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ABSTRACT: The Mobile ObserVations of Ultrafine Particles study was a two-year project to analyze
potential air quality impacts of ultrafine particles (UFPs) from aircraft traffic for communities near an
international airport. The study assessed UFP concentrations within 10 miles of the airport in the
directions of aircraft flight. Over the course of four seasons, this study conducted a mobile sampling
scheme to collect time-resolved measures of UFP, CO2, and black carbon (BC) concentrations, as well
as UFP size distributions. Primary findings were that UFPs were associated with both roadway traffic
and aircraft sources, with the highest UFP counts found on the major roadway (I-5). Total
concentrations of UFPs alone (10−1000 nm) did not distinguish roadway and aircraft features.
However, key differences existed in the particle size distribution and the black carbon concentration for
roadway and aircraft features. These differences can help distinguish between the spatial impact of
roadway traffic and aircraft UFP emissions using a combination of mobile monitoring and standard
statistical methods.

1. INTRODUCTION

The health effects associated with PM2.5 [particles with
diameters less than 2.5 μm (μm)] mass concentrations have
been well studied, leading to established standards and routine
monitoring.1 However, PM2.5 consists of a mixture of particles
of varying sizes from a variety of sources, with the most
numerous particles by count usually falling within the ultrafine
size range (<100 nm). Typical reported urban background
concentrations of ultrafine particles (UFPs), ranging from
5000 to 40,000 particles/cubic centimeter (#/cm3), are
impacted by weather and proximity to roadways and
airports.2−11 The total mass concentration associated with
these UFPs is typically less than 2 μg/m3. Thus, the UFP is not
considered an important contributor to the mass of PM2.5. In
the ambient environment, the spatial and temporal variation of
UFPs tends to differ significantly from that of PM2.5 or PM10.

12

Early toxicological studies suggested that UFPs may be more
relevant to health than larger-sized particles due to the larger
surface area relative to the mass of UFPs and the ability for
smaller sized particles to penetrate within the body.13,14 While
the epidemiologic evidence for UFP health effects is still
limited, there exist some studies to inform quantitative
concentration−response functions for all-cause mortality,15

and recent large epidemiologic studies have considered UFP
exposure estimates for a variety of outcomes, including breast
cancer,16 ischemic heart disease,17−21 prostate cancer,22

asthma, and COPD.23

Although much research on environmental variations in
UFP concentrations has focused on roadway vehicle emissions
of UFPs,10,24−30 recent research identifies a previously

underappreciated source of UFPs, which may be responsible
for large population exposures globally. Monitoring campaigns
conducted in communities near the Los Angeles,31−33

Atlanta,34 Boston,35,36 New York,37 and Amsterdam38 airports
have all identified elevated levels of total UFPs in proximity to
international airports. The work in LAX demonstrated
significant downwind exposures (∼10 km) of UFP but did
not have information on upwind community exposures.35,39

This has led to difficulty in determining community impacts
and differential exposures during aircraft takeoffs versus
landings. Previous work, using near-source fixed-site sampling
at one location38,40 or nonsimultaneous upwind and downwind
locations, has not yielded consistent results with respect to the
relative impact of landing versus takeoff flight activity.41

Previous work has highlighted the compositional differences
between aircraft and roadway traffic sources,37,40,42−45 as well
as documenting uniquely different fuel-based emissions of
roadway and roadway traffic-based sources.39 To our knowl-
edge, exploiting these known differences to derive spatially
resolved exposures zones within a mobile monitoring frame-
work is unique to the work presented here.
The Mobile ObserVations of Ultrafine Particles (MOV-UP)

study45 was a two-year project, funded by the State of
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Washington, aiming to study air quality impacts of air traffic for
communities located near and below the flight paths of the
Seattle-Tacoma International (Sea-Tac) Airport. The study
assessed UFP concentrations within 10 miles upwind and
downwind of the airport under the flight trajectories. The goals
of this study were to demonstrate the ability to distinguish
between aircraft and other sources of UFPs and compare levels
of UFPs in areas impacted by high volumes of air traffic with
those areas that are much less impacted.
To our knowledge, this work is significant and novel in that:

1 mobile monitoring was simultaneously performed at a
significant distance (∼10 km) both upwind and
downwind of a major airport to examine the relative
impacts of takeoffs versus landings (Stacey et al.40 and
Keuken et al.38 used near-source fixed-site sampling at
one location coupled with the wind direction; Lopes et
al.41 used fixed-site sampling at both locations but did
not sample simultaneously upwind and downwind; and
Shirmohammadi et al.39 and Hudda et al.33 did not
sample upwind at LAX);

2 multivariate analysis was conducted on purely mobile
monitoring data to separate traffic sources from aircraft
sources (Tessum et al.42 conducted PCA in the Los
Angeles study, but relied on both mobile and fixed-site
data; others using only fixed-site data include Rivas et
al.43 and Masiol et al.,37,44 who conducted PMF and
analyses on fixed-site data); and

3 PCA-based predictions were used to derive spatially
resolved independent estimates of fuel-based emission
factors (Shirmohammadi et al.39 assessed emissions
based on a more spatially limited sampling scheme),
demonstrating clear separation in emissions between
roadway traffic and aircraft, as well as between landing
and takeoff conditions.

2. METHODS
Sampling for the MOV-UP study was conducted seasonally
from February 2018 through March 2019. The study was
conducted using a mobile sampling design, with two hybrid-
electric vehicles equipped with sampling instruments and an
isokinetic probe, which sampled ambient air as the vehicles
moved through defined routes. All measurements were
conducted after an initial vehicle warmup period of at least
30 min. This sampling platform has been previously described
in detail.29

2.1. Study Area. The study domain included the areas to
the north and south of the Sea-Tac International Airport.
Mobile monitoring occurred along defined routes termed
transects, which were designed to sample perpendicular to the
flight path in an east-west direction at fixed latitudes north and
south of the airport.
Because of terrain and roadway considerations, some

transects deviated slightly from the target latitude. We
monitored transects 10 miles north (five transects) and 10
miles south (six transects) of the airport (Figure S1,
Supporting Information). The campaign was designed to
capture multiple repeated samples of each transect. Please see a
summary description of each route in the Supporting
Information, Table S1.
Sampling occurred during the mid-day and afternoon hours

to increase comparability between the different sampling
repeats and to minimize the effect of a changing height of the

atmospheric mixing layer. In the interest of decreasing
confounding by weather patterns and other time-varying
changes in UFP concentration, most sampling days consisted
of two simultaneous sampling vehicles north and south of the
airport.

2.2. Mobile Monitoring Measurements. A detailed
description of the mobile platform is given elsewhere.29 In
summary, each mobile monitoring platform consisted of a
Toyota Prius hybrid-electric vehicle from University of
Washington Fleet Services and several portable monitors for
air pollution measurements.
Location and speed were captured using a GPS logger on

the dash of the vehicle. The sampling inlet was mounted on the
roof of the vehicle pointing forward and positioned above the
vehicle boundary layer, the zone of turbulence directly
associated with vehicle motion. Airflow entered the vehicle
through the otherwise sealed left rear window from where they
were connected to the instruments. Particle loss was minimized
using stainless steel, copper, and conductive flexible tubing for
the particle sampling inlet and connecting tubing. The exhaust
pipe from the vehicle’s gasoline engine was discharged on the
right side low to the ground, away from the elevated, left-side
air monitoring inlet. To further minimize the potential for self-
pollution, the vehicle’s gasoline engine would typically shut off
when stopped at red traffic lights.
As summarized in Table S2, each mobile platform was

equipped with a CPC (model 3007, TSI Inc., MN), two P-
Trak (model 8525, TSI Inc., MN) condensation nucleus
particle counters (one with inlet diffusion screens to increase
the minimum detected particle size), a black carbon aerosol
monitor (microAeth AE51, AethLabs, CA), a CO2 analyzer
(Li-850, LI-COR, NE), and a GPS receiver (DG-500,
GlobalSat WorldCom Corporation, TW). Additionally, a
NanoScan SMPS nanoparticle sizer (model 3910, TSI Inc.,
MN) was rotated between the two platforms. All these
instruments measured and recorded data at one-second
intervals except the NanoScan (1 min intervals).

2.3. Flight and Meteorological Data. We requested
flight data from the Federal Aviation Administration (FAA)
western regional office using a data-disclosure request. The
data covered 2018 and included track data for all the flights in
the Seattle metropolitan region. The density of flights with an
altitude of lower than 750 m was gridded in cells of 70 × 100
m by hour of the year for the study domain. We used the
single-aircraft track data to calculate the predominant landing
direction and the number of flights landing per hour. The flight
data included flights arriving and departing from all local
airports.
The Washington Automated Surface Observing System

(ASOS) network46 provided us with wind speed and direction,
temperature, and relative humidity based on 15 min data from
Sea-Tac.

2.4. Instrument Calibration and Colocation. All
instruments were calibrated for flow, zero, and span in the
factory before we received them. The full calibration process is
described in detail elsewhere.47 The Li-850 CO2 analyzer was
calibrated for zero and span in the lab with certified standard
CO2 gas. We conducted mobile colocation with all sets of
UFPs and/or BC monitors deployed in one vehicle, using the
average reading of all instruments as a reference. Since there
are no traceable standards for calibration of UFPs and BC
monitors, we used the averaged measured results of all sets of
duplicate monitors as the reference. See Table S3 for the
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summary of calibration coefficients and R2. Note that five P-
Trak monitors, four P-Trak screened monitors, two CPC
monitors, and three AE51 monitors were rotated between the
two vehicles.
2.5. Data Integration. At the end of each sampling day,

we collected raw data from each instrument on a secure server.
There were 2,876,538 individual time points collected. We
developed a merging script to

1 compute 30 s center-aligned rolling means to smooth
concentrations of CO2 and 1 s particle numbers;

2 smooth the BC data using an optimized noise-reduction
averaging (ONA) algorithm (with the attenuation
coefficient (ATN) threshold set to ΔATN = 0.06) to
reduce potential instrumental optical and electronic
noise;48

3 apply a common 1 min time basis for all sampling
instruments;

4 calculate short-term 30 min background concentrations
for black carbon and particle count, based on the
method presented elsewhere;29

5 apply between-instrument calibration factors as dis-
cussed in the “Quality Control” section; and finally,

6 merge meteorological parameters and flight data per 1 h
metric.

2.6. Quality Control. We also performed data quality
control and applied the following criteria. We first excluded
GPS coordinates from the analysis which were outside of the
study zone presented in Figure S1. We flagged them as
erroneous zero readings across all NanoScan 60 s samples (57
measurements). We excluded data with black carbon
concentrations exceeding 27,000 ng/m3 (0.01% of the data).
We based one of our particle metrics between 10 and 20 nm
on the difference in short-term measures of the CPC and P-
Trak instruments. In instances where this difference was
negative (<1.2% of the collected data), we replaced the
negative value with a random normal distribution of data
centered around 1 particle/cm3, eliminating negative values in
the data. The maximum negative difference before this
transformation was −32, the mean was −0.25, and the median
was −0.11. Next, automated flagging routines censored data
corresponding to instrument error codes and instruments
operating out of specified parameters or data otherwise missing
(instrument rebooted itself, lost power, etc.). We then
manually inspected the time series for each pollutant for
anomalies and cross-checked with field technician notes.
Finally, we combined the resulting mobile monitoring data
into a final data file. All data management was performed in R
version 3.5.1.
2.7. Descriptive Statistics. We computed descriptive

statistics of the collected data including mean, median,
interquartile range, and range and performed graphical
representation of the data using the ggplot2 library in R.
We calculated some informative pollutant ratios for

descriptive purposes. These measures are based on differences
in the cut point of the CPC, Ptrak, and screened PTrak
instruments. To potentially account for the prevalence of
various particle sizes and contribution of black carbon soot
originating from different emission source types, we computed
ratios for the proportion of 10−20 nm particles relative to total
measured particles, the proportion of 20−36 nm particles
relative to total measured particles, and the proportion of 10−
20 nm particles to black carbon concentration.

Also, we calculated the concentration of particles above the
background concentration of total particles as the quantity
above the 5th percentile of the 30 min concentration of
particles. This approach has been successfully employed in
previous mobile monitoring campaigns to account for
neighborhood-level concentrations.26,34

2.8. Principal Component Analysis. Principal compo-
nent analyses (PCA) were performed using the “psych” and
“GPA rotation” packages in R. Factors with eigenvalues greater
than 1 being retained and a Varimax rotation applied to
improve factor interpretability.
Input variables beyond the directly measured variables were

included in the PCA analysis to capture a variety of
composition and size information on the particles collected
over the mobile monitoring campaign. These are described in
the Descriptive Statistics section.
A sensitivity analysis was developed based on a subset of the

data containing NanoScan data. This second PCA solution was
used to interpret and validate the full model. Results of the two
PCA analyses were compared using both correlations of the
scores and composition information. Principal component
features were interpreted based on composition and spatially
described based on GPS data collected during the mobile
monitoring drives.

2.9. Spatial Mapping. We performed mapping of
pollutants, principal components, and flight patterns on a
grid of 0.001 degrees of longitude (∼70 m) and 0.002 degrees
of latitude (∼100 m). We represented the distribution of
pollutant concentrations on a quantile scale and performed
plotting using the R implementation of the leaflet JavaScript
tool.

2.10. Fuel-Based Emission Factors. Fuel-based emis-
sions factors are typically computed as a concentration of
emissions produced per gram of fuel burned. The emission
factor of particular interest in this study is the very smallest
range of UFPs that we termed “ultra-ultrafine particles” (Ultra-
UF), defined by eq 1

emission factor (EF)
of ultra UF particles (10 20 nm)

fuel (kg)
=

# ‐ −
(1)

We do not know the total kilograms of fuel burned for the
traffic and aircraft sources. However, we can use the change in
measured ambient CO2 concentration over a short period as a
proxy for changes in fuel consumption. The change in CO2
relates to fuel consumption by estimating the weight fraction of
carbon (ωc) in the traffic and aircraft fuel. We reported these
weights in the literature measuring between 0.85 and 0.87 for
traffic and 0.86 for Jet A fuel.49

Based on a previously developed method,39 we estimated the
fuel-based emissions factors (eq 2) for quantiles of locations
we identified as “high aircraft impact” and “high traffic impact”
through the PCA analysis. Urban background concentrations
are defined as the 5th percentile of the data collected during
each hour of monitoring,26,29 for both the Ultra-UF and CO2
concentrations.

EF
P P

CO CO
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P
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2 2 bg
c
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×
(2)

where [P]i represents the concentration of Ultra-UF particles
at the impact area (#/cm3); [P]bg represents the hourly
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background concentration of Ultra-UF particles (#/cm3);
[CO2]i represents the concentration of CO2 at the impact
area (g/m3); [CO2]i represents the hourly background
concentration of CO2 (kg/m3); ωc is the weight fraction of
traffic and aircraft fuel; and α is the unit conversion factor
(1015). The nonparametric Wilcoxon rank sum test was used
for comparison of EF between different locations and landing
conditions.

3. RESULTS
3.1. Descriptive Summary. We conducted mobile

monitoring with either one or two vehicles for 63 days during
the time domain of our study between February 7, 2018, and

January 11, 2019. Typically, the two vehicles were sampled for
5 h within the interval from approximately 11:00 to 17:00 on
different routeseither along five transects to the north or
along five transects (or six during the summer season) to the
south of Sea-Tac. Overall, the airport was in south flow
operation (planes taking off to the south and landing from the
north), 67% of our sampling times. This is comparable to the
overall yearly proportion of the south flow operation of 65%
(Table S4). The wind-rose plots (Figure S2) are separated by
north and south flow operating conditions derived from the
flight-track data. As expected, during north flow operation,
winds are predominantly from the north and northwest,
whereas during south flow operation, winds are from the south

Figure 1. Major roadway (Interstate 5 and State Route 99) and mobile monitoring transect concentrations of traffic-related pollutants: (A) black
carbon mass and (B) total particle (>10 nm) number. This figure includes all the data collected on all transects north and south of the airport.

Figure 2. Principal component factor loadings for each feature.
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and southwest. There are fewer time periods with winds
exceeding 6 m/s during the north flow operations for our
sampled data.
We compared the overall concentration of roadway

pollutants, on our transects, on I-5, and on SR-99 (Table
S5), along with the total sampling time (in minutes) along
each route segment. For the particles and gases measured, we
reported the highest mean values on roads, both I-5 and SR 99.
The mean concentration of black carbon observed on I-5

was 5.0 μg/m3 with a standard deviation (SD) of 4.3 μg/m3,
whereas on transect N1 and S1, directly adjacent to the airport
on north and south ends, respectively, the mean concentration
of black carbon was 1.0 (SD = 1.0) μg/m3 and 1.5 (SD = 5.1)
μg/m3, respectively. The total particle concentration measured
on I-5 was 59,896 (37,704) #/cm3, which is significantly higher
than concentrations observed along transects.
It is important to consider that each transect traverses along

its east-west length from areas below low aircraft volume to
high flight volume. Therefore, summary statistics across the
entire transect may not capture peak variations. Typically, the
highest SD values are found on the road, although there are

some transects that demonstrate more change in pollutant
measures.
There was a distinction between the distribution of black

carbon and the total particle number (>10 nm) obtained from
the two roadway locations and I-5 (Figure 1). Traffic-related
pollutants most heavily impacted the high traffic interstate
location; however, extreme values (>than the 95th percentile
of the data) are common on both the transect and SR 99 sites.
The spatial distribution of traffic-related pollutants confirms

that their locations are primarily on and near the major
roadways. There is a clear decrease in traffic-related
concentrations as the mobile monitoring platform moves
away from the high-traffic locations (Figure S3).

3.2. Principal Component Analysis. The PCA yielded
two features that together accounted for 61% of the variability
in the mobile monitoring data. Figure 2 shows the factor
loadings for each feature. These loadings correspond to the
correlation coefficients between the pollutant variables and
PCA factors. The squared factor loading is the percent of the
variance in that variable explained by the factor. Large positive
loadings correspond to variables that have a large proportion of

Figure 3. Spatial distribution of the “Ultra-UF” and “roadway” features. Colors correspond to percentile values for each factor score. Percentiles
range from 0th percentile representing the smallest observed value to 100th representing the largest observed value.
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their variability captured within the factor. Negative loadings
correspond to factors that vary inversely with the factor.
The first feature (RC1) was positively correlated with

particles between 10 and 36 nm in diameter. In addition, this
feature had a negative correlation with black carbon, a
pollutant primarily emitted from diesel combustion, as well
as other urban sources such as rail, maritime, manufacturing,
and wood heating. When compared to a restricted analysis that
included size-resolved information from the NanoScan (Figure
S4), there was a correlation of 0.82 between this feature and
the NanoScan-based feature with a high proportion of 11.5 and
15.4 nm particles. This same feature had a poor association
with particles greater than 20.4 nm. Based on these
characteristics, we describe this as the “Ultra-UF feature”.
The second feature (RC2) from this analysis has a high

correlation with particles between 20 and 36 nm and BC and
total UFP concentrations. In contrast, this feature is inversely
correlated with particles with a diameter smaller than 20 nm.
When compared to a restricted analysis that included size-

resolved information (Figure S4), we demonstrated a
correlation of 0.79 between this feature and the feature
composed of a high proportion of particles between 20 and 36
nm. Based on these characteristics, we described this feature as
the “roadway feature”.
Figure 3 shows the spatial distribution of these distribution

factors and plots the percentile values of the PCA scores
computed over the year of sampling for each location we
sampled during the mobile monitoring campaign. We can see
that the roadway feature, characterized by strong correlations
with roadway related pollutants, is the highest overall on I-5
and at major junctions with SR-99. The Ultra-UF feature is not
characterized by high concentrations on roadway. This feature
shows high values north and south of the airport.
This PCA analysis suggests that based on a mobile

monitoring campaign, we can distinguish between roadway-
related UFP sources and a distinct UFP source composed
primarily of particles less than 20 nm in diameter. Based on the
previous literature,32 this fraction is likely associated with

Figure 4. Spatial distribution of the “Ultra-UF” PCA feature, separated by the landing direction. Colors correspond to percentile values for the
Ultra-UF factor score. Map layer OpenStreetMap contributors.
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aircraft emissions when aircraft engines are relatively under
light load, such as landing. To test the hypothesis that the
Ultra-UF feature was associated with periods of time when
aircrafts were landing overhead, we separated the data set by
the aircraft landing direction.
A high percentage of mobile monitoring measurements

underneath the landing path of aircraft were consistent with
the Ultra-UF feature (Figure 4). There are still some areas
opposite to the landing that show some high PCA scores; these
may be due to emissions from aircraft takeoffs or sometimes
from a poor separation between traffic and aircraft emissions
by the PCA.
In contrast, plotting the scores of the roadway feature by the

aircraft landing direction shows (Figure 5) that there is no
significant impact of the landing direction on the spatial
distribution of this PCA score. A clear spatial gradient east and
west of high-traffic roadways in this mapping also emerges.
Because of the association with the aircraft landing paths,

rather than roadways, the Ultra-UF is likely due to pollution
from aircraft emissions.

3.3. Emission Factors. We calculated fuel-based emission
factors and grouped them by quantiles of the roadway and
Ultra-UF PCA features. This emission factor represents the
concentration of particles emitted per kg of fuel burned. In this
study, we estimated the emission factor by the ratio of the
change in particle number (10−20 nm) to the change in CO2
associated with each feature. The Methods section describes
this calculation in detail. Over the study area, the calculated EF
for the roadway feature does not significantly change (Figure
6A). However, the EF at locations with a high aircraft PCA
score shows a much higher emission of 10−20 nm particles
than locations with a low aircraft PCA score. A Wilcoxon rank
sum test confirmed statistically significant differences in UFP
emissions between the two pollutant features (p < 2.2 × 10−16)
with estimated increased UFP emission of the aircraft feature
of 2.9 × 1014 [2.5 × 1014 and 3.3 × 1014] particles/kg fuel.

Figure 5. Spatial distribution of the “roadway” feature, separated by the landing direction. Colors correspond to percentile values for the roadway
factor score. Map layer OpenStreetMap contributors.
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Figure 6B further examines the impact of the landing direction
on the calculated EF of the aircraft score. A clear difference in
emissions is identified for samples under the landing path. The
difference between the EF of landing and takeoff conditions is
highly significant (p < 0.01) and estimated to be 1.4 × 1014

[3.62 × 1013 and 2.5 × 1014] particles/kg fuel burned based on
the Wilcoxon sum test.

4. DISCUSSION

This is the first study that distinguishes between roadway
versus aircraft sources of UFP upwind and downwind of a
major international airport by exploiting multivariate source
features derived from measurements taken on a moving

platform. Using multiple pollutant measures taken with this
platform throughout the year, we were able to distinguish
aircraft-related UFPs from roadway-related UFPs. While UFPs
are emitted from both roadway traffic and aircraft and the total
number concentration of UFPs (ranging from 10 to 1000 nm)
do not distinguish roadway traffic from aircraft, we could
separate the pollution from the two sources using measure-
ments of particle size and BC concentrations.
From a multipollutant PCA analysis of mobile monitoring

data, we observed two features that explained the majority
(61%) of the variance in the pollutant measurements. One of
these features is related to roadway traffic, which consisted of
relatively larger UFP sizes and high BC concentrations. The

Figure 6. (A) Fuel-based emission factors calculated for quantiles of the PCA scores for the aircraft and roadway features. (B) Fuel-based emission
factors calculated only for the aircraft feature for landing and takeoff conditions. Units of the EF are in #particles/kg fuel burned.
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other feature, which we termed Ultra-UF, consisted of
relatively smaller UFP sizes and lower BC concentrations. By
mapping the locations of the relative contributions of each
feature, we observed that the roadway feature was located on
and very near the major roadways in the study area, such as I-5
and SR-99. In contrast, we observed the Ultra-UF feature
below the landing paths of the aircraft. The PCA did not
identify other potential sources of BC and UFPs in our region,
namely, seasonal residential wood smoke. This is likely because
sampling was distributed throughout the year and designed to
be in proximity to roadway and aircraft sources.
Finally, after computing fuel-based emission factors based on

the mobile monitoring data, we observed that measurements
that were most consistent with the Ultra-UF feature and
landing aircraft tended to have a higher emission rate of small
10−20 nm-sized particles per kg of fuel burned compared to
measurements that were characterized as roadway feature
particles. We computed significantly higher Ultra-UF particle
emission per kg fuel burned under landing conditions as
compared to takeoff conditions.
Our findings are consistent with previous literature on the

roadway and aircraft-related UFP pollution. Monitoring
campaigns conducted in airport communities near Los
Angeles,31−33 Atlanta,34 Boston,35,36 New York,37 and
Amsterdam38 have all identified elevated levels of UFPs that
the aircrafts have caused. The Los Angeles studies, in
particular, found elevated concentrations of UFPs underneath
the aircraft landing paths of the LAX airport and that
concentrations of UFPs at the ground level near the airport
runway tend to consist of smaller 10−20 nm size fractions.35

Moreover, our estimates of the emission factor of particles
from the aircraft-related Ultra-UF feature are consistent with
previous studies that range in magnitude from 1014 to 1017

particles/kg fuel.39 Also consistent with previous literature, we
estimate a larger UFP impact related to aircraft landings as
compared to aircraft takeoffs. This is consistent with previous
studies directly testing the emission factors from jet engines at
different load conditions and reporting higher emissions of
smaller particles under low load conditions.50 Although this
question of the community level impact of landings versus
takeoffs is not yet fully established, we believe that our results
demonstrate substantial enrichment of Ultra-UF particles, on
the order of 1014 Ultra-UF/kgfuel, during landing conditions.
We recognize that our results do not reflect observations made
in previously reported studies40,43 and hypothesize that some
of these differences are related to the instrument cut point
(capturing the 10−20 nm range is critical) and sampling design
(our study was designed to capture community impacts, not
near-runway impacts).
The spatial patterns we observed for the roadway feature

UFPs are also consistent with previous studies. Most studies
have observed elevated concentrations immediately adjacent to
and downwind of major freeways.51 From these previous
studies, UFP concentrations have been found to follow a “rapid
decay” spatial pattern with a decrease in concentration by at
least 50% over a distance of 150 m away from the major
roadway, with a gradual decay to the background thereafter
over a distance of 500 m. We observed similar spatial patterns
for the roadway PCA feature, which was most associated with
measurements on and immediately next to the major roadways
in our study area, I-5 and SR-99.
There is a relatively rapid downward transport of these

aircraft-emitted UFPs and relatively little time for their physical

aging due to coagulation with larger particles. This downward
transport is due to a combination of large-scale daytime,
convective velocities of up to 1 m/s, and local-scale wingtip
vortices that can extend vertically downward for several
hundred meters at similar, superimposed velocities.52 This
results in plumes from the descending aircraft during the
daytime reaching the ground level in approximately a few
minutes near the airport and up to 15 to 20 min at 15 km
downwind from the airport.
At these plume transport times, 10−20 nm UFPs emitted by

jet engines have a characteristic coagulation half-life of about
an hour, assuming that they are emitted into a background
aerosol with a number concentration of 1 × 104 particles per
cubic centimeter and a count mean diameter of 0.2 μm.53 It is
not surprising that the typical size of these UFPs in the
downwind footprint is typically between 10 and 30 nm,
indicating minimal coagulation losses.
The differences in the spatial extent of the aircraft versus

roadway traffic UFPs are important to consider from a
population impact perspective. We observed concentrations of
total UFPs (10−1000 nm sized particles) to be higher near
roadway compared to our near-airport transects. However,
most people spend a relatively small proportion of their time
on a major roadway (e.g., during commuting), and because of
the relatively short distances over which the roadway UFP
decays downwind of major roadways, the roadway UFP would
affect only a narrow swath of near-roadway residences and
other buildings.
In contrast, the affected areas experiencing elevated aircraft

UFPs tend to be more diffuse with consistently elevated
concentrations occurring in locations below the decent path of
the aircraft. Therefore, considering the map shown in Figure 4,
there is the potential for more people to be affected by UFPs
from the aircraft than from roadway sources, albeit at lower
concentrations. Moreover, those living within the area affected
by landing aircraft emissions may be exposed to relatively
higher concentrations of smaller sized Ultra-UFPs. There is an
urgent need to address this problem because it disproportion-
ately affects communities of color. We overlaid US Census
ACS data with Sea-Tac flight paths and the I-5 freeway
corridor and observed that approximately 22% of the
population of King County lives in proximity to potentially
elevated concentrations of UFPs (Table 1). Moreover, the
proportion of People of Color is greater in areas of UFP
exposure, indicating that this is an alarming new Environ-
mental and Racial Justice issue.
Few epidemiologic studies assess the associations between

aircraft UFP exposure and health. One study of two specific
locations in Los Angeles observed that short-term exposure to

Table 1a

Demographic Characteristics Population White Nonwhite

King county 2,163,257
(100%)

1,404,974
(65%)

728,283
(35%)

within 1 km of the flight paths 188,922
(100%)

84,150
(45%)

104,722
(55%)

within 0.5 km of I-5 freeway 370,964
(100%)

205,278
(55%)

165,686
(45%)

within either 1 km of flight paths
or 0.5 km of I-5

468,808
(100%)

254,419
(54%)

214,389
(46%)

a5 year US Census American Community Survey (ACS) 2014−2018
tract data.
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aircraft-related UFPs is associated with elevated systemic
inflammation (IL-6), whereas roadway traffic is more
associated with impaired respiratory health (lower FEV1) and
inflammation (elevated sTNFrII).54 A recent population-based
cohort study of all mothers who gave birth from 2008 through
2016 while living within 15 km of LAX found that in utero
exposure to aircraft-origin UFPs was positively associated with
preterm birth independent of the effects of traffic-related
exposures.55 This suggests that the health effects of aircraft-
related UFP exposure may be distinct from roadway traffic
UFP exposure, again highlighting the importance of being able
to distinguish between sources of UFPs in community settings.
Some of the findings of this study are subject to limitations

and uncertainties inherent to a scientific study, as in the
following cases. Although both PCA analysis and the ratio of
small (e.g., 10−20 nm) to total UFPs indicate a spatial pattern
with aircraft activity, there is no chemical or compositional
indicator that these particles are directly related to aircraft
activity.
We did not observe any features associated with other

potentially important urban sources of UFP, including
residential wood-smoke burning, industrial emissions, and
atmospheric transformation of gaseous pollutants. The PCA
methodology does not a priori exclude any pollutant features.
Important future research directions emerged from this

study. Although many studies have identified health effects
associated with roadway traffic UFPs, the potential health
effects from aircraft-related UFP exposure still need major
research. Our study highlights the need to fill this knowledge
gap because we observed that the particle size distribution of
traffic UFPs is different from aircraft UFPs. Our study suggests
that the population in some neighborhoods may have more
exposure to UFPs than others due to proximity to roadway
traffic or overlap with the plumes from aircraft emissions.
Additionally, roadway and aircraft traffic has changed in
volume, travel patterns, and per unit emissions over time. It
will likely continue to change, creating uncertainties in the
impacts of future UFP exposures.
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