).
Furthermore, the greatest decrease in impact sector PNC in

the early SOE period occurred during regular LTO activity
(0500−0000): a 62% decrease compared to prepandemic
levels (Table S4), i.e., 40,900 ± 24,900 particles/cm3 vs 15,600
± 9100 particles/cm3. During regular LTO activity, impact
sector PNC in the early SOE period (15,600 ± 9100 particles/
cm3) was essentially comparable to nonimpact sector PNC
prepandemic (13,700 ± 9500 particles/cm3). Prior to the
pandemic, during impact sector winds, PNC was 2.7 times
higher during regular LTO (60 flights h−1) as compared to
periods of limited LTO (2 flights h−1); however, in early SOE,

Figure 1. (A, B) Landings and takeoffs per hour for (A) arrivals and
(B) departures at Logan Airport from 2017 to 2021 for the months of
April, May, and June (AMJ). (C) Time series for PNC (particles/
cm3) for all wind directions, automobile traffic at US 1 Boston Tobin
(AET15, monthly average daily traffic), and combined landings and
takeoffs (operations h−1) scaled by prepandemic mean (before March
10, 2020) following eq 1. Points represent the monthly average of the
prepandemic mean scaled value per respective time series. High-
lighted boxes within the dotted lines represent the time periods
selected for analysis, AMJ 2017−2019 (black), AMJ 2020 (orange),
AMJ 2021 (purple).
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impact sector wind PNC was only 1.8 times higher during
regular LTO (14 flights h−1) than during limited LTO (1 flight
h−1). Analyses by wind speed and direction (Figure 2) indicate

a pronounced signal under impact sector winds at relatively
high wind speeds during regular LTO activity prepandemic,
which is muted in the SOE periods during regular LTO
activity.

■ DISCUSSION
Air quality management involves identifying and quantifying
the emissions sources that contribute most to air pollution
levels in a given area or region. The dramatic decrease in
transportation sector activity in response to the COVID-19
pandemic provided a natural experiment with which we could
better understand the emissions reduction impact of trans-
portation sources on ambient PNC in a near-airport setting.
During the early months of the COVID-19 pandemic, we
observed that PNC was dramatically reduced (48% on average,
for all wind directions) near an international airport and that
daytime PNC was similar to prepandemic PNC during
nighttime hours with no flight activity. In addition, we
observed that mean PNC mirrored automobile ground traffic
volume patterns throughout the pandemic, but under wind
conditions that placed the monitor downwind from the airport,
mean PNC more closely followed flight activity volume
patterns. The fact that the two predominant source types in
a near-airport setting had different activity profiles and
different associations with wind speed and direction allowed
us to better differentiate their relative impacts on ambient
PNC. While the highest PNC was observed when the site was
downwind from the airport throughout the study period, the
difference between downwind and nondownwind PNC was
negligible during the early SOE, providing a sharp contrast to

clearly indicate airport contributions under aviation impact
sector winds.
Our findings can be compared with previous studies of PNC

during the pandemic, although most previous studies were
conducted over a shorter duration and with a primary focus on
road traffic-related emissions. For example, Hudda et al.12

quantified changes in air quality in Somerville, MA, due to
traffic reductions using a seven-week-long mobile monitoring
campaign at the onset of the pandemic. They found daily
traffic on a major highway in the community (I-93) decreased
approximately 50% and that median PNC was 44%−57%
lower in March−May 2020 as compared to prepandemic
concentrations. We found a similar magnitude reduction
though with the ability to better distinguish between specific
source contributions over time. Xiang et al.13 found a more
modest 7% reduction in PNC near a major interstate in Seattle,
WA, USA, where median traffic volume decreased by 37% at
the onset of pandemic-related activity restrictions. They
identified larger relative decreases in smaller diameter ultrafine
particles (<20.5 nm) but were only able to compare with
approximately two weeks of UFP measurements prior to the
onset of the pandemic. Dai et al.14 used dispersion-normalized
positive matrix factorization analysis to investigate source
contributions to PNC before and during the COVID-19
outbreak in a suburban site in Tianjin, China. They found that
traffic-related PNC decreased 44% after the outbreak and that
residential heating was the largest source of PNC before and
during the outbreak. The magnitude of PNC decrease we
observed during the pandemic is comparable to the road-based
study in Boston, MA, USA,12 and the suburban site study in
Tianjin, China14 but were substantially larger than the road-
based study in Seattle, Washington, USA.33 However, our
study is the only one performed to date in a near-airport
community with a long-term monitoring campaign specifically
sited to distinguish the separate contributions from roadway
and airport emissions.
A limitation of natural experiments is that they are

observational in nature, and potential confounders cannot be
manipulated. Therefore, it is necessary to try to control for
them in analysis.34 For a pollutant like PNC that exhibits
substantial seasonality, it is essential to have the appropriate
comparison period, which we addressed by matching the
month-to-month percent change in PNC across three distinct
time periods within a given season. While we had
approximately 20 months of PNC data to establish baseline
conditions, we had a data gap in 2019. However, our findings
regarding impact sector PNC in our baseline period agree with
a prior study assessing aviation impacts on UFP in Boston.23

This reinforces the value of long-term monitoring for UFP and
other pollutants to capture both acute and gradual shifts in
source contributions, ideally with monitoring locations that
capture emissions sources beyond road traffic to allow for
analyses of source impacts in complex urban environments
which contain multiple emission sources. Such data can
provide the foundation for more accurate source attribution
analyses.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00322.

Figure 2. Polar plots showing the interactions between the hourly
mean PNC (particles/cm3) during April, May, and June (AMJ), wind
speed (ms−1), and wind direction. Columns subset data by
prepandemic levels (mean AMJ of 2017 and 2018), in the early
months of the Massachusetts state-of-emergency (SOE) (AMJ 2020),
and a year later (AMJ 2021), while rows subset by periods of limited
LTO (0100−0400) and regular LTO (0500−0000). Dotted red lines
represent winds from the aviation impact sector. Variations in plot
shape are a function of wind speed and wind direction, while
variations in color are a function of PNC (particles/cm3).
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Study area map (Figure S1), impact sector calculation
(Figure S2), description of data quality assurance
procedures (Table S1), and seven figures and three
tables showing data distributions throughout the study
period (PDF)
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