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THE IMPACT OF AVIATION ACTIVITIES ON AMBIENT PARTICLE
NUMBER CONCENTRATION AND INCIDENT HYPERTENSION
CHLOE SEYOUNG KIM
Boston University School of Public Health, 2020
Major Professor: Jonathan I. Levy, Professor and Chair of Environmental Health
ABSTRACT

Aviation industry has played an essential role in modern society by
providing social and economic benefits, but with inevitable environmental and
public health implications. Communities living near airports are potentially
affected by increased exposures to aviation-related emissions as well as noise.
Better characterization of the impacts of aircraft emissions and noise is of great
public health concern, especially for those living in communities near airports.
The goal of my dissertation was to investigate the contribution of arrival aircraft to
ambient ultrafine particulate matter (UFP) concentration as well as to examine
the impact of aircraft noise on hypertension.

Various aviation-related air pollutants have been studied, including UFP,
due to the high emission rates from aircraft and potential adverse health effects.
Multiple studies have concluded that aircraft arrivals contribute significantly to
ambient UFP concentration over a broad geographic area, but few studies have
had the necessary monitoring infrastructure to formally evaluate the magnitude
and spatial extent of impact. Because of its small size and negligible mass, UFP

has significant spatial and temporal variability, which warrants further
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investigation in order to better understand its dispersion patterns and impact in
communities near airports. In our study, we collected UFP concentration data,
measured as particle number concentration (PNC), at multiple locations near a
major arrival flight path into Boston Logan International Airport, gathering
concurrent flight activity and meteorological data for the purpose of source
attribution. Two study aims were developed in order to better understand the
arrival aircraft contribution to ambient PNC: 1) to investigate the spatiotemporal
pattern of PNC concentrations across multiple study sites that are at varying
distances from arrival aircraft flight paths, and 2) to quantify the PNC contribution
from individual aircraft while explicitly accounting for meteorology, considering
the implications of utilizing different averaging times and distributional
characterizations (e.g., mean, 95" percentile). Results of the first aim of this
study indicated that being downwind of the airport as well as the arrival flight path
under higher wind speed was associated with elevated PNC. In addition, during
hours of high flight activity, the aircraft contribution to ambient PNC was
detectable even at a site 17 km away from the airport. The second aim of the
study found a significant contribution of arrival aircraft to ambient PNC even
when controlling for other important predictors in multivariable regression
models. Our models also revealed that using the 95" percentile PNC within an
hour led to larger estimates of arrival aircraft contributions than using the mean
PNC, corresponding to strong and intermittent signal from aviation.

Similar to UFP, aircraft noise also displays strong spatiotemporal
Vii
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variability and has been shown to be associated with an array of adverse health
outcomes including sleep disturbance and increased blood pressure in exposed
communities. Though there is accumulating evidence of the association between
aircraft noise and hypertension, existing studies are not without limitations. In our
study, we developed long-term time-varying aircraft noise estimates for 90
airports in the U.S. using a single noise model and assigned noise estimates
based on geocoded addresses of participants in Nurses’ Health Studies (NHS
and NHS II), two existing large prospective cohorts of women. The aim of this
study was to examine the association between aircraft noise and incident
hypertension in female nurses utilizing high temporal and spatial resolution
aircraft noise exposure estimates in order to reduce potential exposure
misclassification while accounting for temporality. Our study results showed an
increased risk for incident hypertension associated with increased aircraft noise
in both cohorts controlling for potential confounders. Our study also confirmed
the impact of aircraft noise on hypertension apart from that of air pollution.

In summary, we found that aircraft activity can contribute significantly to
ambient PNC. We developed a spatiotemporal model of aircraft noise and found
that it is significantly associated with increased risk for hypertension in a large
prospective cohort study, independent of the effects of air pollution on
hypertension. Together, our work reinforces the importance of quantifying the
environmental and public health impacts of aviation activities and provide future

directions for research.

viii
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CHAPTER 1: Introduction
Aviation Activities

Aviation provides a number of social and economic benefits and is
essential for human activities.! Aviation contributes to improved quality of life by
enabling people to travel to visit family and friends and by growing economies
worldwide.? However, there are also environmental and public health concerns
associated with aviation. It is well understood that aviation activities lead to
increases in ambient air pollutant and noise levels, which is a particular concern
for residents living in the vicinity of airports and underneath flight paths.%? Aircraft
exhaust includes similar fuel combustion-related air pollutants as vehicles such
as carbon monoxide, sulfur oxides, nitrogen oxides, hydrocarbons and particulate
matter,>~* and their emissions has been a concern from the beginning of
commercial aviation.® Aircraft also create noise pollution that can affect quality of
life by creating communication difficulties, sleep disturbance, and discomfort.!
Aircraft noise exposure also has been shown to be associated with a wide range
of adverse health effects including hearing loss, cardiovascular disease, and
cognitive impairment in children.>° Overall, in the U.S., both air pollution and
noise from individual aircraft have declined due to the advancement of emission
control and noise reduction technologies;*%%11 however, the combination of
increased air travel demand and more concentrated flight paths for increased fuel
efficiency may put some communities living near airports in the U.S. at higher

risk of potential adverse health effects.?

www.manaraa.com



Aircraft Emissions and Ambient Ultrafine Particle Concentration

Ultrafine particles (UFP) are smaller than 0.1um in aerodynamic diameter
and can come from direct emissions from engine combustion and from
secondary formation in ambient air.2*? Both ground-level traffic and aircraft
activities are known to be important sources of UFP in communities.*® It is well
understood that UFP coming from ground-level vehicles are rapidly removed as a
function of distance from the roads, while understanding of UFP dispersion
patterns at ground-level from aviation activities is much more limited, especially
for aircraft in flight. That said, the high temporal and spatial heterogeneity shown
in studies of vehicle-associated UFP due to UFP’s small size can also be
expected in studies of aviation-associated UFP.4-16 Even though aircraft
emissions are less frequent and farther from communities compared to
emissions from ground-level vehicles, they can still affect overall air quality,
especially in communities near airports, because the emission rates are higher
compared to ground-level vehicle emissions. In addition, distinct characteristics
of aircraft plumes, which are of higher temperature at the point of emission, and
aircraft activity correlated with wind speed and direction, could lead to more
complex dispersion patterns.

Several studies have shown a geographically widespread impact of
aviation activities on ambient PNC downwind from airports and runways.'%17-20
However, most monitoring sites included in these studies were located close to

major roads, which makes distinguishing individual contributions from aircraft vs.
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motor vehicles more difficult. In addition, some of these studies focused on only
downwind locations from the airport either because the selected airports had
relatively little variability in prevailing winds or because of their site selection
criteria, resulting in lack of ability to gain a more comprehensive understanding of
aircraft plume dispersion patterns.

There is a keen interest in UFP from both exposure assessment and
epidemiology perspectives due to its potential respiratory and cardiovascular
effects.1® However, assessing population level UFP exposures is challenging
given its high spatiotemporal variability and multiple sources, which makes
conducting epidemiological studies looking at the association between UFP and
health outcomes also difficult.1? Investigation of the impact of aviation activities
on ambient UFP concentration is essential in order to improve our understanding
of aviation-related UFP exposure patterns, leading to more accurate exposure
assessments in epidemiological studies.

Aircraft Noise and Hypertension

Noise is defined as unwanted sound,® which includes both objective and
subjective components. The Federal Aviation Administration (FAA) uses Day-
Night average sound level (DNL) for their guidelines and defines aircraft noise
above 65 dB(A) as significant noise. This threshold is used to make policy
assessments to: 1) reduce the number of people exposed to significant noise, 2)
establish the appropriate level of aircraft noise for residential areas, and 3)

establish the aircraft noise level below which the impacts in the residential areas
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are deemed to not be significant. It is important to note that the 65 dB(A)
threshold is based on annoyance rather than health impacts.*!

The effects of noise on health has long been overlooked in the U.S.,
despite its widespread prevalence and potential to affect a large number of
people chronically.>” In recent years, there has been an increasing interest in
examining the health impact of noise, but more focus has been placed on road
traffic noise than aircraft noise, related both to the number of people living near
major roads and the challenges in ascertaining aircraft noise exposures.
Chronically elevated noise exposure can cause adverse health effects, which
puts certain communities living near airports at higher health risks. An array of
health outcomes have been suggested to be linked to chronic aircraft noise
exposure such as children’s learning, disturbed sleep, cardiovascular diseases,
and hypertension.5-%21 Aircraft noise is of particular interest due to its chronicity
and prevalence in certain communities near airports. Aircraft noise is distinct in
its pattern as it is more of an intermittent yet elevated source of noise rather than
continuous noise coming from road traffic.?! In addition, people report the highest
levels of annoyance and self-reported sleep disturbance at the same equivalent
noise level for aircraft noise compared to other noise sources such as roads and
railways.22

The impact of noise on hypertension has been extensively studied,
although with more evidence for traffic noise than aircraft noise.?® The impact of

noise on blood pressure has been shown in both experimental and
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epidemiological studies. For example, real-world experiments in humans
provided the biological plausibility of noise-induced hypertension, showing
instantaneously increased blood pressure following exposure to varying levels of
noise.?*26 A proposed pathway by which noise exposure can impact blood
pressure, is by inducing the sympathetic and endocrine systems, more
pronouncedly associated with nocturnal noise, which result in increases in stress
hormones such as cortisol and catecholamines; this can then lead to both
instantaneous and permanent pathophysiological adaptations including
increased blood pressure.?2327 Multiple epidemiological studies reported a
positive association between aircraft noise and chronic changes in blood
pressure.1023.28-33 However, there have been only few prospective cohort studies
examining the association between aircraft noise and hypertension, and none
exist in the U.S.

Study Aims

Our studies were designed to advance our understanding of the
environmental and health impacts of aviation activities by addressing some of the
limitations of existing studies.

The first two projects (chapter 2 and 3) evaluated the impact of arrival
aircraft activities on ambient PNC through both descriptive and regression
analyses using data collected around a primary arrival flight path into a local
airport (Boston Logan International Airport) for the purpose of determining the

relative contribution of aviation sources across the study sites located at varying
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distances from the airport and flight path. We designed our study to look at both
spatial and temporal impact of aircraft flights under a wide range of
meteorological conditions by conducting semi long-term (6 months) data
collection. In an effort to quantify arrival aircraft contribution to ground-level PNC
across our study sites, we developed regression models using different temporal
resolution and distributional characterization for each study site, while explicitly
controlling for meteorology.

In chapter 4, we investigated the association between aircraft noise and
hypertension in the U.S. using data from two prospective cohorts - the Nurses’
Health Studies (NHS and NHS II). To accomplish this, we developed a model to
predict time-varying aircraft noise exposure at a high spatial resolution at
participants’ geocoded addresses. We used a time-varying Cox proportional
hazards model in order to correctly account for time-varying noise exposure,
which has been decreasing over time, as well as variations in other personal risk

factors, such as diet and income.
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CHAPTER 2: Spatial and temporal patterns of ultrafine particle
concentrations in near-airport communities along a major arrival flight path
in Boston, Massachusetts

Chloe S. Kim, Kevin J. Lane, Claire Schollaert, Matthew C. Simon, Jonathan I.
Levy

Department of Environmental Health, School of Public Health, Boston University,

Boston, MA, U.S.A.
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Abstract

Background: Aircraft emissions contribute to overall ambient air pollution
including ultrafine particles (UFP; particles < 100 nm in aerodynamic diameter),
which has been shown to be potentially more potent than larger particles.
Individual aircraft UFP emissions have declined with the advancement of
emission control technologies, but the continuous growth of total air travel
worldwide necessitates an accurate understanding of the extent of aviation

contributions to ambient air quality.

Objectives: The objective of this study was to describe the spatiotemporal
distribution of particle number concentrations (PNC), a proxy measure for UFP,
across multiple study sites that are at varying distances from arrival aircraft flight
paths by utilizing real-time aircraft activity and meteorological data and PNC

measurements.

Methods: We collected high temporal resolution (1-second) PNC data at six
monitoring sites along a primary arrival flight path in the vicinity of Boston Logan
International Airport from April to September 2017. We used three condensation
particle counters (CPC, TSI Model 3783) to measure at three sites
simultaneously for one week at a time, rotating between six sites in order to
capture as many different spatial and meteorological combinations as possible.

We compared PNC distributions as a function of meteorological conditions and
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flight activity.

Results: Ambient PNC at all six monitoring sites were similar at the median, but
had greater variation at the 95" and 99™ percentiles with more than two-fold
increases in PNC observed at sites closer to the airport compared to sites farther
away from the airport. PNC were elevated during the hours with high aircraft
activity especially under aviation impact sector winds compared to no aircraft
activity at all sites. Sites closest to the airport had stronger aviation impact sector

wind signals that dissipated at sites further from the airport.

Discussion: PNC monitoring data, which had relatively similar median
concentrations across monitoring sites, but divergent concentrations at the upper
percentiles, suggest strong but intermittent aviation contributions especially at
monitoring sites closer to the airport. Stratification by flight activity and
meteorology confirmed the non-trivial contribution of arrival aircraft activities to
ambient PNC at all our study sites. Our study also demonstrated both the
advantage and challenge of using high temporal resolution data in ascertaining

aircraft signal on the ground level.
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Introduction

Aviation activities can impact human health by increasing concentrations
of ambient air pollutants,34 such as carbon monoxide, methane, nitrogen oxides,
sulfur oxides and particulate matter (PM).22 Even though emissions from
individual aircraft have declined due to the advancement of emission control
technologies,? an accurate understanding of the extent of the impacts of aviation
activities is becoming more important as air travel is expected to continuously
expand as the fastest growing transport mode over the next 20 years nationally
and internationally.35-37 In the U.S., the switch from radar-based to GPS-based
systems for air traffic control has led to increased fuel efficiency,? but the
resulting flight paths are more concentrated and exposure patterns may have
shifted, with the potential for an increase in exposure for a subset of the
population and a decrease for others. The combination of increased air travel
demand and more concentrated flight paths may put some communities living
near airports at risk of higher exposure to air pollution, but exposure patterns are
understudied. Furthermore, airports are often located in densely populated areas
and near major roadways, creating some potential for co-varying UFP exposures
and putting a large number of people at risk of being affected by the associated
exposures. Disentangling these contributions can be challenging, as aircraft and
motor vehicles emit similar air pollutants, but emission patterns, composition of
particles, and dispersion characteristics can differ substantially, given the unique

plume dynamics of aviation activities.23839

10
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Ultrafine particles (UFP; particles < 100 nm in aerodynamic diameter),
measured as particle number concentration (PNC), the focus of this study, can
come from direct emissions from aviation and vehicle traffic as well as from
secondary formation in ambient air.2'? In recent years, UFP has received more
public and scientific attention for its potential effects on human health 4041,
because of its elevated lung deposition efficiency, smaller size and larger surface
area to mass ratio relative to larger particles. 4243 Monitoring studies near airports
have shown aviation activities as another important source of ambient UFP in
addition to ground-level vehicle activities.*?1819 UFP is known to have high
temporal and spatial heterogeneity due to its small size and rapid removal
processes as shown in monitoring studies near major roadways.4144 Aircraft
impacts on ambient UFP concentrations have been shown to affect a much
broader geographic area compared to emissions from motor vehicles.*® These
co-varying contributions of aircraft and motor vehicle emissions to ambient UFP
warrant an investigation focusing on aviation sources in order to distinguish local

contributions of UFP from aircraft and motor vehicles.

Particulate matter emissions at cruising altitudes (on average ~12 km) are
considered to have minimal impact on local ground-level or near-ground air
quality,>*> while there have been mixed findings of the impact of aircraft at lower
altitudes on ambient air quality, though more recent studies have suggested a
larger and more geographically distributed impact downwind of airports or aircraft

activity.1~1° For example, one study conducted at Boston Logan International

11
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Airport found 1.33-fold and 2-fold higher average PNC at sites 7.3 km and 4 km,
respectively, downwind from the airport.18 A study performed at Los Angeles
International Airport found large mean PNC increases up to 18 km downwind of
the airport.1” A study done in the Netherlands has also shown increased annual
mean PNC at 7 km downwind of Schiphol airport?. Some of these studies have
shown elevated levels of PNC under arrival flight paths'’, with higher
concentrations as compared with surrounding urban locations with similar road
traffic characteristics.?? On the other hand, a study done at a mid-sized airport
(T.F. Green Airport in Rhode Island with 1/5" of annual flight activity compared to
Logan Airport) found a pronounced influence of flight activity on 1-min average
PNC only in a neighborhood located at the immediate end of a runway (< 1 km)
with small average contributions, but concentrations at the 99" percentile
exceeded those from traffic.

Emission rates of UFPs are much higher during take-offs compared to
approaching,*”8 though emissions from arrival aircraft can potentially influence
exposures over broader geographic areas due to flying at lower altitudes for
longer. However, it is unclear how large or sustained those contributions are,
relative to departure aircraft or other emission sources. Most studies to date have
ascertained concentration patterns downwind of the airport, but have not formally
considered flight paths and the intermittent and variable nature of the
corresponding emissions. Here, we evaluate in-flight aircraft contributions to

ground-based PNC, leveraging real-time meteorological and flight activity data to

12
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better understand important but highly variable community UFP exposure

patterns associated with aircraft arrivals.

Methods

Study Design

The field sampling campaign was conducted from April to September
2017 in the vicinity of Boston Logan International Airport (hereafter, Logan). The
arrival flight paths to runway 4L and 4R were the main focus of this study, 4R
being the primary arrival runway configuration used when the wind is from the
northeast,*® but also during multiple other meteorological conditions. Six
monitoring sites were selected that were at varying distances from the airport and
flight paths to runway 4L/4R (Figure 2.1 and Table 2.1), and therefore have
potentially varying UFP contributions from aircraft arrivals. Based on their
distances to the airport as well as based on the average flight altitudes (Table
2.1), two sites closest to the airport were named N1 and N2 (near sites), two
sites that were intermediate distances to the airport as 11 and 12 (intermediate
sites), and two farthest away sites as F1 and F2 (far sites) as shown on the map.
Selection criteria for monitoring locations prioritized sites in terms of potential to
distinguish the aviation contribution to ambient PNC from other sources such as
traffic. We did so by creating a 200-meter buffer around major roads to avoid

large motor vehicle traffic contributions to ambient PNC at the study sites based

13
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upon previously published distribution patterns of traffic-related UFP.1# All
potential sites were visited in person and site-by-site determinations were made
after considering multiple factors including the surrounding environment (e.g.
local traffic volume, restaurants, etc.). One of the six sites (F2) was 160 meters
from a designated major roadway, but was still included as a study site because
field observations indicated relatively low traffic volume and preliminary
measurements confirmed moderate baseline PNC.

Table 2.1 summarizes the characteristics of different set-ups at the six
monitoring sites. Two sites (N2 and F1) were within 0.5 km of the 4R arrival flight
path, while the other four sites (N1, 11, 12, and F2) were at varying distances to
the west of the 4R flight path. Sites also varied by their proximity to the airport,
the corresponding altitude of aircraft as they flew by the monitoring sites, and

whether the monitor was at ground level or on the first or second floor.

Instrument and Data Processing

The monitoring strategy was to measure at three sites simultaneously for
one week at a time, rotating between six sites in order to capture as many
different spatial and meteorological combinations as possible. We used three
condensation particle counters (CPC, TSI Model 3783, 1-second averaging),
enclosed in weatherproof Pelican cases to allow for flexible field deployment and
easy transport among the sites. Multiple pilot tests were conducted to ensure the

portable configurations met the temperature requirements of the instrument.
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The instruments were deployed either indoors or outdoors depending on
what space was available at each site (Table 2.1). The same instrument
configuration was used for both indoor and outdoor sites. For indoor deployment,
the CPC remained inside with Tygon tubing connected to the inlet placed through
a window. For outdoor deployment, the CPC was placed under a roof to prevent
any weather damage with Tygon tubing connected to the inlet extending to an
outdoor area. The same length of tubing was used at all sites for consistency,
given potential deposition and line loss of UFP. CPC co-location testing at N2
showed a strong positive correlation among the instruments (Pearson correlation
coefficient=0.98).

Observations with automatic error flags by the instrument were reviewed
and those observations with errors affecting the data quality were removed (2.7%
at N1, 0.27% at N2, 0% at 11, 9.6% at 12, 3.2% at F1, and 9.0% at F2). The
majority of these errors related to external vacuum pump malfunctions rather
than CPC issues. Performance Data Analysis and Reporting System (PDARS)
data were obtained for the entire study period from the U.S. Federal Aviation
Administration (FAA). The data provided real-time three-dimensional location
information (latitude, longitude and altitude) for all arrival flights landing at Logan
Airport excluding military aircraft. Meteorological data was acquired from the U.S.

National Weather Service station located at Logan Airport (KBOS).
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Statistical Analyses

We summarized PNC distributions at the measured resolution (1-second)
to develop hypotheses about the influence of aviation and meteorology on
concentrations. Specifically, we characterized percentiles from the 0.1% to the
99.9™ by study site across the entire study period.

To characterize the influence of aircraft arrival activity on PNC patterns,
we used PDARS data to calculate the number of aircraft landing on either 4L or
4R runways for each hour across the entire study period. We then constructed a
new variable to indicate no (n = 0), moderate (0 < n < 30) and high (n = 30)
arrival aircraft activity, using the median number of arrival aircraft in an hour as
the cut-point (median number of arrival aircraft = 29 among hours with non-zero
flight activity). Further, we would hypothesize increased PNC associated with
aviation activity during meteorological conditions when the monitoring site was
downwind from the airport. We therefore defined the hypothesized aviation
impact sector as the wind direction range that positioned monitoring sites
downwind of the airport £15°, which would also capture the impact of arrival
aircraft at the tail of the 4L/4R flight trajectories with arrival aircraft very close to
the ground.>°

We characterized diurnal PNC patterns using boxplots stratified by the
level of arrival aircraft activities (high vs. none), which described the distribution
of the data between the 5" and 95" percentiles (5™, 251, 50, 75, 951) and the

mean. Concentration roses were generated to display PNC associations with
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varying wind speeds and wind directions at the study sites, stratified by arrival
aircraft activity (high vs. none) excluding data from 02:00 to 07:00 in order to
remove the impact of early morning time periods when there is limited airport
activity, based on the flight activity data.

Lastly, we developed time-series plots of 1-second resolution PNC and
flight activity over 1-hour long periods under 4 different runway conditions (high
vs. none) and wind condition (NE vs. NW wind) combinations to visually assess
the association between individual flights (marked with red lines) and PNC. Data
from the 23:00-0:00 period from four different days at N1, N2, and F1 were used
for these plots in order to capture time periods with flight activity but minimal
ground-level vehicle traffic, and to show differing impacts at sites closer and
farther away from the airport.

All analyses were conducted using R-3.5.2 and Excel and maps were

created using ArcMap 10.6.

Results

In total, we collected PNC measurements across 546 sampling days,
distributed approximately evenly across the six sites, for a total of > 41 million
individual 1-second resolution measurements (Table 2.2). While median PNC
was similar across the six study sites, concentration patterns differed at higher
percentiles, with elevated PNC above the 95™ percentile at sites closer to the
airport (N1 and N2). While N1 and N2 had comparable or lower PNC at the

median and below as compared with other monitoring sites, they had the highest
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concentrations above the 95" percentile. Sites F1 and F2, which were farthest
from the airport with overhead aircraft at higher elevation, generally had lowest
concentrations across all percentiles. Sites 11 and 12 had the highest
concentrations at the median but lower concentrations at the 99™ and 99.9%
percentile and above in comparison with sites N1 and N2.

The influence of flight activity on concentrations at the six monitoring sites
was first examined by characterizing diurnal PNC patterns stratified by level of
flight activity (Figure 2.2). PNC during hours without arrival aircraft were generally
similar at the six study sites, with most hourly PNC averages < 25,000
particles/cm?3. We observed only a modest increase in concentrations during the
morning rush hour when there was zero flight activity on 4L/4R, consistent with
our selection of sites with limited local traffic. By comparison, during hours with
arrival aircraft, there were notable increases in PNC at most of our study sites.
Mean, 75", and 95™ percentile 1-second PNC were elevated throughout the day
when there was high arrival aircraft activity on the 4L/4R runways compared to
when there was no flight activity. This pattern was more pronounced at sites
relatively closer to the airport (N1, N2, 11, and 12). The elevated PNC patterns
associated with high flight activities were consistently shown across all hours at

N1 and I1. Sites F1 and F2, which were farthest from the airport, had smaller

differences in PNC between high and no flight activity and less consistent
temporal patterns (Figure 2.2).

We further stratified PNC by wind speed and direction to examine the
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meteorological factors influencing source contributions at each monitoring site
(Figure 2.3). PNC during periods of high arrival flight activity were highest under
the hypothesized aviation impact sector winds, at near-airport sites N1 and N2,
and to a lesser extent at 11 and with a modest increase at 12. Under these
meteorological conditions, these monitoring sites were simultaneously downwind
from arrival flight trajectories and the airport, and during high flight activity we
observed mean PNC ranging from 50,000 particles/cm? to 60,000 particles/cm?
at N1 and N2. However, the elevation pattern was not perfectly aligned with the
aviation impact sector wind at site N2. The highest PNC were typically at higher
wind speeds under the high flight activity condition, most pronouncedly shown at
site N1.18 11 showed a similar pattern but the signal was lower with an average
ranging from 40,000 particles/cm?to 50,000 particles/cm?2. In general, PNC
seemed to vary widely depending on wind speed and direction under the high
arrival flight activity condition, while it did not vary as much under the no flight
activity condition. Even though there was no clear meteorological pattern of
increased PNC associated with arrival aircraft at sites F1 and F2, overall PNC
was slightly elevated compared to when there was no arrival aircraft activity.

In addition to observing the combined impact of arrival aircraft on PNC, we
wanted to use our high temporal resolution data to illustrate the impact of
individual aircraft. Figure 2.4 displays four time-series of PNC between 23:00 and
00:00 at three of the study sites (N1, N2, and F1) with arrival aircraft activities

marked with red lines. Figure 2.4(a) shows the concentration patterns under
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northeasterly wind, where the monitoring sites would have been located
downwind of the arrival flight path and the airport. N1 observed elevated
concentrations throughout the hour, albeit not highly correlated with individual
flights, while, N2 only observed intermittent concentration increases above
background. Under northwesterly wind (Figure 2.4(b)), the concentrations were
similarly elevated as with northeasterly winds, but with higher concentrations at
N2 and without substantive minute-by-minute variability compared to what was
shown in Figure 2.4(a). PNC measured with northeasterly and northwesterly
winds, when no aircraft landed on 4L/4R, were much lower (Figure 2.4(c) &
2.4(d)) than when there was activity on 4L/4R. PNC levels at F1 were low under

all conditions corresponding with the results from Figures 2.2 and 2.3.

Discussion

Our 1-second resolution PNC monitoring data, which had relatively similar
median concentrations across monitoring sites, but divergent concentrations at
the upper percentiles, suggest strong but intermittent aviation contributions
especially at monitoring sites closer to the airport. Stratification by flight activity
and meteorology indicated that PNC was higher during hours of high arrival flight
activity (Figure 2.2) and under wind conditions when the monitoring sites were
downwind from the flight path and the airport (Figure 2.3). The pattern of aviation
contribution to ambient PNC was more difficult to detect at sites farther away.

The signal was small but still discernable at F1 and F2. Pollution roses in Figure
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2.3 reinforced the likelihood that PNC increases were related to arrival aircraft in-
flight at lower altitudes rather than ground level activities at the airport. For
example, under conditions without flight arrivals on 4L/4R but winds from the
northeast (airport direction), PNC increased far less.

While studies have shown that ground-level vehicle traffic tends to
dominate ambient UFP over aviation activities,?%48 our stratified analyses
suggest that the additional exposure to UFP from aviation is still notable,
especially in communities that are close to aviation sources (horizontal distance
to airports and vertical distance to aircraft in-flight). Our study also clearly
indicated the impact of aircraft arrivals on ambient PNC, while a number of other
studies only displayed a noticeable impact from take-offs but not arrivals, in part
because of their site selection.51:%2 In addition, our study reinforces that using
mean or median PNC over a longer averaging time, as is common in the
literature,'2'® may not capture the large but intermittent contributions from
aircraft. Similar results have been shown in a study for a departure runway where
much larger contributions were shown to be associated with upper percentile
PNC observations.>? Whether large but intermittent contributions to ambient PNC
with a more modest contribution to long-term average concentrations is a
potential public health concern is beyond the scope of this study, but our work
does reinforce that aviation source attribution studies are strengthened by
considering higher-resolution monitoring data and upper percentile contributions.

One limitation of this study was the varying surrounding environments at
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the monitoring sites. Even though we selected sites at appreciable distances
from major roads and other identifiable combustion sources, the level of non-
aviation UFP contributions was non-zero and varied across sites. However,
based on our descriptive analyses, the non-aviation UFP contributions did not
preclude us from observing intermittent concentration increases consistent with
aviation contributions. In addition, there were several construction projects at N2
throughout monitoring period, which would have contributed to our measured

PNC at times.

Although our findings provided compelling evidence of an association
between aircraft arrivals and ground-level PNC over a relatively large geographic
area, there were some clear challenges in associating individual PNC peaks with
real-time flight activity data, which may be due to the coarser temporal resolution
of the meteorological data. For example, the difference shown in Figures 1.4(a)
and 1.4(b), both with frequent flight activities, is difficult to explain with available
data and is suggestive of different dispersion patterns. In theory, high temporal
resolution PNC could be analyzed in conjunction with real-time flight activity and
meteorological data. However, there are many challenges with such an analysis,
including the uncertain dynamics of the high-temperature plumes and wing-tip
vortices from aircraft, and the associated variability in lag between emissions

aloft and surface concentrations.

In spite of these challenges, our study offers novel and valuable insight
regarding arrival aircraft contributions. One of the strengths of this study was the
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selection of monitoring sites specifically intended for aviation arrival source
attribution, as opposed to some prior studies in which post hoc analyses were
conducted at sites intended for other purposes. Sites were placed at varying
distances from the airport and from the arrival pathway and not proximate to
major roadways, as opposed to multiple prior studies with sites very close to
airports or directly at the end of runways. In addition, while variable meteorology
often observed in Boston creates some challenges in analyzing and interpreting
PNC data, it also allows for the assessment of the impacts of varying
meteorological conditions on aircraft arrival PNC patterns. Lastly, the portable
instrument configuration allowed for easy semi long-term data collection at
different sites under various site combinations, which provided insight over a
wider geographic area than would have been available with a more limited

number of sites.

In conclusion, our findings suggest a strong and intermittent contribution
from arrival aircraft to ambient PNC, amplified under certain wind conditions and
at sites in closer proximity to the source. Our findings indicate that some
populations closer to airports, who are in the vicinity of aircraft arrivals at lower
altitude, may see increased exposures to PNC, even if they are not directly under
the flight paths. Future studies utilizing available high-temporal resolution flight
activity, meteorology, and PNC data may be able to improve our understanding
of the complex UFP dispersion patterns associated with arrival aircraft as shown

in our time-series plots.
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Conclusions

In conclusion, our study captured clear arrival aircraft signal on ambient
PNC in all six monitoring sites with varying magnitudes, with most elevated PNC
observed under the aviation impact sector wind during hours with high flight
activity. More generally, our study finding indicated the upper percentile PNC to
be associated with aircraft activities corresponding strong and intermittent aircraft
source contribution. Though, making the direct connection between the observed
peaks and real-time flight activity data were shown to be challenging, our findings
indicated the value of using high temporal resolution data in capturing the nature

of aircraft emissions that can be considered in future studies.
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Tables

Table 2.1. Characteristics of each monitoring site

Distance Distance Average
: to flight . altitudes of L . :
Site to airport : . Monitoring configuration
path 4R (km) arrival aircraft
(km) (m)
N1 1 3 210 Indoor*: second floor office space

facing the ocean
N2 <05 4 300 Outdoor: open shed on a boat dock
Indoor*: first floor restroom facing a

11 2 7 400 .
small parking area

12 > 9 460 _Outdqor: open shed in the backyard
in residential area

F1 <05 12 610 Indoor*: second floor classroom

F2 4 17 850 Outdoor: greenhouse at a farm

* For any indoor deployment, the monitor was placed indoors with tubing running
outside to measure ambient concentrations.

Table 2.2. Distribution of 1-second PNC (particles/cm?) across monitoring sites

N1 N2 11 12 F1 F2
Sample Size (days) 98 94 86 92 84 92
Sample Size 7 460 604 7,537,890 6,685,191 6,928,122 6,473,741 7,038,958
(seconds)
0.1% percentile 390 530 1,200 850 800 880
1% percentile 930 1,300 2,100 1,300 1,200 1,200
5t percentile 2,000 2400 3500 2500 2,000 2,000
25t percentile 4,600 4,800 6,300 5100 3,900 3,900

50™ percentile 7,400 7,500 9,200 7,900 5,700 5,800
75" percentile 12,000 11,000 14,000 12,000 7,800 8,200
95" percentile 29,000 28,000 29,000 22,000 13,000 15,000
99" percentile 59,000 58,000 48,000 34,000 22,000 24,000
99.9™" percentile 94,000 110,000 74,000 49,000 39,000 46,000
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Figures

Figure 2.1. Map of monitoring sites and flight paths

® Arrival Flight Paths
¢ Departure Flight Paths
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Figure 2.2. Diurnal pattern of PNC under high vs. no arrival aircraft activity

conditions
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Figure 2.3. Pollution roses displaying the interactions between wind speed and

wind direction on PNC under high vs. no arrival aircraft activity conditions
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Figure 2.4. Time series of PNC at 1-second resolution on selected sampling days at three monitoring sites during

arrival flight activity (red lines) and no flight activity periods under varying wind conditions
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Abstract

Background: Ultrafine particles (UFP; particles < 100 nm in aerodynamic
diameter), one of the air pollutants produced by aircraft engines, has been shown
to be associated with an array of adverse health effects given its ability to reach
the alveolar region of the lungs once inhaled, cross the epithelial barrier and
circulate in blood throughout the human body. Literature has shown non-trivial
contribution of aircraft activity to ambient UFP concentrations. However,
accurately ascertaining aviation contribution to ambient UFP is challenging due
to the high spatio-temporal variation of UFP along with intermittent aircraft
emissions. In addition, even though, most existing studies used mean or median
PNC when assessing aircraft contribution, the influence of utilizing different

temporal and UFP distributional data has not been well examined.

Objectives: The objective of this study was to understand the impact of
individual arrival aircraft on ambient UFP concentration, measured as particle
number concentration (PNC), while explicitly evaluating the influence of
meteorology. We also examined if the aircraft contribution was differently
ascertained when using high vs. low temporal resolution and mean vs. upper

percentile PNC data.

Methods: PNC data were collected using condensation particle counters (CPC,

TSI Model 3783) at six monitoring sites along a major arrival flight path in the
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vicinity of Boston Logan International Airport from April to September 2017.
Regression models were developed for each site using two different temporal
resolutions (1-hour and 10-minute) and distributional characterizations (mean

and 95" percentile PNC), while accounting for temporal autocorrelation.

Results: Overall, our study found significant contribution of individual arrival
aircraft to ambient PNC controlling for the impact of other aircraft activity as well
as meteorology. In general, the hourly regression models showed a larger
increase in PNC associated with 4L/4R arrival activity than the 10-minute
average regression models, and the 95" percentile models had a larger increase
in PNC than the mean models. We also found that during the hours with aircraft
activities, the aircraft contribution to ambient PNC was non-trivial, accounting for
maximum 50% of total estimated PNC, while the contribution was much smaller
(maximum of 26%) when looking at all hours with and without aircraft activities.
Lastly, our study confirmed the inverse association between wind speed and
ambient PNC associated with aircraft activity, which was only shown at sites that

were close to the airport.

Discussion: Overall, our study found a significant impact of individual aircraft on
measured ambient PNC at all monitoring sites that were at varying distances
from the airport. More importantly, our study demonstrated the influence of using

different time resolution and PNC distributional data in understanding aircraft
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impact. The selection of which temporal and distributional characterizations to be
used for regression model for aviation source attribution should be carefully
determined based on site locations as well as specific research questions to be
answered. Overall, our study laid the groundwork for future studies to consider in

order to more accurately examine aviation contributions to ambient air pollution.
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Introduction

Ultrafine particles (UFP) are defined as airborne particles with an
aerodynamic diameter less than 0.1um, which can come directly from
combustion sources as well as from secondary formation in the air.212 Smaller
particles are potentially more harmful to human health given their ability to enter
the bloodstream, penetrate into lung tissues, and circulate throughout the
body.*?*3 Given its small size and mass, and rapid formation and removal
processes, UFP is known to have high temporal and spatial variability.14.1>44

In addition to UFP contributions from ground-level traffic, there is growing
evidence of a contribution from aviation activities to ambient UFP in settings near
airports. It has been shown that the aviation contribution to UFP can affect a
much greate