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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, 95th 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 95th 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 
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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.  
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CHAPTER 1: Introduction 
 
Aviation Activities 

 Aviation provides a number of social and economic benefits and is 

essential for human activities.1 Aviation contributes to improved quality of life by 

enabling people to travel to visit family and friends and by growing economies 

worldwide.2 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.1,2 Aircraft 

exhaust includes similar fuel combustion-related air pollutants as vehicles such 

as carbon monoxide, sulfur oxides, nitrogen oxides, hydrocarbons and particulate 

matter,2–4 and their emissions has been a concern from the beginning of 

commercial aviation.3 Aircraft also create noise pollution that can affect quality of 

life by creating communication difficulties, sleep disturbance, and discomfort.1 

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.5–9 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;1,2,10,11 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.2  
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Aircraft Emissions and Ambient Ultrafine Particle Concentration 

 Ultrafine particles (UFP) are smaller than 0.1μm in aerodynamic diameter 

and can come from direct emissions from engine combustion and from 

secondary formation in ambient air.2,12 Both ground-level traffic and aircraft 

activities are known to be important sources of UFP in communities.13 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.14–16 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.12,17–20 

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.13 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.12 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,5 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.11  

 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.5,7 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.5–9,21 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.21 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.8,22 

 The impact of noise on hypertension has been extensively studied, 

although with more evidence for traffic noise than aircraft noise.23 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.24–26 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.8,23,27 Multiple epidemiological studies reported a 

positive association between aircraft noise and chronic changes in blood 

pressure.10,23,28–33 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 



www.manaraa.com

 

 9 

flight activity.  

 

Results: Ambient PNC at all six monitoring sites were similar at the median, but 

had greater variation at the 95th and 99th 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).2,3 Even though emissions from   

individual aircraft have declined due to the advancement of emission control 

technologies,2 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,2 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.2,38,39  
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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.2,12 In recent years, UFP has received more 

public and scientific attention for its potential effects on human health 40,41, 

because of its elevated lung deposition efficiency, smaller size and larger surface 

area to mass ratio relative to larger particles. 42,43 Monitoring studies near airports 

have shown aviation activities as another important source of ambient UFP in 

addition to ground-level vehicle activities.12,18,19 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.14,15,44 Aircraft 

impacts on ambient UFP concentrations have been shown to affect a much 

broader geographic area compared to emissions from motor vehicles.18 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,2,45 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.17–19 For example, one study conducted at Boston Logan International 
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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.17 A study done in the Netherlands has also shown increased annual 

mean PNC at 7 km downwind of Schiphol airport12. Some of these studies have 

shown elevated levels of PNC under arrival flight paths17, with higher 

concentrations as compared with surrounding urban locations with similar road 

traffic characteristics.20 On the other hand, a study done at a mid-sized airport 

(T.F. Green Airport in Rhode Island with 1/5th 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 99th percentile 

exceeded those from traffic.46  

 Emission rates of UFPs are much higher during take-offs compared to 

approaching,47,48 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 
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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,49 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 I1 and I2 (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 
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upon previously published distribution patterns of traffic-related UFP.14 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, I1, I2, 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 I1, 9.6% at I2, 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 0.1st to the 

99.9th 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.50  

 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 5th and 95th percentiles (5th, 25th, 50th, 75th, 95th) 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 95th 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 95th 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 I1 and I2 had the highest 

concentrations at the median but lower concentrations at the 99th and 99.9th 

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/cm3. 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, 75th, and 95th 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, I1, and I2). 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 I1 and with a modest increase at I2. 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/cm3 to 60,000 particles/cm3 

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 I1 showed a similar pattern but the signal was lower with an average 

ranging from 40,000 particles/cm3 to 50,000 particles/cm3. 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,20,48 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.51,52 In addition, our study reinforces that using 

mean or median PNC over a longer averaging time, as is common in the 

literature,12,18 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.52 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 1 

Table 2.1. Characteristics of each monitoring site 

Site 

Distance 
to flight 
path 4R 

(km) 

Distance 
to airport 

(km) 

Average 
altitudes of 

arrival aircraft 
(m) 

Monitoring configuration 

N1 1 3 210 
Indoor*: second floor office space 
facing the ocean 

N2 < 0.5 4 300 Outdoor: open shed on a boat dock 

I1 2 7 400 
Indoor*: first floor restroom facing a 
small parking area 

I2 2 9 460 
Outdoor: open shed in the backyard 
in residential area 

F1 < 0.5 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 

Table 2.2. Distribution of 1-second PNC (particles/cm3) across monitoring sites 

  N1 N2 I1 I2 F1 F2 

Sample Size (days) 98 94 86 92 84 92 

Sample Size 
(seconds) 

7,468,604 7,537,890 6,685,191 6,928,122 6,473,741 7,038,958 

0.1st percentile 390 530 1,200 850 800 880 

1st percentile 930 1,300 2,100 1,300 1,200 1,200 

5th percentile 2,000 2,400 3,500 2,500 2,000 2,000 

25th percentile 4,600 4,800 6,300 5,100 3,900 3,900 

50th percentile 7,400 7,500 9,200 7,900 5,700 5,800 

75th percentile 12,000 11,000 14,000 12,000 7,800 8,200 

95th percentile 29,000 28,000 29,000 22,000 13,000 15,000 

99th percentile 59,000 58,000 48,000 34,000 22,000 24,000 

99.9th 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 
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Figure 2.2. Diurnal pattern of PNC under high vs. no arrival aircraft activity 

conditions  

 

 

 
 

Fig ure 2 
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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 95th 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 95th 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 0.1μm, which can come directly from 

combustion sources as well as from secondary formation in the air.2,12 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.42,43 Given its small size and mass, and rapid formation and removal 

processes, UFP is known to have high temporal and spatial variability.14,15,44  

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 greater geographic area compared to the contribution from ground-level 

vehicle traffic, with corresponding exposure and health implications.17–19 While 

emission rates from arrival aircraft are much lower compared to departure aircraft 

given its distinctive engine thrust setting,53 studies have documented elevated 

UFP concentrations under arrival flight paths with evidence for a larger spatial 

domain of impact than for departures.17,20 However, the magnitude and 

spatiotemporal patterns of UFP contributions from arrival aircraft have not been 

sufficiently characterized to date.  

 There are multiple factors that make it challenging to ascertain aviation 

source contributions to ambient UFP concentrations. Studies examining the 

contributions of aircraft activities to ambient UFP concentrations often focused on 
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mean or median UFP across longer averaging times (i.e., an hour).12,18,19 

However, our previous study (Chapter 2) indicated that the UFP contribution from 

aircraft is likely to be better captured in the upper percentiles given the strong 

and intermittent nature of aircraft emission patterns. The question of the ideal 

temporal resolution to capture these intermittent peaks is also challenging and 

unresolved. With shorter averaging times, the intermittency of aircraft activities 

coupled with lags between overhead flights and changes in ground-level 

concentrations may make it difficult to capture aviation contributions. On the 

other hand, using lower temporal resolution data may lead to aggregating the 

observations over longer time periods than necessary and reduce the ability to 

identify aircraft-associated peaks. It is therefore important to formally examine 

the impact of using different temporal resolution data in order to preserve and 

identify the peak observations associated with aircraft activities. 

The role of meteorology, which has an effect on plume dynamics and 

dispersion as well as aircraft activity, can also be further investigated. A few 

studies have identified a positive association between wind speed and UFP from 

buoyant plumes. A study done in Boston showed increases in UFP with higher 

wind speed with wind blowing from the airport (consistent with aircraft 

contributions), and increases in UFP with lower wind speed with wind coming 

from other directions (consistent with traffic contributions).18 Another study 

performed near Los Angeles International Airport showed increases in PNC with 

increases in wind speed when the monitoring site was along the flight trajectory, 
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again indicating aircraft contributions.52 However, the monitoring sites included in 

these studies were relatively close to the airport (maximum distance of 8 km to 

the airport) and had limited ability to identify atmospheric dispersion from higher 

altitudes. Lastly, the frequency of landing and take-off operations (LTO) is what is 

commonly used in order to assess the impact of aircraft activity on ambient 

UFP.48,54 However, this omits the differential emission rates as a function of 

landing vs. take-off vs. idling, engine type, aircraft weight, and other factors.53   

 Our study was designed to investigate the impact of individual arrival 

aircraft on ambient UFP concentration (measured as particle number 

concentration (PNC)), explicitly evaluating the influence of meteorology. We 

collected high-resolution data at multiple monitoring sites at varying distances to 

the main arrival flight path at Boston Logan International Airport (hereafter 

Logan), and evaluated the influence of arrival aircraft and whether it was 

differentially ascertained using high vs. low temporal resolution data as well as 

mean vs. upper percentile PNC.  

  

Methods 
 
Study Design 

 PNC was measured from April to September 2017 in the vicinity of Logan 

Airport. Multiple potential monitoring sites were considered that were at varying 

distances from the airport and the flight paths to 4L and 4R runways (Figure 2.1), 

4R being the most utilized arrival runway at Logan, in order to capture potentially 
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varying UFP contributions from aircraft arrivals. The six monitoring sites were 

selected to ensure variability in distance from the flight path and the airport, 

sufficient distance from major roads (at least 200-meters away from major roads 

in order to avoid large motor vehicle traffic contributions to PNC), and 

observations from in-person visits to each site. One of the sites fell within the 

200-meter major road buffer, but was still included in our study based on 

preliminary data showing limited impact from ground-level traffic. 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 I1 and I2 (intermediate 

sites), and two farthest away sites as F1 and F2 (far sites) as shown on the map. 

Our semi long-term monitoring regime allowed us to capture multiple different 

meteorological conditions at each study site.    

 

Instrument, Data Collection, and Data Processing 

 PNC were measured at 1-second resolution at three sites simultaneously 

for one week at a time using three research-grade condensation particle counters 

(TSI CPC 3783). The instruments were rotated across the six sites in order to 

capture as many different spatial and meteorological combinations as possible. 

Over the course of our data collection, there was less than 5% erroneous data 

(mainly due to pump malfunctions), which were removed from the data for final 

analyses. In addition to the PNC data that we collected, we obtained 
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meteorological data collected at the airport as well as real-time flight activity data 

(PDARS – Performance Data Analysis and Reporting System) provided by the 

Federal Aviation Administration (FAA). PDARS provided real-time aircraft 

location information (latitude, longitude, and altitude) along with aircraft 

classification information (weight class and performance category). More details 

about our study design, data collection, and data processing are available 

elsewhere (Chapter 2). 

 

Statistical Analysis 

 All data (PNC, meteorology, and PDARS) were aggregated into hourly 

and 10-minute averages and were merged by date and time. Aggregation was 

done through the mean, 95th, and 99th percentile for PNC. Aggregated means 

were calculated for wind speed, wind direction, temperature, relative humidity, 

mixing height, atmospheric pressure, and precipitation. Several new variables 

were created. The number of arrival aircraft landing on the 4L/4R runways and 

the number of all other aircraft activities (all departures + all arrivals - 4L/4R 

arrivals) were calculated at both 10-minute and hourly resolution. The number of 

aircraft for each of the 20 unique weight class (heavy, F-757, large, small, and 

unknown) and performance category (jet, turbo prop, prop, and unknown) 

combinations were calculated in order to investigate potentially varying PNC 

emission rates from different aircraft types. Additional derived variables included 

weekday/weekend (yes/no) and traffic (yes/no rush hour – rush hours defined as 
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7- 9AM and 4-6PM). An aviation impact sector variable (yes/no) was also created 

using the wind direction range that positioned monitoring sites downwind of the 

airport ±15°, which would also capture the impact of arrival aircraft in-flight at the 

tail of the 4L/4R flight trajectories with arrival aircraft close to the ground.55  

 Regression models were developed using two temporal resolutions (1-

hour and 10-minutes) using three different measures of PNC within those time 

periods (mean, 95th percentile, and 99th percentile) in order to understand the 

contribution of arrival aircraft as well as the impact of meteorological conditions to 

measured PNC. These regression models were developed for each site in order 

to capture potentially varying impact of arrival aircraft as well as meteorology 

across our study sites. Log-transformed PNC were used as the outcome 

variable. We examined all variables in our data that were known to be important 

predictors for PNC based on previously published studies8-10 and results in 

Chapter 2: wind direction, wind speed, temperature, relative humidity, mixing 

height, atmospheric pressure, precipitation, traffic, and weekday/weekend. In 

addition, all the derived flight activity terms were assessed in our models in order 

to characterize aircraft contribution. Traffic and all other airport activity terms 

created multicollinearity issues in the models, and traffic was removed from the 

final model given our focus on understanding the impact of aircraft activity on 

ambient PNC. Aircraft type information we obtained from PDARS were shown to 

be unable to accurately ascertain varying contributions of different aircraft types 

to ambient PNC, and therefore were not included in our final models.  
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We used generalized least squares models and accounted for 

autocorrelation in the residuals since we had time-series data. Forward step-wise 

regression method with an AIC criterion was used to select the variables for the 

final model using the stepAIC function in MASS R package. In order to make the 

results comparable across different models and sites, the most exhaustive list of 

variables were used in all models. Bonferroni correction was used in determining 

statistical significance of the predictors in order to adjust for multiple testing. 

Exponentiated regression coefficients from regression models were presented, 

which represent the relative magnitude of PNC per one unit increase in 4L/4R 

arrival aircraft, controlling for all other aircraft, temperature, relative humidity, and 

wind speed, and being under impact sector, on weekday, as well as the 

interaction between wind speed and impact sector wind.   

Autocorrelation function (ACF) and partial autocorrelation function (pACF) 

plots were examined in order to identify appropriate autocorrelation structures. 

Our data suggested AR(1) and AR(6) to be most appropriate for the hourly and 

10-minute data, respectively. We also performed a series of sensitivity analyses 

by deploying various autocorrelation structures in our regression models in order 

to assess their impact on the model fit and effect estimates.  

 In order to quantify arrival aircraft flight contributions, we used the 

regression models to predict hourly 95th percentile PNC, and then calculated both 

the predicted concentration with actual 4L/4R arrival activity and the predicted 

concentration if there were no 4L/4R flights in the given hour. The data were 
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restricted to time periods with non-zero arrival aircraft activity with 27%, 23%, 

27%, 30%, 21%, and 25% of total data used at N1, N2, I1, I2, F1, and F2, 

respectively. This was an effort to compare the different magnitudes of arrival 

aircraft impact across the sites while controlling for all other aircraft activity as 

well as meteorological conditions. Several plots were generated using the 

coefficients from the regression models, including comparisons of the predicted 

PNC with and without 4L/4R arrival activity. We also created plots displaying 

different patterns of association between wind speed and PNC under impact and 

non-impact wind sectors. 

  

Results 
 
 In total, we collected more than 41 million individual 1-second PNC 

measurements throughout the study period at the six monitoring sites. After 

removing PNC observations flagged as erroneous by the monitoring instrument, 

we had on average 2,000 hourly and 12,000 10-minute data points at each site. 

Regression model results for N1, I1, and F1 sites are presented in Table 3.1 

(mean PNC) and Table 3.2 (95th percentile PNC). The results from modeling 99th 

percentile data are not presented, as they were similar to the results of 95th 

percentile PNC. Results for the other three sites (N2, I2, and F2) can be found in 

supplemental material (Table S3.1 and S3.2).  

Overall, our regression models indicated a positive and significant 

association between 4L/4R arrival aircraft frequency and measured PNC. In 
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general, the hourly regression models showed a larger increase in PNC 

associated with 4L/4R arrival activity than the 10-minute average regression 

models (with the exception of the 95th percentile models for site N1), and the 95th 

percentile models had a larger increase in PNC than the mean models. The 

exponentiated coefficients from different models are not directly comparable as 

the models have different intercepts, but we can still compare the absolute 

contributions of 4L/4R activity across the sites by considering both the intercept 

and the relative 4L/4R arrival aircraft contribution, while holding all other 

variables constant. For example, at I1, the estimated percent change in 

measured 95th percentile 10-minute PNC with one additional 4L/4R arrival aircraft 

was 1.1% compared to 0.3% for the mean model, with a larger intercept for the 

95th percentile PNC model. In other words, the estimated absolute contribution of 

4L/4R arrival aircraft on PNC at I1 is larger in the 95th percentile model than in 

the mean model. On the other hand, the impact of all other aircraft activity at all 

sites was fairly similar between the mean and the 95th percentile models. The 

coefficients for aircraft activity, including both the 4L/4R arrival aircraft and all the 

other aircraft activity, were lowest at the far site (F1) compared to the near and 

intermediate sites (N1 and I1) (Table 3.1 and 3.2).  

In order to directly compare the varying contributions of arrival aircraft to 

ambient PNC across different models while accounting for other predictors, we 

calculated PNC estimates using hourly 95th percentile model coefficients under 

two different arrival aircraft scenarios (zero vs. actual arrival aircraft in an hour). 
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While accounting for other predictors in the model, there was a clear contribution 

of arrival aircraft at all six study sites. The aircraft contribution at N1 was the 

largest compared to all other sites (Figure 3.1). For the 27% of hours with arrival 

aircraft on 4L/4R, the estimated arrival aircraft contribution at site N1 had a mean 

of 11,100 particles/cm3 (50% of total PNC). The second and third largest aircraft 

contributions were shown at I1 and N2 with the estimated arrival aircraft 

contribution of 9,200 and 6,500 particles/cm3, respectively, during the hours with 

arrival aircraft activity. Both the background level PNC and aircraft contribution at 

I2, F1, and F2 were lowest compared to other sites, with aircraft contributions 

ranging from 2,300 to 5,000 particles/cm3. Across all hours (not restricting the 

data to hours with 4L/4R arrival aircraft activity), the mean predicted arrival 

aircraft contributions ranged from 7% to 26% with the highest observed at N1 

and lowest at F1.  

 Beyond the focus on the individual arrival aircraft impact, our models also 

identified varying influence of impact sector winds across the study sites. The 

effect of impact sector wind varied substantially across the four models and 

across the study sites. A statistically significant positive association between 

impact sector winds and PNC was observed only at N1 using the hourly 95th 

percentile PNC and at I1 using the hourly mean PNC, with 36% and 21% 

increases in PNC under impact sector wind, respectively (Table 3.1 and Table 

3.2). The coefficients for impact sector winds were generally greater in the hourly 

models than the 10-minute models and there were positive associations in many 
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models, but overall, there was no consistent pattern shown for impact sector 

wind across the sites across the models (Table 3.1, 3.2, S3.1, and S3.2).  

We also observed different patterns of association between wind speed 

and PNC under impact and non-impact sector winds. Wind speed displayed an 

inverse association with concentrations under non-impact sector winds, but at N1 

and N2, near airport sites, there was a positive association under impact sector 

winds (Figure 3.2). Overall, the interaction between wind direction, wind speed, 

and PNC was shown to be complex and not uniform across our study sites.  

 It is also important to mention the impact of temporal autocorrelation and 

the influence of accounting for it in our analyses. There was significant temporal 

autocorrelation in both the hourly and 10-minute data as anticipated. Not 

accounting for autocorrelation at all resulted in a much higher AIC compared to 

models that accounted for autocorrelation, suggesting a relatively poorer fit of the 

model. Accounting for autocorrelation had two primary effects on model 

coefficients. First, the intercepts were decreased compared to the models without 

an autocorrelation structure. Second, the effect size for the arrival aircraft term 

was also decreased after properly accounting for autocorrelation (results not 

shown). 

 

Discussion 
 
 The dispersion pattern of UFP (both vertical and horizontal) from aircraft 

in-flight is highly complex and difficult to capture given the high volatility of UFP, 
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high velocity and temperature of the plume, intermittent in-flight aircraft 

contribution, distance between the aircraft and the ground, and variable flight 

direction and speed over time and space that correlate with meteorological 

conditions. Despite this complexity, our study found significant contributions of 

arrival aircraft to ambient PNC at all of our monitoring sites in a regression model 

controlling for other predictors, at least for some combinations of averaging time 

and distributional characterization used. Our findings showed that the 

contribution of arrival aircraft was generally greater using the 95th percentile PNC 

with greatest absolute contribution of 11,100 particles/cm3 (50% of total 

estimated PNC during the hours with 4L/4R activity) at N1. The aircraft 

contribution to overall ambient PNC was not trivial during the hours of aircraft 

activity indicating the importance of further investigating the impact of aircraft 

activity on ambient PNC. However, over all hours during our study period, the 

contribution of aircraft to total ambient PNC was relatively small (ranging from 7% 

to 26%). Our finding also reinforced the fact that a mean or median concentration 

may not be suitable for capturing the strong and intermittent aviation signal. This 

finding can be useful especially when examining the combined UFP exposures 

from multiple sources. UFP composition varies by source, which may be 

associated with specific health outcomes.56 The effort to ascertain more accurate 

contribution of aircraft to overall ambient PNC will result in more appropriate 

source apportionment that can be utilized in epidemiological studies investigating 

the association between UFP from multiple sources and different health 
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outcomes.  

To our knowledge, our study is the first to focus explicitly on the sensitivity 

of aircraft source attribution results to choices about temporal resolution (hourly 

vs. 10-minute average) and distributional characterization (mean vs. 95th 

percentile) of PNC data. Many studies in the literature rely on hourly mean or 

median concentrations. There are a limited number of studies that included 

peaks or upper percentile measurements in their analyses; however, for those 

that did, it was either using a more descriptive approach or not the main focus of 

the study.48,51 Our results suggest that modeling upper percentile PNC using 

higher temporal resolution data will capture a stronger PNC signal associated 

with aircraft activity at locations that are close to the sources (i.e. N1), both based 

on horizontal distance to the airport and vertical distance to aircraft in-flight. 

However, lower temporal resolution (hourly) data showed larger contributions of 

arrival aircraft at locations that are more distant from the sources (i.e. I1), 

potentially related to the dampened and variable signal. Looking at the literature, 

studies comparing the aviation impact across multiple sites often use the same 

temporal resolution data,18,20 but this may not be the most meaningful way to 

assess aviation contribution, especially if a study involves multiple sites with a 

large geographic spread. While our quantitative estimates may not generalize to 

other airports, our findings provided the rationale and evidence for the 

importance of exploring the effects of using different temporal resolution and 

distributional characterization of PNC data in order to correctly answer particular 
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research questions of interest. 

 Another finding was the varying influence of impact sector wind on PNC at 

hourly and 10-minute resolution across the sites. Previous literature showed a 

positive association between impact sector wind and PNC at hourly resolution, 

similar to what was shown in our data.18 However, we found no such association 

with our 10-minute data. One potential explanation for this difference is the time 

needed for the plumes to reach a given ground-level monitoring location. Some 

experimental studies reported the time for the vortices to collapse into aircraft 

turbulence is between 1.5 and 3 minutes, which allows for the particles from the 

vortices to disperse into the ambient air, and the descending rate of the wake 

vortices to be between 1.2 and 2.4 m/s.57,58 The combination of these two 

suggests that it is possible that the particles emitted from arrival aircraft might not 

reach the ground level within the 10-minute window at some of our monitoring 

sites based on the average altitudes of aircraft at a given site (Table 2.1). While 

in theory models incorporating lag structures could be utilized, given variable 

dispersion patterns and frequent flight arrival activity, they would be unlikely to 

fully capture this phenomenon. We should note that these numbers were 

generated under an experimental setting, so there are likely to be even more 

variability in our study setting.  

 Corresponding to the findings of other recent studies, our study confirmed 

the large geographic extent of the impact of arrival aircraft on ambient PNC, as 

illustrated by the increase in PNC associated with individual arrival aircraft shown 
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at site F1 and F2.18,19 In addition, our study also confirmed the differential 

patterns of association between wind speed and PNC associated with aviation 

activities versus ground-level traffic, similar to what was shown in previous airport 

and PNC studies.18,52 The monitoring sites included in previous studies 

displaying a positive association between wind speed and PNC were located 

either directly at the end of the runways or very close to the airport, which is 

similar to where sites N1 and N2 were located in our study (3 km and 4 km from 

the airport, respectively). Sites further from the airport did not exhibit comparable 

patterns, indicating either dominant contributions from ground-level UFP sources 

or that the plumes no longer had the same buoyancy characteristics at an 

appreciable distance from the source. 

Our study also found that crude categorization of aircraft was not enough 

to identify specific emission levels associated with individual aircraft at our study 

sites. Though PDARS data provided aircraft identifying information such as 

weight class and performance category, the results of including those data in the 

regression models were largely uninterpretable. This may indicate that the crude 

data on aircraft type do not provide sufficient information to ascertain individual 

aircraft emissions since factors such as engine type, engine age, and number of 

passengers, which are not available in PDARS data, would greatly impact the 

emission levels of individual aircraft. On the other hand, this may indicate the 

difficulty of assessing the impact of different emission rates based on individual 

aircraft type when we are trying to examine the ground-level impact of aircraft at 
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high altitudes. There is a study that detected a positive association between a 

similarly crude aircraft identifying information (aircraft weight) and measured 

PNC.51 However, in that study, PNC were measured directly at the takeoff blast 

fence, which minimized other meteorological and surrounding environment 

impacts on measured PNC.  

 Beyond our findings on quantified aircraft impact on PNC, we also found 

the importance of correctly accounting for temporal autocorrelation, as not 

properly accounting for autocorrelation resulted in differences in effect estimates 

with substantially larger AIC. There are only a few studies conducting aviation 

source attribution that account for temporal autocorrelation, while most other 

studies ignore it.12,46,52,59 Not correctly accounting for autocorrelation can result in 

a biased intercept as well as coefficients of interest. Future studies building 

regression models must consider temporal autocorrelation in order to obtain 

unbiased study results and to improve model fit.  

 Our study had a few limitations. First, even though the PNC 

measurements were made at six different locations, the meteorological data were 

from one location, the airport. The local conditions such as surrounding buildings, 

which can alter meteorological conditions on a smaller scale, could have affected 

the particle dispersion. However, the regional meteorology would have likely 

played a more important role in particle dispersion from arrival aircraft emissions. 

Another limitation is our inability to directly associate the PNC peaks with aircraft 

activity, which is largely a function of our study sites being farther away from the 
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runways with aircraft at much higher altitudes than many other studies, resulting 

in variable time lags from emission to the measured PNC on the ground.  

 In spite of these limitations, our study offers some valuable insights for 

future studies of contributions of aircraft or other intermittent sources to PNC. 

First, our study provides a novel approach in assessing aircraft contribution to 

ambient PNC. To our knowledge, our study is the first study to extensively 

investigate the effect of modeling for mean and upper percentile PNC using high 

and low temporal resolution data in regression models. This approach is 

reasonable given a strong and intermittent source characteristic of aircraft. 

Second, our study formally accounted for autocorrelation, which was often 

unaccounted for in other studies. The differences in model outputs with and 

without accounting for autocorrelation demonstrate the importance of correctly 

accounting for autocorrelation in future studies. Third, all of our study sites were 

strategically selected to capture arrival aircraft impact, minimizing the influence of 

ground-level traffic on our measurements and with limited correlation between 

aircraft arrival activity and traffic. Lastly, the highly varying meteorological 

conditions at Logan allowed us to examine the widely varying impact of different 

wind directions and speeds on ambient PNC, which was not always available in 

previous studies.17,19,52 

 

Conclusions 
 
 Our study aimed to advance our understanding of arrival aircraft 
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contributions to ambient PNC near a large airport by employing a novel approach 

of using varying temporal resolution and distributional characterization of PNC 

data. Our study found a significant impact of individual arrival aircraft on 

measured ambient PNC at all of our monitoring sites that were at varying 

distances from the airport. In addition, we found that modeling higher percentiles 

of PNC allowed us to capture the strong and intermittent individual aircraft 

contribution, which has a direct implication for future aviation and air pollution 

studies. We also showed the importance of appropriate time resolution selection 

for aviation source attribution, with the selection potentially varying as a function 

of proximity to the airport as well as the specific research question of interest. 

Overall, our study laid the groundwork for future studies to more accurately 

determine aviation contributions to ambient air pollution. 
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Tables 
Table 3 

Table 3.1. Multivariable regression model results of hourly and 10-minute mean 
PNC at multiple monitoring sites, accounting for autocorrelation 

 Mean PNC (particles/cm3) 

 Hourly 10-Minute 

 
Exponentiated 

Regression 
Coefficients 

95% CI 
Exponentiated 

Regression 
Coefficients 

95% CI 

     
 N1 

Intercept 15,100 (9,800, 23,100) 9,500 (6,500, 13,900) 

4L4R runway arrival 
aircraft frequency 

1.016 (1.013, 1.020) 1.008 (1.001, 1.015) 

All other aircraft activity 
frequency 

1.007 (1.006, 1.009) 1.002 (0.999, 1.005) 

Temperature (Celsius) 0.982 (0.969, 0.994) 0.989 (0.976, 1.001) 

Relative humidity (%) 0.993 (0.990, 0.997) 1.000 (0.997, 1.002) 

Wind speed (m/s) 0.934 (0.910, 0.959) 0.983 (0.971, 0.995) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

0.986 (0.976, 0.997) 1.011 (0.998, 1.025) 

Precipitation (mm/hour) 0.966 (0.934, 1.000) 0.989 (0.970, 1.008) 

Weekday vs. weekend 1.062 (0.889, 1.267) 1.050 (0.844, 1.306) 

Impact sector (yes) 1.119 (0.855, 1.466) 0.941 (0.868, 1.020) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.114 (1.056, 1.176) 1.031 (1.014, 1.047) 

     
 I1 

Intercept 24,900 (17,600, 35,300) 12,300 (8,900, 17,000) 

4L4R runway arrival 
aircraft frequency 

1.015 (1.012, 1.018) 1.003 (0.997, 1.008) 

All other aircraft activity 
frequency 

1.010 (1.009, 1.012) 1.003 (1.000, 1.005) 

Temperature (Celsius) 0.964 (0.954, 0.974) 0.989 (0.978, 1.000) 

Relative humidity (%) 0.995 (0.993, 0.998) 0.999 (0.997, 1.001) 

Wind speed (m/s) 0.913 (0.893, 0.933) 0.986 (0.977, 0.995) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

1.003 (0.994, 1.012) 1.012 (1.000, 1.024) 

Precipitation (mm/hour) 0.991 (0.963, 1.02) 0.997 (0.983, 1.012) 
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Weekday vs. weekend 0.904 (0.796, 1.025) 0.996 (0.813, 1.221) 

Impact sector (yes) 1.244 (1.021, 1.516) 0.963 (0.908, 1.022) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.038 (0.997, 1.079) 1.021 (1.007, 1.036) 

     
 F1 

Intercept 20,100 (13,100, 30,8003) 6,100 (4,500, 8,100) 

4L4R runway arrival 
aircraft frequency 

1.010 (1.007, 1.013) 0.999 (0.994, 1.003) 

All other aircraft activity 
frequency 

1.004 (1.003, 1.005) 1.001 (0.999, 1.002) 

Temperature (Celsius) 0.982 (0.970, 0.994) 1.000 (0.990, 1.010) 

Relative humidity (%) 0.990 (0.987, 0.993) 0.999 (0.997, 1.000) 

Wind speed (m/s) 0.904 (0.884, 0.925) 0.992 (0.985, 1.000) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

0.997 (0.986, 1.007) 1.012 (1.000, 1.023) 

Precipitation (mm/hour) 1.024 (0.979, 1.071) 1.004 (0.986, 1.022) 

Weekday vs. weekend 1.094 (0.946, 1.266) 1.094 (0.900, 1.330) 

Impact sector (yes) 1.079 (0.861, 1.354) 1.016 (0.963, 1.072) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.023 (0.964, 1.086) 0.995 (0.908, 1.009) 

Table 4 
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Table 3.2. Multivariable regression model results of hourly and 10-minute 95th 
percentile PNC at multiple monitoring sites, accounting for autocorrelation 

 
 95th Percentile PNC (particles/cm3) 

 Hourly 10-Minute 

 
Exponentiated 

Regression 
Coefficients 

95% CI 
Exponentiated 

Regression 
Coefficients 

95% CI 

     
 N1 

Intercept 18,300 (12,200, 27,600) 15,400 (10,100, 23,600) 

4L4R runway arrival 
aircraft frequency 

1.025 (1.021, 1.029) 1.034 (1.024, 1.044) 

All other aircraft activity 
frequency 

1.008 (1.006, 1.01) 1.004 (0.999, 1.008) 

Temperature (Celsius) 0.969 (0.958, 0.981) 0.976 (0.963, 0.989) 

Relative humidity (%) 0.997 (0.994, 1.000) 0.999 (0.996, 1.002) 

Wind speed (m/s) 0.955 (0.929, 0.983) 0.988 (0.972, 1.004) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

1.006 (0.995, 1.016) 1.014 (1.000, 1.029) 

Precipitation (mm/hour) 0.971 (0.934, 1.009) 0.998 (0.974, 1.023) 

Weekday vs. weekend 1.054 (0.903, 1.230) 1.074 (0.871, 1.323) 

Impact sector (yes) 1.356 (1.003, 1.835) 0.982 (0.874, 1.102) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.081 (1.018, 1.148) 1.033 (1.009, 1.057) 

     
 I1 

Intercept 30,900 (21,600, 44,100) 16,500 (11,100, 24,500) 

4L4R runway arrival 
aircraft frequency 

1.020 (1.016, 1.023) 1.011 (1.002, 1.019) 

All other aircraft activity 
frequency 

1.012 (1.011, 1.014) 1.006 (1.002, 1.009) 

Temperature (Celsius) 0.954 (0.945, 0.964) 0.982 (0.969, 0.995) 

Relative humidity (%) 0.997 (0.995, 1.000) 0.999 (0.996, 1.002) 

Wind speed (m/s) 0.919 (0.897, 0.941) 0.983 (0.970, 0.997) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

1.006 (0.997, 1.015) 1.017 (1.003, 1.030) 

Precipitation (mm/hour) 0.995 (0.963, 1.029) 1.001 (0.981, 1.021) 

Weekday vs. weekend 0.906 (0.804, 1.020) 1.005 (0.818, 1.234) 
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Impact sector (yes) 1.213 (0.970, 1.519) 0.955 (0.869, 1.049) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.064 (1.018, 1.112) 1.035 (1.013, 1.058) 

     
 F1 

Intercept 24,500 (15,200, 39,400) 6,800 (4,600, 10,000) 

4L4R runway arrival 
aircraft frequency 

1.012 (1.008, 1.016) 1.000 (0.993, 1.008) 

All other aircraft activity 
frequency 

1.006 (1.004, 1.007) 1.002 (0.999, 1.004) 

Temperature (Celsius) 0.976 (0.963, 0.989) 1.002 (0.99, 1.014) 

Relative humidity (%) 0.990 (0.987, 0.993) 0.997 (0.995, 1.000) 

Wind speed (m/s) 0.913 (0.888, 0.939) 0.990 (0.978, 1.003) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

0.999 (0.988, 1.011) 1.015 (1.002, 1.028) 

Precipitation (mm/hour) 1.022 (0.965, 1.081) 1.002 (0.974, 1.031) 

Weekday vs. weekend 1.177 (1.019, 1.36) 1.163 (0.963, 1.403) 

Impact sector (yes) 0.986 (0.741, 1.312) 1.042 (0.950, 1.143) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.072 (0.996, 1.155) 0.990 (0.966, 1.015) 
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Figures 
 
Figure 3.1. Boxplots displaying 4L/4R arrival aircraft contributions to estimated 
ambient PNC (95th percentile, 1-hour average) using multivariable regression 
model predictions with actual arrival activity and assuming no arrival aircraft 
restricting to time-periods with non-zero 4L/4R arrival aircraft activity.  
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Figure 3.2. Plots displaying the association between wind speed and log-
transformed PNC for impact vs. non-impact winds using the hourly 95th percentile 
PNC multivariable regression model output. 
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Supplemental material 
Table 5 

Table S3.1. Multivariable regression model results of hourly and 10-minute mean 
PNC at multiple monitoring sites, accounting for autocorrelation 

 Mean PNC (particles/cm3) 

 Hourly 10-Minute 

 
Exponentiated 

Regression 
Coefficients 

95% CI 
Exponentiated 

Regression 
Coefficients 

95% CI 

     
 N2 

Intercept 29,000 (18,500, 45,400) 8,900 (6,100, 13,000) 

4L4R runway arrival 
aircraft frequency 

1.010 (1.006, 1.013) 1.000 (0.994, 1.007) 

All other aircraft activity 
frequency 

1.008 (1.006, 1.010) 1.000 (0.998, 1.003) 

Temperature (Celsius) 0.961 (0.948, 0.974) 0.992 (0.980, 1.005) 

Relative humidity (%) 0.991 (0.988, 0.994) 0.999 (0.996, 1.001) 

Wind speed (m/s) 0.921 (0.896, 0.946) 0.982 (0.972, 0.993) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

0.993 (0.981, 1.006) 1.007 (0.992, 1.023) 

Precipitation (mm/hour) 0.991 (0.952, 1.032) 0.996 (0.976, 1.016) 

Weekday vs. weekend 1.239 (1.046, 1.467) 1.267 (1.006, 1.596) 

Impact sector (yes) 0.948 (0.726, 1.238) 0.924 (0.849, 1.006) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.099 (1.034, 1.169) 1.021 (0.999, 1.043) 

     
 I2 

Intercept 30,100 (20,900, 43,200) 9,100 (6,300, 13,100) 

4L4R runway arrival 
aircraft frequency 

1.012 (1.009, 1.015) 1.000 (0.995, 1.005) 

All other aircraft activity 
frequency 

1.008 (1.007, 1.010) 1.002 (1.000, 1.004) 

Temperature (Celsius) 0.966 (0.956, 0.976) 0.999 (0.987, 1.011) 

Relative humidity (%) 0.990 (0.988, 0.993) 0.998 (0.995, 1.000) 

Wind speed (m/s) 0.919 (0.898, 0.94) 0.990 (0.980, 0.999) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

0.998 (0.990, 1.007) 1.003 (0.991, 1.016) 

Precipitation (mm/hour) 0.990 (0.963, 1.017) 0.998 (0.984, 1.011) 
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Weekday vs. weekend 0.984 (0.848, 1.143) 1.075 (0.846, 1.365) 

Impact sector (yes) 1.094 (0.908, 1.318) 0.962 (0.912, 1.014) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.047 (1.015, 1.080) 1.010 (1.001, 1.020) 

     
 F2 

Intercept 12,000 (8,200, 17,600) 6,100 (4,400, 8,300) 

4L4R runway arrival 
aircraft frequency 

1.010 (1.007, 1.013) 0.998 (0.994, 1.003) 

All other aircraft activity 
frequency 

1.005 (1.004, 1.007) 1.000 (0.999, 1.002) 

Temperature (Celsius) 0.987 (0.976, 0.998) 1.001 (0.990, 1.012) 

Relative humidity (%) 0.993 (0.991, 0.996) 0.999 (0.997, 1.001) 

Wind speed (m/s) 0.934 (0.915, 0.955) 0.988 (0.980, 0.996) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

1.007 (0.998, 1.017) 1.010 (0.999, 1.022) 

Precipitation (mm/hour) 0.999 (0.974, 1.024) 1.009 (0.997, 1.020) 

Weekday vs. weekend 1.069 (0.905, 1.262) 1.062 (0.857, 1.315) 

Impact sector (yes) 0.886 (0.751, 1.045) 0.997 (0.955, 1.041) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.032 (1.003, 1.062) 0.999 (0.991, 1.007) 
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Table S3.2. Multivariable regression model results of hourly and 10-minute 95th 
percentile PNC at multiple monitoring sites, accounting for autocorrelation 
 
 95th Percentile PNC (particles/cm3) 

 Hourly 10-Minute 

 
Exponentiated 

Regression 
Coefficients 

95% CI 
Exponentiated 

Regression 
Coefficients 

95% CI 

     
 N2 

Intercept 36,500 (22,500, 59,000) 13,700 (8,600 21,600) 

4L4R runway arrival 
aircraft frequency 

1.017 (1.013, 1.021) 1.012 (1.002, 1.022) 

All other aircraft 
activity frequency 

1.010 (1.008, 1.012) 1.000 (0.996, 1.004) 

Temperature (Celsius) 0.954 (0.941, 0.967) 0.986 (0.971, 1.001) 

Relative humidity (%) 0.992 (0.989, 0.996) 0.997 (0.994, 1.000) 

Wind speed (m/s) 0.927 (0.898, 0.957) 0.978 (0.963, 0.994) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

0.996 (0.983, 1.009) 1.010 (0.993, 1.027) 

Precipitation 
(mm/hour) 

1.002 (0.954, 1.053) 0.993 (0.965, 1.021) 

Weekday vs. weekend 1.300 (1.102, 1.533) 1.316 (1.052, 1.647) 

Impact sector (yes) 1.009 (0.732, 1.392) 0.861 (0.753, 0.985) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.139 (1.059, 1.225) 1.049 (1.014, 1.085) 

     
 I2 

Intercept 41,000 (28,600, 58,600) 15,600 (10,300, 23,600) 

4L4R runway arrival 
aircraft frequency 

1.015 (1.012, 1.018) 1.006 (0.998, 1.014) 

All other aircraft 
activity frequency 

1.010 (1.008, 1.012) 1.005 (1.001, 1.009) 

Temperature (Celsius) 0.955 (0.945, 0.964) 0.983 (0.970, 0.997) 

Relative humidity (%) 0.992 (0.989, 0.994) 0.997 (0.994, 1.000) 

Wind speed (m/s) 0.917 (0.894, 0.94) 0.980 (0.966, 0.994) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

1.000 (0.992, 1.009) 1.008 (0.995, 1.022) 

Precipitation 
(mm/hour) 

0.996 (0.965, 1.028) 1.001 (0.982, 1.02) 
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Weekday vs. weekend 0.989 (0.868, 1.127) 1.081 (0.870, 1.342) 

Impact sector (yes) 1.141 (0.917, 1.421) 0.976 (0.894, 1.066) 

Wind speed 
(m/s)*Impact sector 

(yes) 
1.066 (1.028, 1.105) 1.013 (0.997, 1.029) 

     
 F2 

Intercept 16,500 (11,000, 24,800) 8,000 (5,400, 11,900) 

4L4R runway arrival 
aircraft frequency 

1.014 (1.010, 1.017) 1.002 (0.993, 1.01) 

All other aircraft 
activity frequency 

1.007 (1.005, 1.009) 1.003 (1.000, 1.007) 

Temperature (Celsius) 0.975 (0.964, 0.986) 0.995 (0.982, 1.007) 

Relative humidity (%) 0.994 (0.991, 0.997) 0.998 (0.995, 1.001) 

Wind speed (m/s) 0.936 (0.912, 0.961) 0.981 (0.968, 0.994) 

Mixing height (m) 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 

Atmospheric pressure 
(millibar) 

1.010 (1.000, 1.02) 1.015 (1.003, 1.028) 

Precipitation 
(mm/hour) 

0.994 (0.961, 1.027) 1.015 (0.997, 1.034) 

Weekday vs. weekend 1.138 (0.976, 1.328) 1.122 (0.921, 1.368) 

Impact sector (yes) 0.925 (0.745, 1.148) 0.971 (0.895, 1.054) 
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Abstract 
 
Background: Aircraft noise can affect populations living near airports, with 

pronounced spatial and temporal variability. Chronic exposure to aircraft noise 

has been associated with cardiovascular health effects including hypertension. 

However, previous studies have been limited in their ability to characterize 

avaiation-related noise exposures over time and to adequately control for 

confounders.  

 

Objectives: The aim of this study was to examine the association between 

aircraft noise and incident hypertension in a cohort of female nurses, utilizing 

aircraft noise exposure estimates with high spatial resolution over a 20-year 

period.  

 

Methods: We modeled long-term time-varying aircraft noise levels from 1995 to 

2015 for 90 airports in the U.S. and assigned noise estimates to participants in 

the Nurses’ Health Study (NHS) and NHS II based on their geocoded addresses. 

We used time-varying Cox proportional hazards models to estimate hypertension 

risk associated with time-varying aircraft noise exposure adjusting for both fixed 

and time-varying covariates.  

 

Results: Our study results showed an indication of an increased risk for incident 

hypertension associated with increased exposure to aircraft noise in both 
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cohorts. The meta-analysis across both cohorts showed a hazard ratio (HR) of 

1.02 (95% CI: 0.98, 1.07) and HR of 1.08 (95% CI: 0.98, 1.18) for the 

multivariable model using 45 and 55 dB(A) as cut-points, respectively. The 

results from sensitivity analyses demonstrated the robustness of our findings. 

Our study also found an independent association between aircraft noise and 

hypertension independent of that of air pollution.  

 

Discussion: Our study suggests potential health effects of annual aircraft noise 

exposure below the regulatory threshold (65 dB(A)). More generally, we 

demonstrated the ability to develop robust longitudinal aircraft noise estimates 

across the entire U.S., which could be applied to many nation-wide cohorts to 

understand effects on the general population or subpopulations of interest.  
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Introduction 
 
 Individuals are exposed to multiple sources of noise every day from 

occupational to residential settings. Even though individuals can habituate to 

noise exposures at a certain level,8 chronic noise exposures can still lead to 

changes in the autonomic nervous system and the endocrine system, resulting in 

adverse health effects such as increases in blood pressure, blood lipids and 

glucose levels.5,7–9,23,60 Hypertension, in particular, has been examined 

extensively given both the biological plausibility of the association and the 

importance of hypertension as a public health issue given that it is prevalent in 

the population and is a major risk factor for cardiovascular disease.22,33,61,62 The 

biological plausibility of noise leading to hypertension and cardiovascular effects 

has often been tested under occupational or experimental settings, but it is being 

linked to environmental noise exposures as well.63 

 Aircraft noise, the unwanted sound created by flight activities, has been 

shown to have a greater impact than many other noise sources in exposed 

communities. For example, people report the highest levels of annoyance and 

self-reported sleep disturbance at the same equivalent noise level for aircraft 

noise compared to other transportation noise sources such as roads and 

railways.8,22 In addition, adverse health effects such as increased blood pressure 

were shown to be more strongly associated with aircraft noise compared to white 

noise of the same level.64 In other words, the distinct characteristics associated 

with aircraft noise exposure are likely to be important in its associations with 
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adverse health effects.64,65 Aircraft noise is also of particular interest due to its 

chronicity and prevalence in certain communities near airports or beneath flight 

paths.  

 Though there is accumulating literature investigating the relationship 

between chronic exposure to aircraft noise and hypertension, the magnitudes 

and strengths of the association vary substantially across different studies.23,28,65 

Some studies found increased hypertension risk associated with increased 

aircraft noise,28–30 while others found no association.28,66,67 Several studies 

reported a stronger exposure-response relationship for nighttime aircraft noise,31–

33 consistent with effects associated with sleep disturbance,68 while one study 

reported a stronger association for day-night average noise level.23 A range of 

diverse sensitive populations to aircraft noise was identified in different studies 

including older people, non-smokers, men, and people with normal glucose 

tolerance and higher level of annoyance.10,30,32  

 A number of factors could contribute to the inconsistency in the literature, 

including differences in study populations, exposure characterization methods, 

and ability to control for potential confounders.28,69 In particular, more studies are 

cross-sectional or case-control, with limited numbers of prospective cohort 

studies conducted in Europe and none in the U.S.10,31–33,70 There are also few 

studies with extensive longitudinal noise data at high spatial resolution. High 

spatial and temporal resolution data would reduce the level of exposure 

misclassification and allow for changing noise exposures over time in addition to 
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other time-varying covariate information. The ability to appropriately control for 

potential confounders would allow us to more accurately examine the magnitude 

of the association between aircraft noise exposure and hypertension.   

 In this study, we modeled noise exposure around multiple airports using a 

single noise model at high geographic resolution across a 20-year period, and we 

connected these longitudinal data with large national-scale prospective Nurses’ 

Health cohort studies. To our knowledge, this study is the first multi-airport 

prospective cohort study examining aircraft noise impacts on hypertension in the 

U.S. 

 

Methods 
 

Study Populations 

 The two prospective cohorts included in this study were Nurses’ Health 

Study (NHS) and Nurses’ Health Study II (NHS II). The NHS cohorts are among 

the largest and most well-recognized longitudinal studies to investigate the risk 

factors for chronic diseases in women. NHS started in 1976 and was composed 

of 121,700 female nurses, who were born between 1921 and 1946, living in one 

of 11 populous states (CA, CT, FL, MD, MA, MI, NJ, NY, OH, PA, and TX) in the 

U.S. NHS II enrolled 116,000 female nurses, who were born between 1946 and 

1964, living in 14 states (CA, CT, IN, IA, KY, MA, MI, MO, NY, NC, OH, PA, SC, 

and TX). Questionnaires were sent every two years with relatively high response 



www.manaraa.com

 

 69 

rates (80~90%),71,72 which included extensive questions on demographic and 

physical characteristics, health status and lifestyle, and family disease history.  

Aircraft Noise Exposure 

 We worked collaboratively with the Federal Aviation Administration (FAA) 

and the John A. Volpe National Transportation Systems Center to design 

modeled annual noise contours for epidemiological applications for 1995, 2000, 

2005, 2010, and 2015 for 90 U.S. airports (Figure 4.1). The source of aircraft 

operations data came from Official Airline Guide (OAG - air travel intelligence) for 

1995, and from ETMS (Enhanced Traffic Management System) for all other 

years. Operations were annualized into a single average annual day, using the 

following data: Aircraft Noise and Performance (ANP) aircraft type, day (7am to 

10pm local time) or night (10pm to 7am location) time, and operation airport. In 

addition, detailed departure and arrival runway, flight path utilization, and stage 

length data were acquired for the 90 airports included in the study to approximate 

tracks taken in an annualized year. The Aviation Environmental Design Tool 

(AEDT) was then used to compute the noise exposure data using the annualized 

flight track information.73 AEDT models both noise and emissions based on flight 

activity patterns and aircraft attributes, and is the tool used by U.S. regulatory 

bodies for domestic planning, environmental compliance, and research 

analyses.74 AEDT replaced the Integrated Noise Model (INM), one of the widely 

used legacy noise modeling tools, with improved algorithms to better capture 

aircraft performance and positioning.74  
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Our aircraft noise contours were estimated at 1 decibel (dB) resolution 

down to a minimum of 45 dB(A), considered a quiet background level, 

characterized for both day (7am to 10pm local time) and night (10pm to 7am 

local time) at ~600-feet spatial resolution. We focused on the noise metric of the 

Day-Night Average Sound Level (DNL), a 24-hour weighted average that applies 

a 10 dB(A) penalty for nighttime noise, which is the metric used in U.S. aviation 

decision-making.   

 The modeled exposure surfaces were intersected with the participants’ 

geocoded addresses during follow-up and were assumed to have remained the 

same in each of the 5-year time intervals. There was a very small percentage 

(less than 1%) of people that lived close to more than one airport. The sum of the 

noise contours was calculated for those participants (noting that noise is 

measured on a log-scale and therefore was summed subsequent to statistical 

transformation). Participants that did not live within the modeled noise contours 

of the 90 airports were assumed to be exposed to less than DNL 45 dB(A) 

aircraft noise.  

 

Hypertension Incidence 

 Participants of each cohort self-reported hypertension diagnosis biennially. 

Medical records were not used to confirm the disease diagnosis; however, a 

validation study showed a very high correlation between the self-report and the 

medical records.75 
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Covariates 

 Both fixed and time-varying covariate data were available from 

questionnaires. We selected a large set of a priori variables to be examined as 

confounders and/or effect modifiers including age, alcohol use (grams/day), body 

mass index (BMI; kilograms per meter squared), calendar year, comorbidities 

(diabetes, hearing loss, hypercholesterolemia), current smoking status (yes/no), 

diet (the dietary approaches to stop hypertension (DASH) score),76 hearing 

problem, family history of hypertension, individual-level socioeconomic status 

(SES) (educational attainment, marital status, and partner’s educational 

attainment), medication use (current statin and nonnarcotic analgesic intake drug 

use), menopausal status, physical activity (metabolic equivalent hours per week - 

MET), and race, as well as area-level (census-tract median income and house 

value) SES, air pollution (PM2.5 and PM2.5-10), and covariates for region and 

latitude. Most covariate data came from the questionnaires, except for air 

pollution and area-level SES data, and were updated biennially. We had limited 

data on air pollution and area-level SES (from 1994 to 2007) that were matched 

with participants’ geocoded addresses. Air pollution estimates were developed 

using a GIS-based spatial smoothing model using central monitor data. Detailed 

methods for air pollution estimates are available elsewhere.77,78  

 Each individual variable was added to the basic model that included age 

and calendar year and its confounding effect was assessed. Those known to be 

important risk factors for hypertension or had a significant association with the 
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outcome of interest were kept in the final multivariable model.  

  

Population for Analysis 

 Women who reported a diagnosis of hypertension at baseline (1994 for 

NHS and 1995 for NHS II) were excluded from the analysis, corresponding to the 

earliest date of their respective survey cycle with available noise estimates. After 

this exclusion, there were a total of 61,879 and 94,592 participants from NHS 

and NHS II, respectively, available for analysis. No imputation was performed on 

our missing data due to computational limitations given the large sample size and 

large number of covariates. Instead, a missing category was created for each 

categorical covariate, and was included in the analysis. Percent missing ranged 

from 1% to 18% with largest missing shown in physical activity, diet, and alcohol 

consumption data, which were collected every four years (Table 4.1). 

 

Statistical Analysis 

 Our analyses were limited to years 1994-2013 for NHS and 1995-2012 for 

NHS II based on the availability of noise data along with questionnaire data. 

Participants started contributing person-time from the return date of the baseline 

questionnaire until they developed hypertension, or were censored at the time of 

death or end of follow-up. On average, there were approximately 7% and 2% lost 

to follow-up or death for NHS and NHS II, respectively. We assessed socio-

demographic characteristics of participants of each cohort categorized into two 
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groups using a 55 dB(A) cut-point using t-test and chi-square test to determine 

any exposure status-specific underlying differences.  

 We used time-varying Cox proportional hazards models to estimate 

hypertension risk associated with time-varying aircraft noise exposure adjusting 

for both fixed and time-varying covariates stratifying by age in months and 2-year 

calendar period in order to adjust for trends over time. For analyses of the 

association of interest, we used dichotomous classification for aircraft noise using 

two different cut-points (45 and 55 dB(A) DNL), and subjects below these cut-

points were considered as the reference group. We used a 45 dB(A) cut-point, 

which is the lowest noise level developed in our noise models, in order to assess 

the impact of modeled aircraft noise exposure that is often considered as 

background. A 55 dB(A) cut-point reflects guidelines from the WHO related to 

nighttime noise, with levels above 55 dB(A) likely to trigger adverse health 

effects, such as hypertension.79  

The analyses were first conducted separately by cohort, then as a meta-

analysis in order to combine the results from the two cohorts. In the meta-

analysis, we applied inverse-variance weighting and heterogeneity of the two 

cohorts was examined to determine if random-effects meta-analysis was 

warranted.  

 We also conducted a few sensitivity analyses in order to examine the 

robustness of our results using the 55 dB(A) cut-point. First, we restricted our 

analyses to those participants that lived close to one of the 90 airports included in 
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noise exposure modeling (those with assigned DNL >= 45 dB(A)) in an effort to 

address potential exposure error and to minimize the impact of potential 

differences in populations among those living proximate to airports versus farther 

away. Second, we excluded participants that had exposure above DNL 65 dB(A), 

because this is the eligibility threshold to receive noise abatement measures 

through the FAA and some individual airports, and therefore there is potential for 

increased exposure error. Lastly, we restricted our data to time periods with air 

pollution and area-level SES data (available up to 2008), which resulted in 

shorter time periods included in the analysis, to verify the independent impact of 

noise on hypertension apart from air pollution and area-level SES.  

We evaluated effect modification by including a multiplicative term of 

exposure and current smoking status, diabetes status, family history of 

hypertension, hearing problem, menopause status, and statin use, in order to 

identify potentially sensitive populations in our cohorts.  

 Statistical Analysis System (SAS) 9.4 was used for all analyses. 

 

 
Results  
 
 As expected, given the earlier recruitment date for NHS, age distributions 

and some age-related outcomes (e.g., diabetes, hypercholesterolemia and statin 

use, hearing loss and menopause) differed between NHS and NHSII.  For other 

variables, the baseline characteristics were relatively similar between the two 

cohorts, except for a fairly large difference in family history of hypertension, and 



www.manaraa.com

 

 75 

small differences in alcohol consumption and current smoking status. A number 

of baseline characteristics of exposed and unexposed participants were relatively 

similar in both cohorts, such as age and BMI. However, there was some 

dissimilarity such as higher percentage of non-Caucasian and higher air pollution 

levels in the exposed group compared to the non-exposed group (Table 4.1).  

 The percentages of participants exposed to different levels of aircraft 

noise in each cohort at baseline are displayed in Table 4.2. Less than 10% of the 

overall NHS and NHS II participants at baseline were exposed to aircraft noise as 

a result of living near one of the 90 airports included in our noise exposure 

assessment. Less than 1% of the participants were exposed to aircraft-

associated DNL above 55 dB(A), with even fewer participants exposed to DNL 

above 65 dB(A).  

 The basic model includes adjustment for age and calendar year, while the 

multivariable model includes adjustment for a number of additional covariates 

(alcohol use, BMI, comorbidities (diabetes, hypercholesterolemia), current 

smoking status, DASH, family history of hypertension, medication use (current 

statin and NSAID use), menopause status, and MET). There were 31,421 and 

29,086 hypertension cases over 716,442 and 1,300,400 follow-up years in NHS 

and NHS II, respectively.  

  Table 4.3 presents results from time-varying Cox proportional hazards 

models using two different dichotomous variables for aircraft noise (DNL>=45 

and >55 dB(A)). All four models for NHS, using 45 and 55 dB(A) cut-points and 
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the basic and multivariable models, showed an increased risk of hypertension 

associated with aircraft noise. Being exposed to DNL above 55 dB(A) was 

associated with a 5% increased risk of hypertension in the multivariable model 

(95% CI: -14%, 20%). No increased risk was shown in NHS II cohort associated 

with being exposed to DNL >=45 dB(A). However, when considering DNL above 

55 dB(A) as the cut-point, a larger impact was shown in the multivariable model 

in NHS II compared to NHS, with a 11% increase in hypertension risk (95% CI: -

2%, 26%). In the meta-analysis of the two cohorts, there was an indication of 

elevated hypertension risk associated with aircraft noise. We observed a 2% 

(95% CI: -2%, 7%) and 8% (-2%, 18%) increase in hypertension risk for the 

multivariable model using 45 and 55 dB(A) as cut-points, respectively. Within the 

meta-analysis, no heterogeneity was observed between the two cohorts.  

 Overall, there was no significant confounding observed in our study for 

individual covariates. However, the effect estimates were slightly shifted from the 

basic to the multivariable model in both cohorts (NHS: 8% to 5% and NHS II: 

15% to 11%) only when using the 55 dB(A) cut-point.  

 There were no sensitive sub-groups identified in our study populations, 

with no significant effect modification observed by the covariates (current 

smoking status, diabetes status, family history of hypertension, hearing problem, 

menopause status, and statin use) we examined.  

 The results from our sensitivity analyses using the 55 dB(A) cut-point 

demonstrated the robustness of our findings as shown in Figure 4.2. Restricting 
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the analyses to participants that lived near one of the 90 airports for the noise 

model resulted a significant reduction in sample size in both cohorts. The risk of 

hypertension was increased marginally in NHS II, while aircraft noise was shown 

to be negatively associated with hypertension risk in NHS, both with slightly wider 

confidence intervals. Excluding participants with DNL above 65 dB(A) had little 

influence given the small number of participants excluded from the model. 

Including air pollution and SES data similarly also had only a minimal effect. The 

analyses including air pollution and SES showed that both coarse and fine PM 

were positively associated with hypertension risk, which still did not confound the 

association of our interest (result not shown).  

 

Discussion 
 
 Our study, which is the first to look at the relationship between aircraft 

noise and hypertension in nation-wide cohorts in the U.S., found an indication of 

increased risk of hypertension associated with aircraft noise in female nurses, 

while controlling for other risk factors. Exposure to DNL >55 dB(A) was 

associated with 5% and 11% increase in hypertension risk in NHS and NHS II, 

respectively, with the meta-analysis of the two cohorts showing 8% increased 

risk in hypertension associated with exposure to DNL >55 dB(A).   

 Although previous studies have used different exposure measures and 

reflected multiple epidemiological study designs, complicating direct comparison 

of our quantitative estimates, our findings are broadly consistent with the 
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literature investigating the association between aircraft noise and hypertension.28 

Beyond study design and exposure assessment, an additional factor potentially 

contributing to differences is our focus on an all-female population. While meta-

analyses have shown generally similar odds ratios for men vs. women,28 a few 

studies have shown null associations in women in contrast to positive 

associations shown in men.10,32 Our estimated hazard ratios could be low 

compared to other studies if women are less sensitive to aircraft noise compared 

to men, as well as if our study population is less sensitive to noise given their 

socio-demographic characteristics. It is important to acknowledge that our 

cohorts were comprised of women with a unique occupation, which may be 

associated with better baseline health status and access to healthcare. 

Therefore, the potential underlying differences should be considered when 

applying our study results to women with different characteristics.  

 Our results were robust, as the hazard ratios were relatively stable across 

multiple sensitivity analyses, and the associations (while attenuated) generally 

persisted after controlling for a number of confounders. Excluding participants 

that did not live close to one of the 90 airports included in our noise modeling had 

a relatively large impact on the HR in NHS, but not in NHS II. Given that the 

effect observed in NHS was smaller compared to NHS II, the significant reduction 

in sample size associated with this exclusion criterion may have led to less stable 

estimates and reduced power to detect the associations of interest. Excluding 

participants with DNL larger than 65 dB(A) resulted in a very small increase in 
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risk for hypertension associated with aircraft noise in NHS, which may be related 

to the effect of the noise abatement programs, although given the small number 

of participants excluded it is difficult to make definitive conclusions. It is also 

worth noting that the effect of aircraft noise was not confounded by air pollution in 

our study, similar to the findings from other studies.80,81  

 There were a few limitations of our study. First of all, hypertension status 

was self-reported, though a validation study showed very good correlation 

between the self-report and diagnosis.75 Having direct blood pressure 

measurements and considering blood pressure as a continuous measure, which 

was not available in our cohorts, may have strengthened our ability to detect the 

effects of aircraft noise. Understanding the effect of DNL on hypertension is 

important, as that is the metric used for policy purposes. However, DNL may not 

be the most sensitive measure of the impact of aircraft noise on hypertension, 

especially if sleep disturbance is considered a key pathway. In previous studies, 

nighttime noise has been shown to be more relevant.26,31–33,82 That said, by 

applying a penalty to nighttime noise, DNL potentially captures some concerns 

about sleep disturbance. Additional analyses using nighttime noise or other noise 

metrics would be valuable in better establishing the mechanism by which noise 

influences hypertension.  

 Our study populations were not highly exposed to aircraft noise, which is 

to be expected for a nation-wide cohort not recruited specifically for aircraft noise 

epidemiology. This makes identifying the association or determining the shape of 
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the exposure-response function more challenging, especially if the association 

happens at a higher exposure level and/or the magnitude of the effect is very 

small. However, because of our relatively large population sizes, we were still 

able to see an indication of the association between aircraft noise as measured 

in DNL and hypertension, even if the confidence intervals were at times wide. In 

addition to the small number of participants exposed to a high level of aircraft 

noise, the noise estimates developed based on the residential addresses may 

not represent the true exposure levels of the participants, both because of time 

spent at home versus at work and because of home-specific factors, such as 

window opening behavior or the level of soundproofing.83 Time spent at home 

versus at work is less of a concern for NHS, in which many participants had 

retired during the course of follow-up and were more likely to spend time at 

home. Home-specific factors can affect the individual noise exposure levels since 

people spend more time indoors than outdoors. However, it is unclear whether 

the exposure misclassification related to indoor and outdoor activity patterns and 

home-specific factors could be differential. In theory, those with higher ambient 

noise could take actions such as window closing to reduce their personal 

exposures. This would have resulted in biasing the results towards the null. But 

overall, the probability of substantial differential exposure misclassification is 

likely small, as most individuals spend a significant amount of time indoors at 

home, these populations have comparable workplace characteristics, and there 

is only a very small percentage of participants exposed to high levels of aircraft 
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noise.  

 Another potential source of exposure misclassification arises due to the 

fact that the noise estimates were only developed for 90 airports in the U.S.; 

therefore, participants that lived close to an airport that was not one of the 90 

airports for our noise models would have been incorrectly assigned a lower DNL 

and included in the reference group. In an effort to address this limitation as well 

as the concern that populations not living near airports may differ in multiple 

ways from those who live near airports, we conducted a sensitivity analysis only 

including individuals that lived near one of the 90 airports included in our noise 

modeling. While our findings were broadly consistent, this exclusion criterion led 

to losing a large portion of data resulting in reduced power to detect the effect of 

aviation noise on hypertension in NHS (Figure 4.2).  

 Our study also had several strengths. One of the strengths is the 

prospective cohort study design providing a wide range of time-varying exposure, 

outcome, and covariate information to ensure temporality. The combination of 

having extensive cohort data and motivated medical professionals as participants 

led to very good internal validity with potentially small residual confounding. We 

were also able to assess the impact of an array of potential confounders and the 

robustness of our findings using high quality self-reported data, and given that 

these cohorts are extremely well-characterized, the set of candidate confounders 

was very well determined. Another strength is the consistency of how aircraft 

noise estimates were developed, where the same protocol was used for 



www.manaraa.com

 

 82 

developing noise contours for all 90 airports. This addresses one of the 

limitations often mentioned for meta-analysis investigating this association that 

used noise and outcome data that were developed under different protocols and 

models. 

 

Conclusions 
 
 In conclusion, we found evidence of a positive relationship between 

aircraft noise exposure at DNL above 55 dB(A) and incident hypertension in both 

NHS and NHS II cohorts. Given that the FAA uses a 65 dB(A) DNL threshold for 

sound mitigation, based on older evidence related to annoyance rather than 

health outcomes, our study results suggest further investigation regarding the 

health effects of aircraft noise exposure below the regulatory threshold. More 

generally, the changing spatial patterns of noise exposure given more 

concentrated flight paths may result in health benefits for some populations but 

increased negative consequences for others, meriting further investigation. Our 

study also demonstrated the ability to develop robust longitudinal aircraft noise 

estimates across the entire U.S., which could be applied to other nation-wide 

cohorts to understand effects on the general population or subpopulations of 

interest.  
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Tables  
Table 6 

Table 4.1. Baseline characteristics of 61,879 participants in the Nurses’ Health 
Study and 94,592 participants in the Nurses’ Health Study II free of hypertension 
at baseline dichotomized at the DNL 55 dB(A) level 

 
 DNL <= 55 dB(A) DNL > 55 dB(A) 
 Mean (SD) or % Mean (SD) or % 
   

Characteristic NHS (1994) 

n 61,457 422 

Age (years) 59.1 (7.08) 59.6 (6.89) 

BMI (kg/m2) 25.5 (4.58) 25.6 (4.72) 

DASH score 23.9 (4.95) 24.2 (4.90) 

Physical activity (MET hr/week) 18.9 (22.8) 17.1 (19.9) 

Alcohol consumption (g/day)* 5.06 (8.78) 4.26 (6.98) 

Census-tract median income (USD)* 65,500 (26,000) 60,900 (18,300) 

Census-tract median home value (USD)* 177,000 (135,000) 195,000 (102,000) 

PM2.5 (μg/m3)* 13.0 (2.88) 14.3 (2.47) 

PM2.5-10 (μg/m3) 8.74 (3.88) 10.2 (3.93) 

White* 94.68 88.15 

Diabetes (yes) 3.21 2.37 

Hypercholesterolemia (yes) 29.16 32.23 

Statin use (yes) 18.2 21.33 

Post-menopause (yes) 87.82 88.63 

Current smoking status (yes) 15.15 15.88 

Family history of hypertension (yes) 36.89 38.39 
   

  NHS II (1995) 

n 93,810 782 

Age, (years) 40.1 (4.63) 39.9 (4.57) 

BMI (kg/m2) 25.3 (5.43) 25.5 (5.69) 

DASH score* 23.9 (5.09) 23.4 (5.03) 

Physical activity (MET hr/week) 18.7 (23.0) 19.3 (26.03) 

Alcohol consumption (g/day) 3.50 (6.59) 3.61 (6.42) 

Census-tract median income (USD)* 64,300 (23,700) 62,000 (19,500) 

Census-tract median home value (USD)* 164,000 (123,000) 198,000 (97,100) 

PM2.5 (μg/m3)* 9.79 (4.07) 10.8 (3.48) 

PM2.5-10 (μg/m3)* 14.0 (2.97) 15.0 (2.58) 

White* 93.8 81.3 
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Diabetes (yes) 1 1.66 

Hypercholesterolemia (yes) 9.43 8.06 

Statin use (yes) 3.76 3.96 

Post-menopause (yes) 12.34 10.49 

Current smoking status (yes) 11.2 13.7 

Family history of hypertension (yes) 49.3 50.8 

 

* p-value < 0.05 for testing the difference between two exposure groups 
Abbreviations: BMI, Body Mass Index; DNL, Day-Night average sound Level; DASH, Dietary 
Approaches to Stop Hypertension; HR, Hazard Ratio; NHS, Nurses' Health Study; NHS II, 
Nurses' Health Study II; MET, metabolic equivalent; PM, particulate matter;  
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Table 4.2. Numbers (percentages) of participants exposed to three different 
noise classifications in NHS and NHS II at baseline 
 

 44<DNL<=55 dB(A) 55< DNL<=65 dB(A) DNL>65 dB(A) 

Cohort N (%) N (%) N (%) 
    

NHS (1994) 4,085 (6.60) 407 (0.66) 15 (0.02) 

NHS II (1995) 6,821 (7.21) 752 (0.79) 30 (0.03) 

 

Abbreviations: DNL, Day-Night average sound Level; NHS, Nurses' Health Study; NHS II, 
Nurses' Health Study II;  
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Table 4.3. Hazard ratios (95% CIs) for hypertension associated with aircraft noise 
in NHS, NHS II, and meta-analysis of both cohorts 
 

   Basic Modela Multivariable Modelb 

Exposure category Cases 
Person 
Years 

HR (95% CI)  HR (95% CI) 

NHS  

DNL>=45 dB(A) 
31,421 716,442 

1.04 (1.00, 1.09) 1.04 (0.99, 1.08) 

DNL>55 dB(A) 1.08 (0.95, 1.23) 1.05 (0.86, 1.20) 
     

NHS II  

DNL>=45 dB(A) 
29,086 1,300,400 

1.00 (0.96, 1.04) 1.00 (0.95, 1.04) 

DNL>55 dB(A) 1.15 (1.02, 1.31) 1.11 (0.98, 1.26) 
     

Meta-analysis     

DNL >=45 dB(A) 
60,507 2,016,842 

1.07 (0.98, 1.18) 1.02 (0.98, 1.07) 

DNL >55 dB(A) 1.12 (1.02, 1.22) 1.08 (0.98, 1.18) 

 

aAdjusted for age and calendar year 
bAdjusted for age, calendar year, alcohol use, BMI, comorbidities (diabetes, 
hypercholesterolemia), current smoking status, DASH, family history of hypertension, 
medication use (current statin and NSAID use), menopause status, and MET 
Abbreviations: BMI, Body Mass Index; DNL, Day-Night average sound Level; DASH, Dietary 
Approaches to Stop Hypertension; HR, Hazard Ratio; NSAID, nonnarcotic analgesic intake 
drug; NHS, Nurses' Health Study; NHS II, Nurses' Health Study II; MET, metabolic equivalent;  
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Figures 
 
Figure 4.1. A map of 90 airports included in our study by region 

 

 

Fig ure 5 
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Figure 4.2. Hazard ratios (95% CIs) for hypertension associated with aircraft 
noise in NHS and NHS II (DNL>55 dB(A) vs. <= 55 dB(A)), with sensitivity 
analyses restricting data based on DNL levels and the availability of air pollution 
and area-level SES data 
 

 

Fig ure 6 
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NHS NHS II

95% CI

HR

Multivariable Model: adjusted for age, calendar year, alcohol use, BMI, comorbidities 
(diabetes, hypercholesterolemia), current smoking status, DASH, family history of hypertension, 
medication use (current statin and NSAID use), menopause status, and MET 
Sensitivity 1: restricting participants to those living close to one of the 90 airports (>=45 dB(A)) 
included in the noise modeling 
Sensitivity 2: removing participants with DNL larger than 65 dB(A) 
Sensitivity 3: additionally adjusting for air pollution and area-level SES, which restricts to time 
periods with air pollution (PM2.5 and PM2.5-10) and area-level SES (census-tract median income 
and median home value) data (NHS: 1994-2008, NHS II: 1995-2007) 
Abbreviations: BMI, Body Mass Index; DNL, Day-Night average sound Level; DASH, Dietary 
Approaches to Stop Hypertension; HR, Hazard Ratio; NSAID, nonnarcotic analgesic intake 
drug; NHS, Nurses' Health Study; NHS II, Nurses' Health Study II; MET, metabolic equivalent; 
SES, socio-economic status  
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CHAPTER 5: Conclusion 
 
 The overall objective of my dissertation was to investigate the 

environmental and health impacts of aviation activities. In Chapter 2, we 

examined the impact of arrival aircraft activities on ambient PNC mainly by using 

descriptive analyses and visualizations. Our results confirmed strong and 

intermittent contributions of PNC from arrival aircraft, especially at sites close to 

the airport. We saw notable increases in PNC throughout the day with high 

arrival flight activities and under specific wind conditions. In Chapter 3, we 

developed site-by-site regression models using two different temporal resolution 

(10-minute and hourly) and two different PNC distributional characterizations 

(mean and 95th percentile). Individual arrival aircraft were shown to significantly 

contribute to ambient PNC across all study sites, while controlling for all other 

aircraft activities as well as meteorology. Overall, the 95th percentile PNC models 

indicated larger contributions of individual arrival aircraft to ambient PNC, 

consistent with the strong and intermittent PNC emissions from aircraft. Our 

results also emphasized the importance of carefully considering both site 

locations and research questions of interest when determining the temporal 

resolution and distributional characterization of PNC data within regression 

models. The last project (Chapter 4) showed an increased risk of incident 

hypertension in two Nurses’ Health Studies cohorts while appropriately 

accounting for time-varying noise and other risk factors. Though the effect size 

was relatively small, we saw a positive association in women, who were not 
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shown as a sensitive subgroup for noise effect in some studies,10,32. We also saw 

an association using DNL, while most other studies found a positive association 

only with nighttime aircraft noise32,33, which might be expected if sleep 

disturbance were related to the increased hypertension risk. 

 

Chapter 2: Spatial and temporal patterns of ultrafine particle concentrations in 

near-airport communities along a major arrival flight path in Boston, 

Massachusetts 

 In Chapter 2, we examined PNC at six monitoring sites that were at 

varying distances from the airport as well as the primary arrival flight path into 

Boston Logan International Airport. Instead of aggregating up the PNC 

observations as done in many other studies, we used 1-second time resolution 

data in order to better investigate the peaks associated with aircraft activities 

given the nature of aircraft emissions.12,18 Collecting PNC data at 1-second 

resolution allowed us to preserve the peaks that are likely to be associated with 

aircraft activities. Such peaks could have been missed or reduced if we collected 

data at lower temporal resolution such as 10-minutes or even lower. However, 

since it is difficult to directly link the observed peaks to aircraft activities due to 

varying temporal lags from emissions at high altitudes down to the ground-level 

under different meteorological conditions, we may be fine with slight lower 

temporal resolution than 1-second, such as 10-seconds. More generally, the 

decision of which time resolution data to use will depend on the research 
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question. If a researcher were interested in identifying the strong aircraft signal, 

then higher temporal resolution data would be ideal as the magnitude of PNC will 

likely become lower when aggregating the data up. If the research question is 

more on the overall impact of aircraft activities on ambient air quality, such as 

daily or annual averages, higher resolution data may not be necessary.  

 Our site selection criteria as well as the use of stratification based on the 

level of flight activities allowed us to confirm our ability to capture aviation signals 

apart from other ground-level PNC contribution even at a site that is 17 km away 

from the airport. Our pollution roses indicated a very clear wind direction and 

wind speed pattern associated with aircraft UFP at each site. This result 

confirmed that being downwind of the source and higher wind speed are 

associated with increased PNC, especially at sites closer to the airport, as shown 

in other studies.55,59 Our pollution roses confirmed that the elevated PNC 

observed at our studies were associated with arrival aircraft to 4L/4R runways 

rather than other aircraft or ground-level activities at the airport. However, there 

is still the question of whether these elevated concentrations were from arrival 

aircraft on the ground after they landed or from when aircraft were still in the air, 

which our study were not able to answer. Emission rates during approach was 

shown to be slight higher than during taxiing and idling.84 On the other hand, 

emissions during aircraft approach occur at higher altitudes compared to that 

during taxiing and idling leading to more opportunity and time for dispersion until 

the particles reach the ground level. A unique study design and meteorological 
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conditions will be required if we want to distinguish the contribution from aircraft 

in-flight and aircraft from the ground. For example, if a monitoring site is located 

downwind of the flight path, but not of the airport, ideally very close to the airport, 

we can potentially observe the varying magnitudes of aircraft impact when the 

wind is from the airport direction compared to from the flight path direction. 

However, it may not be easy to capture such a dynamic since runway 

configuration is often determined based on wind conditions, and it may not be 

possible to find such a perfect meteorological scenario to answer the question of 

our interest. Our monitoring strategy did have the potential to answer this 

question since we observed varying wind conditions with 4L/4R arrival runway 

configuration, but our study results did not show elevated PNC associated with 

aircraft in-flight, while not being directly downwind of the airport. A different 

monitoring site that is much closer to the airport may have allowed us to answer 

this question.  

 

Chapter 3: Assessing the impact of arrival aircraft on ambient ultrafine particle 

concentrations near a large international airport in the U.S. 

 In Chapter 3, we used the same data used in Chapter 2, but aggregated 

them up to 10-minutes and 1-hour. We developed regression models in order to 

quantify the individual arrival aircraft contribution to ambient PNC, while 

assessing the role of meteorology. Four regression models were developed for 

each site by modeling for the mean and 95th percentile PNC using the 10-minute 
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and 1-hour aggregated data in an effort to understand the influence of the choice 

of temporal resolution and distributional characterization would have on study 

findings.  

 Most existing aviation studies have used either the mean or median to 

develop regression models for aviation source attribution. However, in our study, 

modeling for upper percentile PNC resulted in larger contribution of aircraft, 

corresponding to expected strong emission levels associated with aircraft activity. 

This novel approach in examining aircraft contribution may allow us to more 

accurately ascertain how much total UFP are attributable to aircraft compared to 

other sources. This is important when conducting epidemiological studies, since 

UFP compositions vary by source, which may be associated with specific health 

outcomes.56 There is still a lot more to be done for this novel approach to be 

useful in real epidemiological studies, such as making the model into a more 

universal and predictive model that can be used in multiple different 

environmental settings. The models we developed were more explanatory than 

predictive, which make it difficult to be used in epidemiological studies with 

different available predictors, surrounding environments, and other UFP sources. 

However, this is still a useful finding and can inform other researchers in 

designing the exposure models for their epidemiological studies.  

 The complex wind and PNC dynamic was differently captured at two 

different time resolutions emphasizing the importance of carefully considering the 

model choice based on research questions of interest. Another important finding 
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of this study was the geographic extent of impact of buoyant plumes. Buoyant 

plumes are known to reach the ground faster under higher wind speed.55 In our 

study, this positive association between PNC and wind speed was only shown at 

two sites that were closest to the airport under aviation impact sector wind. In 

other words, we are possibly capturing the aircraft plumes at an earlier stage 

when it is still hot at the near sites, in other words, plumes with buoyant 

characteristics, while we are probably capturing the plumes at a later phase at 

farther away sites. These are novel findings and should be further investigated in 

future studies.  

 

Chapter 4: Long-term aircraft noise exposure and risk of hypertension in the 

Nurses’ Health Studies 

 The objective of Chapter 4 was to investigate the association between 

aircraft noise and incident hypertension using time-varying exposure and risk 

factor data in two nation-wide prospective cohorts, NHS and NHS II. Even though 

there is accumulating evidence of this suggested association, there are 

methodological limitations in the existing studies including the lack of the ability to 

confirm temporality, inconsistency in how noise estimates were developed, and 

lack of sufficient confounder information. We were able to address these 

limitations in our study. Our study found an increased risk of hypertension with 

aircraft-associated DNL in both cohorts while accounting for time-varying 

exposure and covariate data. The meta-analysis of multivariable analysis showed 
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HR of 1.02 (95% CI: 0.98, 1.05) and 1.05 (95% CI: 0.96, 1.15) using the 45 and 

55 dB(A) cut-points, respectively. This finding is meaningful as an association 

was suggested even using relatively low cut-point of 45 dB(A) in women, while 

men were often shown as the sensitive group.10,32  

 Efforts were made in order to obtain temporally resolved noise estimates 

at 1-dB(A) resolution for our analysis. We did not observe non-linear association 

between aircraft noise and hypertension, and dichotomization of the exposure 

was used in our analysis. Based on our study findings, the necessity of 

developing and using 1-dB(A) resolution data is not well supported. In other 

words, the decision to use already existing relatively lower resolution noise 

estimates for epidemiological analysis can be supported, especially given the 

resources required to develop high resolution aircraft noise data. However, the 

efforts to develop and use high resolution aircraft noise estimates should still be 

encouraged as we are still learning about the potential mechanisms of how 

aircraft noise may be associated with various health outcomes. There is a value 

in using temporally resolved noise estimates in epidemiological studies since 

there is a clear decreasing trend of aircraft noise, especially when investigating 

repeated acute effect of aircraft noise, which then can lead to a chronic change in 

the body. Overall, researchers need to be open to using existing noise estimates 

that are easily accessible and do not require much additional resources, while 

continue to advance our ability to conduct more accurate exposure assessments 

and epidemiological studies.   
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Public Health Implications 
 
 Our studies presented important public health implications of aviation 

activities, especially given how it could disproportionately affect more vulnerable 

populations that live close to airports. We investigated two different exposures 

associated with aviation activities.  

 Our first two projects (Chapter 2 and 3) showed significantly elevated 

ambient PNC over a broad geographic area associated with arrival aircraft, which 

can adversely affect human health by increasing individual exposures to UFP in 

addition to its direct negative impact on the overall air quality. In recent years, 

UFP has been being extensively investigated for its potential impact on 

respiratory and cardiovascular system, and the health effects associated with 

UFP were shown to be similar to that of fine particles.13 Currently, UFP is not 

regulated by the United States Environmental Protection Agency (US EPA), in 

part due to the lack of long-term UFP exposure data and lack of evidence for the 

independent effects of UFP on health.13 The ability to quantify aircraft 

contribution to ambient PNC is a critical part of exposure assessment for 

epidemiological studies in order to accurately assess how much of the total PNC 

and how much of different adverse health effects can be attributable to aviation 

activities.  

 Public health implications of our last project (Chapter 4) are multi-

dimensional. First, our study showed an association between aircraft noise and 

incident hypertension using a cut-point that is lower than what is considered 
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“unsafe” by the FAA (65-dB(A)). Even though the FAA guideline is based on 

annoyance, not health effect,11 our study finding suggests the importance of 

considering the health effects associated noise below the FAA guideline to be 

protective of public health. Second, the impact of aviation noise on incident 

hypertension was shown in our study population of nurses that are with relatively 

good health and higher SES. This may indicate potentially even larger impact of 

aviation noise on hypertension in more vulnerable populations that live close to 

airports. Lastly, hypertension is a major risk factor for other more severe 

cardiovascular outcomes, such as stroke, which implies the small added risk 

from the environment may have a major impact on public health.32,33 Overall, our 

study findings of the impact of aircraft noise on hypertension among relatively 

healthy population with relatively lower exposure levels suggest a value in 

conducting large-scale epidemiological studies to explore health effects of lower 

aircraft noise exposures focusing on potentially more vulnerable populations and 

identify more susceptible/sensitive populations.  

 In summary, aviation activities showed both environmental and public 

health consequences, which we investigated in separate studies. However, there 

are subsets of populations that could be affected by the combination of these two 

exposures, likely leading to a higher risk for developing hypertension as well as 

other adverse health effects that are associated with both exposures. Future 

research studies should investigate the joint effect of the two, which may have a 

different pattern and magnitude of effect compared to traffic-related exposures.  
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