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ality impacts in the Los Angeles
Basin from increased port activity during 2021
supply chain disruptions†

T. Nash Skipper, a Jennifer Kaiser,ab M. Talat Odman, a Sina Hasheminassabc

and Armistead G. Russell*a

Increased throughput and container ship backlogs at the ports of Los Angeles and Long Beach due to supply

chain disruptions related to the COVID-19 pandemic caused a significant increase in the number of ships

near the California coast, leading to concerns about increased air pollution exposure of nearby

communities. We use a combination of satellite-based observations from TROPOMI and ground-based

observations from routine surface monitoring sites with chemical transport model results to analyze the

changes in NO2 and PM2.5 in the Los Angeles Basin during a period in 2021 when the number of ships

was at its peak. Using simulations to account for meteorological effects, changes are apportioned to

emissions and meteorology. The largest emission-related changes in column NO2 occurred immediately

east of the ports where emission-related NO2 increased by 28% compared to the baseline (2018–2019

average). In Central Los Angeles, emission reductions led to a 10% decrease in NO2 during the same

period. Emission-related PM2.5 increased by 0.7 mg m−3 on average with a maximum increase of 4.5 mg

m−3 in the eastern part of Basin. The emission/meteorology attribution method presented here provides

a novel approach to quantify emission-influenced changes in air quality that are consistent with

observations and suggests that both NO2 and PM2.5 were elevated in parts of the Los Angeles area

during a period of increased port activity.
Environmental signicance

Supply chain disruptions during the COVID-19 pandemic caused a backlog of container ships off the coast of California waiting to dock at the ports of Los
Angeles and Long Beach. This raised concerns about increased air pollution for nearby communities which already suffer disproportionately poor air quality.
Satellite-based NO2 observations and ground-level NO2 and PM2.5 observations are used with chemical transport model simulations to separate the roles of
meteorology and emissions during a period in 2021 when the container ship backlog was at its peak. We nd signicant increases in NO2 due to emissions in the
areas immediately east of the ports and increased PM2.5 across much of the region which has implications for health and environmental justice.
Introduction

The ports of Los Angeles and Long Beach are adjoining seaports
in Southern California which are the number one and two
busiest ports in the United States (US).1 Previous work has
shown that the ports and associated freight distribution have
signicant impacts on local air quality.2–5 Due to supply chain
disruption resulting from the COVID-19 pandemic, the ports
experienced a signicant increase in cargo throughput in 2021.
The combined throughput of twenty-foot equivalent units
eering, Georgia Institute of Technology,

Georgia Institute of Technology, Atlanta,
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the Royal Society of Chemistry
reached an all-time high (Fig. S1†), increasing by 16% in 2021
compared to the 2018–2019 average (Table S1†). The increased
activity caused congestion at the ports, which led to many more
cargo ships than normal waiting offshore for an opportunity to
dock (Fig. 1). Ships were typically located near the California
coast, using their auxiliary engines to provide power for ship-
board functions. Many ships were waiting in waters immedi-
ately to the south of the ports and to the west of the coastline of
Orange County (Fig. S2†).

The increase in ships and their proximity to the coast raised
concerns about increased pollution in communities nearby.
The California Air Resources Board (CARB) estimated that
emissions of nitrogen oxides (NOx) and particulate matter (PM)
from ships were 30 and 0.8 tons per day above business-as-usual
conditions in November 2021.6 In addition to increased ship
emissions, increased cargo throughput and congestion led to
increased truck and rail traffic from the distribution of goods
Environ. Sci.: Atmos., 2024, 4, 321–329 | 321
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Fig. 1 Ships waiting to dock within 40 miles of the ports (black line)
and the total number of ships waiting to dock (magenta line) at the
ports of Los Angeles and Long Beach. During the study period of
September–November 2021 (between the grey vertical lines), the
number of ships near the ports reached its peak but began to decline
after the ship queuing system was updated starting November 16,
2021. Data is from the Marine Exchange of Southern California via
https://www.marketplace.org/2022/09/29/ship-backlog-at-
southern-californias-ports-eases/.

Fig. 2 Map of the study domain in Southern California. County names
are indicated on the map. The arrow shows the location of the ports of
Los Angeles and Long Beach. The red boundary shows the location of
the Carson, Wilmington, and West Long Beach AB617 community
defined by the CARB. Lines showing distances of 20 nautical miles and
40 miles which are referenced in the text are provided on the map for
context.
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from the ports which further increased emissions nearby.7

According to emission inventory reports, diesel PM, NOx, and
sulfur dioxide (SO2) emissions at the port of Los Angeles
increased by 56%, 54%, and 145%, respectively, in 2021
compared to 2020.8 Emissions of these pollutants at the port of
Long Beach also increased by 42%, 35%, and 38%, respectively,
between 2020 and 2021.9 To alleviate the congestion, in October
2021 both ports and the Union Pacic Railroad Company
322 | Environ. Sci.: Atmos., 2024, 4, 321–329
shied to 24/7 operation. In response to the excess ships
anchored near the shore, an update to the system for ship
queuing was implemented effective November 16, 2021. Under
the new system, ships were required to wait approximately 150
miles away from the coast, whereas under the previous system,
ships entered the queue once they came within 20 nautical
miles of the ports.10

The new system reduced the number of ships near the coast
(Fig. 1), but concerns remained about increased exposure to air
pollution during this time. Some areas near the ports are
already disproportionately impacted by pollution, raising
additional concerns about the environmental justice implica-
tions of the additional air pollution exposure that may have
resulted from the increase in port and associated goods move-
ment activity. In particular, the communities of Wilmington,
Carson, and West Long Beach, which are part of the Assembly
Bill 617 (AB617)11 program established to monitor air pollution
and reduce exposure in communities that are most heavily
impacted by air pollution, are located near the ports (Fig. 2).

Here, we use a combination of satellite-based observations,
ground-based measurements, and chemical transport model
(CTM) simulations to quantify changes in air pollution in
Southern California during the period September–November
2021 when the number of ships waiting near the coast reached
its peak (Fig. 1). A CTM can be used to estimate the impacts of
changing emissions. However, the emissions inventories used
as inputs to the CTM are uncertain, and accurately updating
emissions to account for unexpected changes in source activity
due to the COVID-19 pandemic and resulting disruptions in the
global supply chain is challenging and adds even more uncer-
tainty. Comparing observed changes in air quality across years
can give some sense of the effects of changing emissions, but
year-to-year variation in meteorological effects on air pollutant
concentrations can make it difficult to attribute changes in air
quality directly to changes in emissions. We examine the
changes in nitrogen dioxide (NO2) and ne particulate matter
(PM2.5) during this period. Satellite retrievals and surface
observations are readily available for NO2, and NO2 provides
a good indication of combustion emissions from ships. PM2.5

surface observations are also readily available, and PM2.5 is the
air pollutant that most contributes to adverse health impacts.12

Effects of year-to-year differences in meteorology are estimated
using a CTM. Observations are then adjusted for meteorological
effects to obtain emission-related changes in 2021 compared to
baseline levels in 2018 and 2019.

Methods and materials
Chemical transport model simulations

We use the Community Multiscale Air Quality (CMAQ) CTM
version 5.3.3 (ref. 13) to perform the air quality simulations. The
modeling domain is centered on Southern California with
a horizontal resolution of 4 km (Fig. S3†). Simulations were
performed for September–November (plus ten-day model spin-
up over the last ten days of August to reduce the inuence of
initial conditions) for the years of 2018, 2019, and 2021 (B18,
B19, and B21; B for base case). The average from 2018 and 2019
© 2024 The Author(s). Published by the Royal Society of Chemistry
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is used as the baseline with which to compare 2021. A simula-
tion was not conducted for 2020 as the air quality during this
year was signicantly impacted by COVID-19 and thus does not
provide a representative baseline since NO2 was below typical
levels.14,15 Two additional simulations were conducted to esti-
mate the inuence of meteorology. These were performed using
emissions for 2018 and 2019 as in the B18 and B19 simulations
with meteorology from 2021 as in the B21 simulation (E18M21
and E19M21; E for emissions and M for meteorology). Lateral
boundary conditions and initial conditions for the simulations
were taken from daily average concentrations from a northern
hemisphere CMAQ simulation conducted by US EPA as part of
EPA's Air QUAlity TimE Series (EQUATES) project.16 Data from
2017 simulations were used as this was themost recent year that
EQUATES results were available at the time the simulations
were performed.

Emissions are based on the 2016 emissions modeling plat-
form version 2 produced by US EPA and the emissions inventory
collaborative.17 The platform uses a base year of 2016 and
includes projected emissions for 2023. Emissions for 2018,
2019, and 2021 are obtained by linear interpolation of the
emissions for each sector between the base 2016 emissions and
the projected 2023 emissions. Details on each emissions sector
and the projection methods used in the inventory are available
in the platform technical support document.17 Fire emissions
from the base inventory year of 2016 were used in all simula-
tions so that the year-to-year changes in re impacts did not
obscure the effects of changes in anthropogenic emissions. We
use seasonal average values to compare across years, so we
expect that this averaging will reduce the inuence of res on
the comparisons across years. Additionally, we expect that the
incorporation of observations to apportion the changes to
emissions and meteorology will capture any effects from
differences in res across years since res will inuence the
observations which are used to derive the effects of emissions.
Meteorological data for the CTM simulations are from the
weather research and forecasting (WRF) model version 4.3.1.18

WRF data are prepared for the CMAQ simulations using the
meteorology-chemistry interface processor19 version 5.1.
Satellite retrievals

TROPOspheric Monitoring Instrument (TROPOMI) follows
a low-earth, sun-synchronous orbit with an equator overpass
time of 13 : 30 local solar time. Upgraded versions of the TRO-
POMI level 2 tropospheric NO2 product were released during the
study period. Version 1.3 was in operation during September–
November 2018–2019. Versions 2.2 and 2.3.1 were in operation
during September–November 2021. The upgrades lead to
increases in NO2 over cloud-free scenes, especially in polluted
areas.20 To avoid an articial positive jump in NO2, we use the
product algorithm laboratory (PAL) dataset which was reproc-
essed with the version 2.3.1 algorithm.21 This dataset is avail-
able for May 1, 2018–November 14, 2021. We use the PAL data
for September–November of 2018 and 2019 and for September
1–November 14, 2021. The version 2.3.1 product was used for
November 15–30, 2021.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Data is ltered to include only pixels with solar zenith angle
less than 75, quality assurance ag value greater than 0.5, and
cloud fraction less than 0.3. Like Cooper et al. (2020),22 we use
the NO2 vertical prole from CMAQ with the TROPOMI aver-
aging kernels to develop updated air mass factors (AMFs) to
recalculate TROPOMI NO2 column totals. TROPOMI data are
oversampled onto the 4 km × 4 km CMAQ model grid to facil-
itate comparisons between TROPOMI and CMAQ using an
oversampling technique by Sun et al. (2018).23

Surface observations

Hourly NO2 surface observations were obtained from the CARB
Air Quality and Meteorological Information System (https://
www.arb.ca.gov/aqmis2/aqmis2.php). We use observations
from 1 to 2 pm Pacic Standard Time to compare to the
TROPOMI NO2 column totals since this includes the
TROPOMI overpass time of 13 : 30 local solar time. We also
compare TROPOMI NO2 to daily maximum surface NO2 as
a sensitivity analysis. The comparison of surface observations
and TROPOMI NO2 columns allows for evaluation of the
suitability of TROPOMI to provide an indicator for changes in
ground-level exposures. Near-road monitoring sites are
excluded from this analysis. These sites are not suitable for
comparison to TROPOMI because the typical sharp gradients in
NO2 in the near-road environment cannot be resolved by TRO-
POMI. Exclusion of the near-road sites reduces the number of
sites within the study domain from 44 to 39 sites. Daily average
PM2.5 surface observations are obtained from the Air Quality
System database (https://www.epa.gov/aqs). There are 45 PM2.5

sites within the study domain with data available for 2018,
2019, and 2021.

Traffic data

We use traffic volume data from the California Department of
Transportation Performance Monitoring System (PeMS). Daily
traffic volumes for September–November 2018, 2019, and 2021
for mainline highways were obtained from PeMS (https://
pems.dot.ca.gov/). We calculate the change in traffic at each
monitoring station as the total traffic volume in September–
November 2021 compared to the average of the same period
in 2018 and 2019. Data from individual stations are grouped
by roadway and county, and the median change in traffic
volume for stations along a particular roadway within
a particular county is used to calculate the percent change in
traffic along each section of roadway. We also obtained PeMS
data for total vehicle miles traveled (VMT) and for truck VMT
by roadway and county for the years of interest which were
used to nd the changes in total and truck VMT by county in
2021 compared to the baseline in 2018–2019.

Meteorological adjustments to observations

The differences between observations in 2018–2019 and 2021,
whether satellite-based or ground-based, do not necessarily
allow for the inference of the impacts of changing emissions.
Part of the differences may be due to emissions, but some may
be due to meteorology. We construct counterfactual
Environ. Sci.: Atmos., 2024, 4, 321–329 | 323

https://www.arb.ca.gov/aqmis2/aqmis2.php
https://www.arb.ca.gov/aqmis2/aqmis2.php
https://www.epa.gov/aqs
https://pems.dot.ca.gov/
https://pems.dot.ca.gov/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ea00166k


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
ge

nn
ai

o 
20

24
. D

ow
nl

oa
de

d 
on

 2
1/

06
/2

02
6 

18
:0

4:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
meteorology CMAQ simulations by using emissions from 2018
(E18) or 2019 (E19) and meteorology from 2021 (M21) to
construct two counterfactuals (E18M21; E19M21) to split TRO-
POMI NO2 columns and surface observations of NO2 and PM2.5

into meteorological and emission effects. The change in the
observed value is separated into emissions and meteorological
components using the effects of meteorology derived from the
CMAQ simulations (eqn (1)–(5)). Here O represents the observed
NO2 column total from TROPOMI or the observed surface NO2

or PM2.5 concentration, while M is the modeled value from
CMAQ coincident with the 13 : 30 local solar time TROPOMI
overpass for NO2 or the daily average modeled value for PM2.5.

Mmet ratio ¼ meanðME18M21; ME19M21Þ
meanðMB18; MB19Þ (1)

OE18M21,E19M21 = mean(O18,O19) × Mmet ratio (2)

DO = DOemissions + DOmeteorology = O21 − mean(O18,O19) (3)

DOemissions = O21 − OE18M21,E19M21 (4)

DOmeteorology = DO − DOemissions (5)

Meteorological ratios (Mmet_ratio) are developed for both
column total and surface level to separately account for mete-
orological effects throughout the entire vertical column and at
the surface. A ratio method is used to represent the meteoro-
logical effects from CMAQ instead of an additive method that
uses the modeled meteorological effect directly. One reason for
this is that CMAQ column totals and surface concentrations of
NO2 may differ from the observed levels, so it is more reason-
able to use the CMAQmeteorological impacts in a relative sense
instead of an absolute sense. A second reason is that an additive
Fig. 3 Performance of CMAQ-simulated NO2 in September–Novembe
column densities (right). For the surface monitoring sites, observed and
modeling domain. The TROPOMI overpass time of 13 : 30 local time is in
for the average vertical column over the September–November study p
regression between TROPOMI and CMAQ vertical columns is shown a
TROPOMI paired values that fall within each bin.

324 | Environ. Sci.: Atmos., 2024, 4, 321–329
method can result in negative meteorologically adjusted
column totals or surface observations which is avoided with the
ratio method. While not identical to the method shown here,
others have incorporated meteorological effects from CTMs
with satellite data to estimate the effects of emission changes
(e.g., Goldberg et al. (2020),14 Cao et al. (2022)24). Within the
study domain, the CMAQ meteorology ratio (Mmet ratio from eqn
(1)) for the NO2 vertical column totals has an average value of 1.0
and ranges from 0.7 to 1.5 (Fig. S4†).

Results and discussion
Model performance

The performance of simulated NO2 is evaluated by comparison
against surface monitors and TROPOMI vertical column
densities (Fig. 3). Surface NO2 is biased low on average across all
hours of the day, but CMAQ does reproduce the diurnal pattern
of observed NO2. The seasonal average (September–November)
column NO2 is also mostly biased low. The exception is in areas
where modeled column NO2 is highest where the modeled
column NO2 tends to be biased high which is consistent with
other recent modeling studies.25–27 The spatial variability of
TROPOMI is well captured by CMAQ as indicated by the slope
and correlation very close to 1 (r = 0.96; slope = 1.1 for 2021).
Performance is similar for all simulation years for both surface
and column NO2 (Fig. S5†). Simulated meteorological values are
evaluated against surface meteorological monitoring sites
(Table S2†). For each meteorological parameter (relative
humidity, temperature, and wind speed), CMAQ reproduces the
observed diurnal variability (Fig. S6†). Wind speed has
a normalized mean bias (NMB) of 47% to 49% across simula-
tion years. Temperature is well simulated by the model but has
a high bias (NMB = 7% to 8%). Relative humidity is biased low
(NMB = −14% to −18%).
r 2021 compared to surface observations (left) and TROPOMI vertical
modeled NO2 are aggregated by hour across all sites in the CMAQ

dicated with a grey vertical line. The comparison of vertical columns is
eriod. A one-to-one line is shown as a dashed grey line, and the linear
s a solid black line. The color scale represents the count of CMAQ/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TROPOMI results and meteorological adjustments

TROPOMI NO2 columns decreased over Central Los Angeles
(−10% on average) and in some offshore areas. Aer accounting
for meteorological effects, these reductions were found to be
largely driven by changing emissions (Fig. 4). Emission-related
increases in NO2 were found over Tijuana, Mexico, near the
southern edge of the study domain. In most other areas,
column NO2 increased. The largest increases were seen in parts
of Los Angeles and Orange Counties in areas directly east of the
ports and east of the area where ships were waiting offshore
(+28% on average). Aer accounting for meteorological effects,
these areas were found to be signicantly impacted by emis-
sions. We conclude that these areas were impacted by increased
port activity. This is based on inference due to the vicinity to the
ports and the area where ships were waiting offshore, the
nding that the changes are due to emissions rather than
Fig. 4 Total change (left) in TROPOMI NO2 column in September–Nove
2019. Total changes are apportioned to emissions (middle) and meteoro
tions. Circles show the analogous changes for 1–2 pm observations at N
refers to the changes in surface observations (i.e., circle markers on them
changes in vertical column densities. Both absolute changes (top row) a

© 2024 The Author(s). Published by the Royal Society of Chemistry
meteorology, and that the prevailing wind from west to east
would transport emissions from the ports towards these areas
(Fig. S7†). The changes in total and emission-related NO2 over
Central Los Angeles and east of the ports were found to be
statistically signicant (Fig. S8†).

Meteorology can impact NO2 columns due to differences
from year to year in how pollutants are transported. In some
areas, the meteorological impacts showed that increases in NO2

were solely due to meteorology. The portion of NO2 column
changes resulting from emissions decreased in northern Los
Angeles County and in parts of western Riverside and San Ber-
nardino Counties (−17% in both areas). However, increases in
NO2 because of meteorology (+25% in both areas) outweighed
the emission-related reductions. In these areas, the changes in
emission-related and meteorology-related changes were found
to be statistically signicant (Fig. S8†). Despite reductions in
mber 2021 compared to the average over the same period in 2018 and
logy (right) using meteorological effects derived from CMAQ simula-
O2 surface monitoring sites. The inset color scale in the top left panel
ap) while the larger color scale below the top row of panels refers to the
nd percent changes (bottom row) are shown.

Environ. Sci.: Atmos., 2024, 4, 321–329 | 325
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Fig. 5 Total change (left) in CMAQ-simulated average PM2.5 concentration in September–November 2021 compared to the average over the
same period in 2018 and 2019. Total changes are apportioned to emissions (middle) and meteorology (right) using meteorological effects
derived from CMAQ simulations. Circles show the analogous changes for PM2.5 observations.
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emission-related NO2 in parts of the counties, emission-related
NO2 increased throughout most of San Bernardino and River-
side Counties, though these increases were mostly statistically
insignicant. In general, meteorology in 2021 (compared to
2018 and 2019) tended to decrease NO2 in offshore areas and
along the coast and tended to increase NO2 inland.
Surface vs. column NO2 changes

The change in 1–2 pm surface observations mostly agreed in
direction with the changes derived from TROPOMI (Fig. 4 and
S9†). The same was true for the emissions and meteorology
inuenced changes. The change in daily maximum surface NO2

agreed in direction with the change in TROPOMI columns for
only about half of observation sites analyzed (Fig. S10†).
Changes in TROPOMI NO2 columns may be a relevant indicator
of changes in human exposures at the surface, but the once-per-
day frequency of TROPOMI is a potential limitation. The surface
NO2 sites closest to the ports showed small decreases in emis-
sion inuenced NO2 while NO2 column totals showed increases
in emission inuenced NO2 in the same areas. This is explained
by decreases in ground level local sources (e.g., traffic) near
these sites offsetting increases in NO2 from ships that have
a higher effective stack height and time to more fully diffuse
vertically such that they had a smaller impact on inland ground-
level sites while increasing the NO2 vertical column total.
Fig. 6 Percent change in total traffic flow volume at Caltrans
Performance Monitoring System monitoring stations in September–
November 2021 compared to the average over the same time in 2018
and 2019. Traffic data from individual monitoring stations are grouped
by county and roadway and shown as themedian change in traffic flow
for stations along each roadway within a particular county.
PM2.5 changes

The changes in PM2.5 in the CMAQ simulations are almost
entirely from the effects of meteorology (Fig. 5). The only
changes in emissions included in the simulations are those that
were projected based on the emissions inventory which does
not account for the unexpected changes in emissions related to
the port supply chain disruptions. The effects of meteorology on
326 | Environ. Sci.: Atmos., 2024, 4, 321–329
the changes in observed PM2.5 were small compared to the total
change. The average meteorology ratio used to adjust observa-
tions only varied from 0.9 to 1.1 over the study domain
(Fig. S11†). Observed PM2.5 was higher in September–November
2021 compared to the baseline of 2018–2019 at nearly all sites in
Los Angeles, San Bernardino, Riverside, and Orange Counties.
Changes in PM2.5 were mostly attributed to emissions rather
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ea00166k


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
ge

nn
ai

o 
20

24
. D

ow
nl

oa
de

d 
on

 2
1/

06
/2

02
6 

18
:0

4:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
than meteorology. PM2.5 increased on average across all sites by
0.7 mg m−3 and ranged from −4.1 mg m−3 to +4.5 mg m−3. The
sites closest to the ports did have increased PM2.5 attributed to
emissions, but these were not the sites with the largest
increases in PM2.5 within the area.

We are not able to explicitly determine which sources of
emissions may have contributed to the observed changes in
PM2.5 concentrations. There are many different sources that
could have had an effect, and the fact that much of PM2.5 is from
secondary formation makes source attribution even more
complicated. Notably, the site with the largest increase is in the
city of Fontana in San Bernardino County in an area that has
seen a signicant increase in warehouses and distribution
centers in recent years.28,29 Increased truck traffic near ware-
houses would be expected given the increase in port throughput
during the study period. It is also possible that wildres were
a contributing factor as 2021 was a more active re year (2.6
million acres burned across California) compared to 2018 (2.0
million acres burned) and 2019 (0.3 million acres burned)
(https://www.re.ca.gov/incidents). Speciated PM2.5

measurements from Chemical Speciation Network (CSN)
observation sites in Central Los Angeles and western Riverside
County showed elevated concentrations of nitrate (a
secondary PM2.5 species formed from NO2) during high PM2.5

episodes in November 2021 (Fig. S12†), suggesting that
increased NOx contributed to the increased PM2.5 observed
during the study period.
Relationship to traffic data

Some areas where emissions-related column NO2 decreased are
near major highways (Fig. S14†). These areas include parts of
Los Angeles, San Bernardino, and Riverside Counties. On the
other hand, areas in Orange County and in other parts of San
Bernardino and Riverside Counties where emissions-related
column NO2 increased are also coincident with major high-
ways. Using traffic ow volume PeMS data, we nd that the
relationship between changes in traffic ow volume and
changes in the TROPOMI NO2 is mixed (Fig. 6). Traffic was
overall lower in September–November 2021 compared to 2018–
2019 except for a few roadways. In Central Los Angeles there was
a decrease in traffic ow with corresponding reductions in total
and emission-related TROPOMI NO2, particularly along the I110
freeway. Most other areas do not show a signicant relationship
between TROPOMI NO2 columns and total traffic ow. There
were increases observed in truck VMT in Orange and San Ber-
nardino Counties despite decreases in total VMT (Fig. S15†)
during the same period which could have contributed to
increases in NO2 and PM2.5 seen in those areas.
Conclusions

When analyzing the air quality impacts of short-term changes in
emissions such as the congestion at the Ports of Los Angeles
and Long Beach, direct comparisons of year-to-year changes in
observations, whether satellite-based or ground-based, do not
necessarily reect changes due to emissions. Changes in
© 2024 The Author(s). Published by the Royal Society of Chemistry
meteorology across years can obscure the signal of emissions
impacts. The method used here combines satellite-based and
ground-based observations with CTM results to account for the
meteorological effects. This allows for the apportionment of
changes across years to emissions and meteorology separately
based on changes in observations and CTM-simulated meteo-
rological impacts. Some uncertainty in separating emissions
and meteorology inuences still remains. The meteorological
impacts may be biased since they are derived from models. The
CTM also may not accurately simulate the NO/NO2 split of total
NOx which would affect the comparison of modeled NO2 to
observed.

Despite the uncertainties, results suggest that there was an
adverse impact on NO2 from increased ship and port activity.
This was seen most predominantly in parts of Los Angeles and
Orange Counties directly east of the ports and east of the
offshore areas in which ships were waiting which is in the
direction of the prevailing wind. Compared to prior years, there
were also widespread increases in observed PM2.5 across much
of the area which were attributed mostly to emissions. PM2.5

increased at the sites closest to the ports, but the largest
increase in PM2.5 was found at a site in an area that has seen
rapid growth in warehouses and distribution centers in recent
years. Additional research relating to the health and environ-
mental justice impacts of increased port activity in the Los
Angeles area is warranted. In addition to direct emissions from
ships and ports, potential increases in emissions from rail,
trucking, and warehousing associated with increased goods
throughput should be considered. Other ports also experienced
increases in activity following the COVID-19 pandemic, and
further investigation into the air quality effects of supply chain
disruptions on ports around the US and globally would be
helpful in determining if similar impacts on air quality were
seen surrounding other ports or if this was isolated to only a few
areas.
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