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Abstract 
 
 

Human exposure to dynamic air pollutants: Ozone in airplanes and ultrafine particles in homes 

by 

Seema Vijay Bhangar 

Doctor of Philosophy in Engineering – Civil and Environmental Engineering 

University of California, Berkeley 

Professor William W Nazaroff, Chair 
 
 
 

To effectively control health risks associated with an airborne contaminant we need to 
understand when, where, why, and how much humans come into contact with the contaminant.  
To answer these questions, the temporal and spatial variability in levels of species must be 
evaluated in relation to the locations of humans in space and time.  Characterizing human 
exposure through the measurement of pollutant levels within occupied microenvironments where 
people spend time is particularly important for species that have sharp gradients owing to rapid 
environmental processing. This is especially true if the pollutant dynamics are influenced by the 
presence or activities of the occupants themselves.   

This dissertation investigates inhalation exposures to two dynamic air pollutants in two 
important settings: ultrafine particles (UFP) in residences and ozone in aircraft cabins.  New field 
data were acquired and observed pollutant trends were modeled to assess the importance for 
indoor concentrations and exposures of outdoor levels, ventilation characteristics, indoor 
sources, pollutant dynamics, human factors, and control strategies.  Study findings can be 
applied to assess the risk associated with each exposure scenario and to suggest conditions under 
which interventions are likely to have the greatest public health impact. 

In the first part of the dissertation, residential exposures to ultrafine particles were 
characterized and governing factors explored on the basis of field data collected from single-
family houses in California.  During the field study, time-resolved particle number (PN) 
concentrations were monitored indoors and outdoors over a multi-day period, and information 
was acquired concerning occupancy, source-related activities, and building operation.  
Technological challenges have limited prior efforts to acquire time-resolved data on UFP from 
homes under normal occupied conditions, data that are potentially important for understanding 
total daily exposures to ultrafine particles as people spend a majority of their time in their own 
homes.  

  Results showed levels of ultrafine particles in houses to be highest when residents were 
present and awake, mainly due to their cooking and other activities that constituted episodic 
indoor sources.  On average, the contribution to residential exposures from indoor episodic 
sources was 150 percent of the contribution from particles of outdoor origin.  A previously 
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unstudied continuous indoor source, unvented pilot lights, caused baseline particle levels to be 
significantly elevated in houses where present.  Particle control devices – a filter or an 
electrostatic precipitator – were successful at mitigating exposure by reducing the persistence of 
particles indoors.  We found that, owing to the importance of indoor sources, variations in the 
infiltration factor, and the influence of human behavior patterns on indoor UFP levels, residential 
exposures to ultrafine particles could not be characterized either by ambient levels or by average 
indoor levels alone.  

The source characterization and exposure apportionment results from the study of 
ultrafine particles in residences were applied to quantify inhalation intake fractions (iF) for 
ultrafine particles emitted from indoor sources.  Intake fraction is an exposure metric that 
quantifies the mass of pollution inhaled by all exposed persons per mass of pollution released.  
As such, iF estimates encapsulate the exposure effectiveness of a source under the exposure 
conditions considered.  The analysis presented is one of only a few iF investigations focused on 
UFP and is also the first semi-empirical iF investigation for indoor sources to rely on 
experimental data resolved at the level of individual occupants and source-events.   

For the continuous source (unvented pilot lights) and the episodic source events observed 
during the monitoring period at all study sites, estimated intake fractions ranged from 0.7 × 10-3 
to 16 × 10-3, consistent with previous estimates for contaminants released indoors.  House-
specific factors such as the volume and number of residents, and occupant-specific factors such 
as breathing rates and time-activity patterns, had a significant influence on iF.  Particle loss rates 
and occupancy patterns did not vary markedly among source types.  Consequently, source type 
did not have a significant, independent influence on intake fractions. 

In the second part of the dissertation, ozone levels in airplane cabins and factors that 
influence them were studied on commercial passenger flights.  Ozone levels in passenger aircraft 
had not been the subject of a full-scale time-resolved monitoring effort since 1980, when U.S. 
Federal Aviation Regulations limiting ozone in cabin air were adopted.  Studies conducted prior 
to 1980 were in need of an update because, in the past three decades, the operating conditions of 
commercial aircraft have changed significantly.  Moreover our understanding of ozone’s 
reactions with cabin surfaces, including human surfaces, and of the health risks associated with 
exposure to ozone and ozone oxidation byproducts has grown.  Findings on in-cabin ozone need 
to be interpreted in light of the new findings.  

To close this knowledge gap real-time ozone data were collected within the cabins of 
commercial passenger aircraft on 76 flight segments.  Sample mean ozone level, peak-hour 
ozone level, and flight-integrated ozone exposures were highly variable across U.S. domestic 
segments, with ranges of <1.5 to 146 ppb, 3 to 275 ppb, and <1.5 to 488 ppb-hour, respectively.  
On planes equipped with ozone catalysts, the mean peak-hour ozone level was substantially 
lower than on planes not equipped with catalysts.  For aircraft with catalysts, levels were higher 
on transoceanic flights than on domestic routes.  In addition, within the transoceanic sample, 
ozone levels were lower on newer aircraft, a pattern that may be explained by differences in 
converter efficiency.  Seasonal variation on domestic routes without converters was modeled by 
a sinusoidal curve, predicting peak-hour levels approximately 70 ppb higher in Feb-March than 
in Aug-Sept. The temporal trend was broadly consistent with expectations, given the annual 
variation in tropopause height. Episodically elevated (>100 ppb) ozone levels on domestic flights 
were associated with winter-spring storms that were linked to enhanced exchange between the 
lower stratosphere and the upper troposphere. 

As in-cabin ozone originates outside, findings from the field study were supplemented 
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with an analysis of atmospheric ozone levels collected through the Measurement of Ozone and 
Water Vapor by Airbus In-service Aircraft (MOZAIC) monitoring campaign.  Temporal and 
spatial trends in ozone levels encountered by aircraft were investigated by analyzing the data 
from all MOZAIC flights between Munich and three U.S. destinations.  In a finding that 
reinforced the in-cabin study results, the MOZAIC analysis showed ozone levels cycled through 
the year, and positive outliers to the mean cycle were spatially and temporally consistent with 
known patterns of stratosphere-to-troposphere exchange.  A spatial analysis showed that, for the 
routes surveyed, there was no monotonic increase in atmospheric ozone with latitude.  On 
average, ozone levels increased with altitude, though the relationship between altitude and ozone 
was highly variable within and between flights.  The spatial analysis also showed that even in 
domestic US airspace ambient ozone concentrations greater than 100 ppb were routinely 
encountered.  This result illustrated the potential benefit of equipping all U.S. passenger aircraft 
– not just the ones designed for transoceanic travel, as is standard practice – with ozone catalysts.  
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-(*+).,/(%01(2)$#(0,!!/,!/S[SD/S[#.!!
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*9)123:!^_,!>3%4&:90!L_,!@&2X(0)!@L,!"-[T.!N&9)52&:&01)!3W!69K(0!904!9:K(&01!3P30&!30!
QEFE!9(2'%90&).!3&4%"*+,&5,7$%2%*5),!#,,SFBDSF-.!

*9P923WW!GG,!/%=92&PDH37&0!Y.!!"#$%&"'(")*+,!":$"((%$":,=2$("2(.!L370!G(%&?!904!A30),!
*&O!`32X,!STT".!!

*9P923WW!GG,!G&)67%&2!HL,!H32)(!JY,!STT#.!!+4(132(9%;!(04332!9(2!67&:()12?!904!'7?)(6).!!
7)'&01.(%$2,!"#$%&"'("),.#,!CFC"DCFC#.!!

*9P923WW!GG,!STTF.!Z04332!'921(6%&!4?09:(6).!B"9&&%,7$%!!#$%&'(()$#+,!"ECD"[#.!
*9P923WW!GG,!G&)67%&2!HL,!STTF.!H%&90(0<!'234561)!904!9(2!W2&)7&0&2);!&8'3)52&!13!'2(:92?!
904!)&630492?!9(2!'3%%51901).!7)'&01.(%$2,!"#$%&"'("),.0,!S[F"DS[BC.!

*9P923WW!GG,!STT[.!*&O!4(2&61(30);!(1e)!1(:&!13!'51!17&!75:90!2&6&'132!(013!9(2!'3%%51(30!
630123%!'3%(6?.!7)'&01.(%$2,!"#$%&"'("),,*,!BCBCDBCBB.!



! "#!

$%&%'())!**+!,-%./%'!0+!12334.!$5+!64'7./!08+!9'47:;4'/!$1+!<="=>!?3@'%)7.4!A%'@7B34!
B(.B4.@'%@7(.:!7.!:B-((3'((C!%.D!-(C4:+!E7.%3!F4A('@+!G(.@'%B@!$(>!=HIJ=H+!G%37)('.7%!57'!
F4:(2'B4:!,(%'D+!0%B'%C4.@(+!G5>!

$7B%:!1+!"KKH>!F4:A7'%@('L!A'(@4B@7(.!%.D!@-4!'7:M!()!!"#$%&#'()*+,-'+%()#+.$/*/07.)4B@7(.>!
1,()*#&203$+)2&.0$40526+/')*&.0!(6*#*2(0!"+!J"NIJJJ>!

$7B%:!1+!$%&%'())!**+!62;;%'D!5+!<==H>!!O(P%'D!2.D4':@%.D7./!@-4!'7:M!()!:4B(.D%'L!
%7';('.4!7.)4B@7(.Q!4C7::7(.!()!'4:A7'%;34!A%@-(/4.:>!3$+)2&.0$407##+8&'*$2&.0&260
92:*)$2,(2'&.0;"<*(2(0!+!"#JI"H#>!!

$FG!R$%@7(.%3!F4:4%'B-!G(2.B73S!G(CC7@@44!(.!%7'!T2%37@L!7.!A%::4./4'!B%;7.:!()!B(CC4'B7%3!
%7'B'%)@>!=>(01*).*2()0?&%*2092:*)$2,(2'0&260'>(0;(&.'>0$40@&//(2<()/0&260?)(AB0$%@7(.%3!
5B%D4CL!U'4::+!*%:-7./@(.+!VG+!<==<>!

W@@!*F>!XYA(:2'4!%.%3L:7:Q!%!'4B4A@('I('74.@4D!:B74.B4>!Z.!W@@!*F+!0@47.4C%..!5G+!*%33%B4!
[5+!XD:>+!!9C8$/+)(012&."/*/+!GFG!U'4::+!,(B%!F%@(.+!<==\>!

W&M%L.%M!6+!]24!^+!0A4./34'!^+!*%33%B4![+!U4337&&%'7!X+!^4.M7.:!U+!"KK\>!U4':(.%3!4YA(:2'4!@(!
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3(&!I!4+!24%*%!%,'**'(.!&-2%*!5(76)!1(&&%*$(.)!2(!*(7&1%!*2&%.824*!(3!Q!@B<I!R!GGD!!!IBIL!$-&2'16%*!
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8-*!)&F%&<!!S-66-1%!-.)!N22!@'.!$&%**D!,%-*7&%)!$-&2'16%*!6-&8%&!24-.!IB!.,!'.!-!*7E7&E-.!

T'&8'.'-!2(5.4(7*%+!-.)!-!4(,%!'.!V-6'3(&.'-<!!W(&!24%!V-6'3(&.'-!4(,%+!&%$(&2%)!*(7&1%!

*2&%.824*!&-.8%!3&(,!B<G!!!IBIL!$-&2'16%*!3&(,!E('6'.8!5-2%&!(.!-!8-*!*2(>%!3(&!I!,'.!'.!-!
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Table 3.9. Individual and aggregate intake fractions for UFP emissions from unvented natural 
gas pilot lights (associated with the range and oven) at sites H1 and H3. 

Fraction awake Fraction asleep Intake fraction (10-3) Site 
ID 

Mean 
k+a  
(h-1) 

Obs 
dur. 
(h) 

R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4 All

H1 0.51 67 0.38 0.30 0.25 0.25 0.36 0.35 0.49 0.49 2.3 2.4 2.1 2.1 9.0
H3 1.89 77, 

53 a 
0.42 0.55 0.38  0.29 0.32 0.38  1.0 1.6 1.1 3.7

a Observational monitoring duration is computed as the total monitoring period, minus 24 h per 
day not slept at home.  Therefore the observational monitoring duration for occupants R1 and R3 
is 24 h shorter (53 h) than the duration for occupant R2 (77 h).  
 

 
A factor accounting for the difference in continuous-source iF values between H1 and H3 

is the first-order particle loss rate, k+a.  There is an approximately 4× difference in k+a 
estimates for pilot lights obtained for the two sites.  This difference is influenced by the 
difference in ventilation conditions between the two houses.  As summarized in Table 2.5, the 
harmonic mean AER at H3 (0.75 h-1) is 3× the harmonic mean AER assessed for H1 (0.25 h-1).   

At both H1 and H3, “awake” exposures contributed more to aggregate iF values than did 
“asleep” exposures, by 54% and 79%, respectively.  At H1 occupants were awake for a smaller 
fraction of time than they were asleep; so awake exposures dominated only because the greater 
time spent asleep was trumped by the higher “awake” breathing rates.  At H3 occupants were 
awake for a larger fraction of their at-home hours than they were asleep, so the effect of the time 
spent awake was compounded by the higher “awake” breathing rates.  

As was the case for episodic sources, use of the well-mixed model is anticipated to 
dampen inter-individual differences in continuous-source iF estimates.  However, the effect is 
likely less pronounced for continuous-source iF values compared to episodic-source intake 
fractions, because differences owing to spatial patterns of occupancy will be averaged out over 
the period of days.  For continuous source iF estimates, the main source of model-related error is 
expected to be associated with the use of a single, time-invariant k+a estimate to characterize the 
occupied component of the full observational monitoring period.  An indication of the potential 
influence of the temporal variability in k+a is obtained by looking at estimates of the air 
exchange rate obtained under varying conditions at each site.  At H1, estimates range from 0.20 
to 0.34 h-1; both estimates were obtained from periods when the bathroom window was open.  At 
H3, estimates range from 0.45 h-1 (all doors and windows closed) to 2.2 h-1 (conditions 
unknown).   

3.4. Conclusions 

Aggregate intake fractions estimated for a continuous indoor emission source – unvented 
pilot lights associated with the range and oven – were similar to aggregate intake fractions for 
episodic source events.  However, the inter-individual variability in iF values spanned a greater 
range for the episodic source events (RSD: 0.08-2) than for continuous indoor emissions (RSD: 
0.08-0.3).  This outcome makes sense because it is common for occupancy patterns to differ 
more among residents on the short time-scale associated with episodic source peaks; the 
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differences are dampened when they are averaged over a time scale of days, which – being the 
monitoring period – is the relevant period for continuous emissions in this study.  Exposures 
during “awake” hours dominated intake fractions both for episodic and for continuous sources, 
but they did so more strongly for episodic sources because episodic sources occurred more 
commonly when occupants were awake than asleep.  

A comparison of episodic iF values across events, sites, and demographic groups showed 
that the house site had a significant influence on iF, with higher values associated with sites with 
a greater number of residents and a smaller volume.  In Chapter 2, we saw that the type of source 
has a significant effect on emissions of and exposures to ultrafine particles.  However, source-
type was not demonstrated to have an independent effect of substance on iF.  Human factors – 
occupancy and sleep patterns, and age/gender plus awake/asleep specific breathing rates – led to 
substantial inter-individual differences in iF for episodic sources, and for continuous source 
exposures at site H3 (but not at site H1).  Assuming that all occupants are present and awake 
during the period under the influence of indoor source emissions can lead to a significant over-
estimation in determining aggregate iF values.       

Comparing the results presented in Chapters 2 and 3 shows that distinct (though 
overlapping) sets of factors influence concentrations of UFP in microenvironments, exposures to 
UFP in microenvironments, and intake fractions associated with those exposures.  Residential 
pollutant intakes estimated in this study are typically higher than would be predicted by the 
product of the average residential concentration × average residential breathing rate, owing to 
spatial and temporal correlations between indoor concentrations, occupant density, and breathing 
rate.  This result has been demonstrated earlier for intake of motor vehicle emissions (e.g. 
Marshall et al., 2003).    

Our findings are consistent with limited prior research, which shows intake fractions for 
indoor releases are on the order of one in a thousand.  The range in aggregate iF obtained in this 
study – (0.7-16) × 10-3 – falls within the range of estimates for indoor iF for particles presented 
in the peer-reviewed literature (as summarized in Table 3.1).  The highest individual iF estimate 
associated with cooking obtained in this study (4.8 × 10-3) compares well with the maximum 
individual iF for ultrafine particles emitted from cooking activities (2.3 × 10-3) reported by 
Zhang et al. (2010).  However, as the present study uses empirical data on occupancy and 
age/gender differentiated breathing rate estimates to assess iF, the range of individual iF 
estimates associated with cooking presented in this study is wider than the range reported by 
Zhang et al. (2010).   

In theory, as modeled by Lai et al. (2000), particles at the smaller end of the ultrafine 
particle size range have a higher deposition velocity compared to accumulation mode particles, 
and should be associated with correspondingly lower iF values.  However, the iF estimates in 
this study do not differ systematically from prior estimates for particles measured on a mass 
basis (the majority of which consider PM2.5, which is typically dominated by the accumulation 
mode).  As our particle metric (total number count) did not focus on the lower end of the 
ultrafine particle size range (i.e. dp < 20-30 nm) and includes particles with a range of deposition 
velocities, perhaps it is not surprising that a distinct “ultrafine” signal did not dominate over the 
influence of other factors such as house volume and occupancy patterns.     

This study used microenvironmental monitoring and time-activity data to model 
emissions and exposures.  As a next step, it would be valuable to collect independent data on 
exposures and emissions – i.e., to assess exposures using the direct method and to evaluate 
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emissions as was done in the present study.  That approach would have the effect of capturing 
the full variability in exposures amongst occupants of a house.      
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3.A.2. Errors in input parameters  

3.A.2.1. Inhalation rate 

The primary reference (USEPA, 2009) denoted the spread in short-term Qb estimates by 
presenting a range of percentile values for each mean.  A lognormal distribution provided a 
reasonable fit to the percentiles shown, for each gender/age group.  Hence, the standard deviation 
(SD) for each group was assessed as the SD of the normal distribution that best fit the log-
transformed data in that group.  The relative standard deviation (RSD) was assessed as the 
SD/mean of log-transformed data.  For “awake” distributions the RSD ranged from 0.13 to 0.19 
(mean RSD = 0.15), so εQb,aw was estimated as 0.15.  The RSD for “asleep” distributions was 
lower (0.06).    

3.A.2.2. Volume 

The standard deviation of volume estimates used in the present investigation is not 
precisely known.  It depends on both the error in measurements of physical dimensions and on 
variability in the volume occupied by large objects across sites.  The latter is likely more variable 
than indicated by Hodgson et al. (2004), owing to the heterogeneity in the dimensions and types 
of homes included in the present sample;  hence, it is likely to dominate the overall error.  
Therefore, the error in house volume measurements was approximated as being equal to the 
mean fractional volume of large objects measured by Hodgson et al. (2004), 0.09 (or, 
equivalently, ± 5%), so εV is approximated as 0.05.   

3.A.2.3. Particle first-order loss rate 

The error associated with first-order loss rates was approximated by considering the 
goodness-of-fit of the models (i.e. linear regression slopes) used to estimate the rates.  The 
relative standard deviations of slopes/rates assessed for peaks linked with a single k+a estimate 
range from 0.008 to 0.1.  Most of the RSD values (all but one) lie below 0.05, so the error is 
approximated as ± 5% (εk+a ~ 0.05).  The following exceptions apply. When a nominal loss 
coefficient was used to assess the iF, the nominal k+a was deemed highly uncertain and was 
assigned an error of ± 20%, or εk+a ~ 0.20.   

3.A.2.4. Time-activity patterns 

The parameter F was defined as the product of duration and concentration ratios, where 
the numerators are exposure duration or average exposure concentration, and denominators are 
peak duration or average peak concentration.  The denominators refer to well-defined quantities, 
so the error in F depends on errors in the exposure duration and mean exposure concentration.  
For both parameters, the underlying source of uncertainty is recall error, as exposure was 
modeled using occupant questionnaires.  To assess the scale of the error, we require an indicator 
of the reliability of recall.  The indicator chosen is the difference between reported and true entry 
or exit times, denoted as δt.  A representative value of 7 min was chosen for δt, on the basis of 67 
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Figure 4.1. Weighted cumulative distributions of peak one-hour (upper frame) and sample-
average (lower frame) ozone mixing ratios sampled in passenger cabins on 68 domestic US flight 
segments. Data are segregated by the presence or absence of an ozone converter. The weighted 
geometric mean and standard deviation, and the lognormal fits using these parameters, are 
presented for each distribution. Levels of 100 ppbv and 250 ppbv are indicated to facilitate 
comparison with levels specified in Federal Aviation Regulations (NRC, 2002). 
 

Data from the eight transoceanic segments indicate that for aircraft equipped with 
converters, ozone levels on flights following long-haul, high-latitude routes span a greater range 
than they do on flights restricted to domestic routes (Figure 4.2).  The peak one-hour ozone (GM 
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Figure 4.3. Weighted cumulative distribution of ozone exposure levels from 68 domestic flight 
segments. Ozone exposure, in ppbv-h, represents the time-averaged ozone level multiplied by the 
sample collection time. Data are segregated by the presence or absence of an ozone converter. 
The weighted geometric mean and standard deviation, and a lognormal fit using these 
parameters, are presented for each distribution.  The 100 ppbv-h level is marked to facilitate 
comparison with the total daily ozone exposures of various US urban populations, which are 
typically in the range 100-600 ppbv-h (Weschler, 2006). 
 
 

The presence of a residual ozone level of 60-80 ppb, and its associated byproducts, in a 
simulated cabin was associated with significant decrements in the self-reported symptoms of 
occupants (Strøm-Tejsen et al., 2008).  The upper 15th percentile of exposures observed for 
domestic nonconverter flights in our sample were comparable to the ozone exposures in the 
simulated cabin studies (200-300 ppbv-h).  This comparison indicates that exposure conditions 
that have been linked to byproduct formation and self-reported adverse health outcomes in a 
simulated cabin are encountered in some ordinary domestic flights on planes without converters.  
On planes with converters, exposures to byproducts are expected to be proportionately reduced 
as a consequence of the reduction in ozone entering the cabin. 

Figure 4.4 depicts peak one-hour ozone for domestic flights plotted against time-of-year. 
For aircraft without converters, in-cabin ozone varies through the year in a cyclical manner.  The 
size and statistical significance of the seasonal effect was determined by modeling the annual 
trend using a sinusoidal curve.  In the model, peak one-hour ozone from domestic flights without 
converters served as the response variable (Y).  The linear model has the general form shown in 
equation 4.1: 

 
)2sin( 110 φπββ ++= xY   (4.1) 
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Here β0 is the annual mean.  The continuous variable x1 is the date, converted to a real number 
between 0.003 (January 1) and 1.0 (December 31).  The magnitude of the seasonal effect is 
indicated by the relative size of 2β1 in relation to β0.  The times at which the maximum and 
minimum are attained are reflected in the value of φ.  Fitting equation 4.1 to our data confirms 
that the seasonal effect is large and statistically significant (p=0.001) for domestic flights without 
converters.  A least-squares best-fit sinusoidal curve for the nonconverter flights shows that 
ozone is expected to be highest in Feb-March, and lowest in Aug-Sept, with a difference of 73 
ppbv.  The finding of higher ozone in the winter and spring and lower ozone in the summer and 
fall was expected, as the tropopause height decreases in the hemisphere experiencing winter and 
spring, and rises in the summer and fall.  Consequently, in the winter and spring there is a greater 
chance that flights at normal cruising altitudes will cross into the lower stratosphere and 
encounter elevated ozone.  Ozone levels on domestic flights with converters were too low to 
manifest a clear trend. 

The modeled trend in Figure 4.4 does not explain extreme values of peak one-hour ozone.  
Real time data from four domestic flight segments are displayed in Figure 4.5.  The four frames 
(A-D) are arranged chronologically and provide a striking illustration of the effects on in-cabin 
ozone of both ozone converters and of a storm event.  All four flights were monitored within the 
span of six days along domestic transcontinental US routes.  On only the third flight was the 
monitored plane equipped with an ozone converter.  Monitored levels of ozone are highest on the 
first segment, peaking at approximately 170 ppbv.  They remain high but are reduced on 
subsequent nonconverter segments.  Ozone is markedly reduced in the third segment (frame C), 
remaining below 10 ppbv at all times.  
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Figure 4.4. Peak one-hour ozone for domestic flights without converters (upper frame) and with 
converters (lower frame), plotted against time-of-year. A least-squares best-fit sinusoidal curve 
(Y = β0 + β1(sin2πx + φ)) is included for the nonconverter sample. 
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Figure 4.5. Real-time ozone data from four consecutive domestic transcontinental US segments 
monitored within a 6-day interval in April 2007, arranged chronologically in frames A-D. The 
direction (EB = eastbound or WB = westbound) is indicated for each segment. Frame C 
represents data from an aircraft equipped with an ozone converter; the three other flights were on 
planes without converters. 
 
 

The flights in which the highest ozone levels were recorded were associated with 
significant winter storm events.  On 6 April 2007, the day that the data in Figure 4.5A were 
collected, the New York Times reported that “one of the most widespread outbreaks of early 
April chill on record is enveloping most areas from the Plains to the East Coast.”  Forecasts 
through the next six days continued to highlight the eastern storm.  The other flight segment 
exhibiting the highest ozone levels was sampled in February 2006, during a week similarly 
marked by heavy snow and frontal movement.  We surmise that, while the mean variation in 
cabin ozone across seasons is tied to the established annual variability in the tropopause height, 
episodic winter and spring storm events appear to be a major driver causing the highest cabin 
ozone levels.  A plausible explanation is the correspondence of these seasonal storms with 
tropopause folding events: periods when ozone-rich stratospheric air is injected into lower 
altitudes.  Enhanced vertical mixing of this type can accompany cyclogenesis and the instigation 
of new weather systems. Appenzeller and Davies (1992) describe the structure, direction, and 
size of stratosphere-to-troposphere intrusions, the pressure and frontal systems that are associated 
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with them, and regions where the intrusions are favored at various times of year.  Morgenstern 
and Marenco (2000), via an analysis of ambient airplane ozone measurements collected through 
the MOZAIC project, affirmed that outliers to the seasonal trend in wintertime ozone are 
associated with the North Atlantic storm track, an observation consistent with ours.  In Chapter 
5, I report on further investigations of atmospheric ozone levels along flight routes utilizing the 
MOZAIC data.  

An effect owing to flight-route latitude is indirectly evident in a comparison of the 
domestic and transoceanic flight data, but not apparent within our domestic sample.  In general, 
flights at higher latitudes are more likely to cross the tropopause, as the tropopause height 
diminishes from about 18 km at the equator to about 8 km at the poles (Seinfeld and Pandis, 
1998).  We observed this trend in the form of higher in-cabin ozone on transoceanic versus 
domestic routes, for converter-equipped aircraft.  The domestic routes were restricted to latitudes 
south of about 50º N (with the exception of two round-trip flights to Anchorage, Alaska), 
whereas long-haul flights within the northern hemisphere typically follow polar routes, including 
latitudes north of 50º N.  The lack of a clear latitude signal in our domestic data is expected, 
because although the tropopause altitude can demonstrate an approximately twofold variation 
across the United States in both vertical and horizontal directions, the change is not linear or 
constant with time (NCEP, 2007).  

Higher-occupancy flights might be expected to have lower in-cabin ozone.  Experiments 
in a simulated aircraft cabin (Tamás et al., 2006) showed that approximately 60% of in-cabin 
ozone removal could be attributed to human occupants.  Our data do not clearly exhibit this 
effect. However, our analysis is constrained by the small number of sampled flights in which 
occupant density was low.  On 53 out of 72 instances (33 out of 45 instances for domestic flights 
without converters), where data on occupant density was recorded by the researcher, the aircraft 
cabin was more than 80% full.  Also, occupant density is correlated with season, as planes are 
more likely to be fully occupied in the summer and to have empty seats in the winter.  Since the 
seasonal effect is strong and in the same direction as the anticipated effect owing to occupancy, 
and since the measured range in occupancy is narrow, the effect of occupancy on in-cabin ozone 
levels could not be separately resolved.   

This field investigation adds substantially to the state of knowledge regarding ozone in 
the passenger cabins of commercial airplanes.  Ozone levels were found to vary strongly with the 
presence or absence of an ozone converter and with season.  For aircraft with converters, levels 
were elevated on flights following long-haul high-latitude routes relative to those restricted to 
domestic routes.  We observed that the risk of elevated cabin ozone levels increases during 
winter-spring storms, suggesting that these are associated with hot spots of high ambient ozone 
in the mid-latitude air traffic corridor.  Emerging epidemiological evidence indicates that ozone 
exposure can lead to an elevated risk of mortality with no threshold.  In combination with 
evidence on within-cabin production of harmful volatile byproducts of ozone-initiated chemistry, 
these epidemiological data lend weight to the benefits of using ozone converters to reduce ozone 
exposure in all airplanes that fly at transcontinental cruise altitudes, even on those that fly on 
domestic routes. 



! !

"#$!
!

!"!"#$%&%'%()%*##

%&&'()'**'+!,-!./01'2!3,-!"44$5!67+8978+'!:;!27+/7:2&<'+19!1(7+821:(2!1(7:!7<'!7+:&:2&<'+'5!
"#$%&'!!"#-!=>#?=>$5!

@'**!AB-!A9.'+C:77!%-!D'E'+!6B-!6/C'7!FA-!.:C1(191!G-!$##H5!I):('!/(J!2<:+7?7'+C!
C:+7/*17K!1(!4=!L6!8+M/(!9:CC8(171'2-!"4N>?$###5!()*)!$%$-!$O>$?$O>N5!

@'**!AB-!P'(E!Q.-!.:C1(191!G-!$##R5!S<'!'T&:28+'?+'2&:(2'!98+0'!;:+!:):('!/(J!+12U!:;!
C:+7/*17K!/(J!7<'!/J'V8/9K!:;!98++'(7!:):('!+'E8*/71:(25!+,-.&/,0',$#1!2'#1$3!4'&56'7$.-'5!
&&'-!=O$?=OR5!

@129<:;!W-!"4>O5!I):('!C'/28+'C'(72!1(!X'7!/1+*1('+!9/M1(!/1+5!8#$'&9!).&!#,:!;/.1!4/11%$./,!$-!
O?"H5!

@:'1(E5!,:CC'+91/*!%1+&*/('25!<77&YZZ[[[5M:'1(E59:CZ9:CC'+91/*5!%99'22'J!:(!\:0'CM'+!"R-!
$##>5!

@:E(/+!F%-!@1+U2!FW-!"44R5!A1(1/78+1)'J!8*7+/01:*'7!:):('2:(J'!;:+!/7C:2&<'+19!C'/28+'C'(725!
),#1<$.7#1!=3'0.5$&<!(#-!O#=4?O#R$5!

@+/M'72!Q]-!3'+2<!,^-!^*'1(!AF-!"4R>5!I):('!C'/28+'C'(7!28+0'K!1(!9:CC'+91/*!X'7!/1+9+/;75!
(/%&,#1!/>!).&7&#>$!'-!=4?RH5!!!

@8+'/8!:;!S+/(2&:+7/71:(!67/71271925!S+/(67/72Y!7<'!](7'+C:J/*!S+/(2&:+7/71:(!./7/M/2'5!
<77&YZZ7+/(27/725M725E:0Z<:C'&/E'5/2&5!%99'22'J!:(!%8E827!"#-!$##>5!

,<'(!,-!%+X:C/(J1!A-!@/*C'2!F-!S/E'+!]-!3:**/(J!\-!$##>5!_;;'972!:;!9<+:(19!/(J!/987'!:):('!
'T&:28+'!:(!*1&1J!&'+:T1J/71:(!/(J!/(71:T1J/(7!9/&/917K!1(!<'/*7<K!K:8(E!/J8*725!
+,-.&/,0',$#1!2'#1$3!4'&56'7$.-'5!&&"-!">O$?">O>5!

,:*'C/(!@^-!.'27/1**/72!3-!3:JE2:(!%S-!\/)/+:;;!WW-!$##N5!I):('!9:(28C&71:(!/(J!0:*/71*'!
MK&+:J897!;:+C/71:(!;+:C!28+;/9'!+'/971:(2![17<!/1+9+/;7!9/M1(!C/7'+1/*2!/(J!9*:7<1(E!;/M+1925!
)$0/563'&.7!+,-.&/,0',$!'$-!RH$?R=H5!

`'(7!FG-!S+19<'!_W-!3:*;:+J!SQ-!@'*/(E'+!^-!@+/9U'(!A@-!@'9U'77!W6-!B'/J'+'+!@P-!$##O5!
%22:91/71:(!:;!*:[?*'0'*!:):('!/(J!;1('!&/+719*'2![17<!+'2&1+/7:+K!2KC&7:C2!1(!9<1*J+'(![17<!
/27<C/5!()*)!$%)-!"N=4?"NR>5!

F'++'77!A-!@8+('77!QS-!P:&'!]]]!,%-!]7:!^-!S<8+27:(!`-!^+'[2U1!.-!6<1!a-!,/**'!_-!S<8(!A-!
$##45!B:(E?7'+C!:):('!'T&:28+'!/(J!C:+7/*17K5!?3'!"'@!+,A1#,:!(/%&,#1!/>!*':.7.,'!!()-!
"#N=?"#4=5!!

B''!6,-!P::(!,6-!B1!b.-!B8U!G-!"4445!](J::+!/1+!V8/*17K!1(0'271E/71:(!:(!9:CC'+91/*!/1+9+/;75!
B,://&!).&!%-!"N#?"N>5!

B'0K!F]-!,/++:7<'+2!SF-!S8:C127:!FS-!3/CC177!F^-!_0/(2!F6-!$##"5!%22'221(E!7<'!&8M*19!<'/*7<!
M'(';172!:;!+'J89'J!:):('!9:(9'(7+/71:(25!+,-.&/,0',$#1!2'#1$3!4'&56'7$.-'5!&)%-!"$"=?
"$$R5!

B1(JE+'(!S-!\:+Mc9U!.-!$##$5!,/M1(!/1+!V8/*17KY!1(J::+!&:**87/(72!/(J!9*1C/7'!J8+1(E!
1(7'+9:(71('(7/*!;*1E<72![17<!/(J![17<:87!7:M/99:!2C:U1(E5!B,://&!).&!&$-!$RO?$>$5!

A/9`+'E:+!],-!6&19'+!,W-!@8'<*'+!66-!$##N5!,:(9'(7+/71:(2!:;!2'*'97'J!9<'C19/*!2&'91'2!1(!7<'!
/1+*1('+!9/M1(!'(01+:(C'(75!(/%&,#1!/>!);?*!B,$'&,#$./,#1!"-!J:1Y!"#5"=$#ZF%]"#"RO45!

A9.:(('**!WG-!%MM'K!._-!\12<1(:!\-!B'M:[17)!A.-!"4445!B:(E?7'+C!/CM1'(7!:):('!
9:(9'(7+/71:(!/(J!7<'!1(91J'(9'!:;!/27<C/!1(!(:(2C:U1(E!/J8*72Y!S<'!%<2C:E!278JK5!
+,-.&/,0',$#1!C'5'#&73!#)-!""#?"$"5!

A:+E'(27'+(!I-!A/+'(9:!%-!$###5!W1(7'+71C'!9*1C/7:*:EK!:;!AID%],!:):('!M/2'J!:(!7<'!
&:7'(71/*!0:+71917K!/(J!:):('!/(/*:EK5!(/%&,#1!/>!D'/63<5.7#1!C'5'#&73!&)"-!"=-HN"?"=-H4O5!



! !

"#$!
!

%&'(&!%)*!+,,-./!01*!+,-2345!67*!8&55,-(!9+:!";;<:!03&=>?353-.!,@!A&B4-!&4?!C>&D4.E!
&B,&?(!A,553?A4&D!&4?D4-3?=:!"#$%&'()*+,!-./+*%.$).#!"#$*!<<#$F<<"#:!

%&/&?,@@!GG*!G3=A2D3?!HI*!<#"#:!J/,-3!4-!K&==3-'3?!A&B4-=L!A,-A3-.?&.4,-=!&-(!A2354=.?E*!
M4-&D!N3K,?.*!J@@4A3!,@!63?,=K&A3!03(4A4-3*!G&=24-'.,-*!1H:!6O&4D&BD3!&.!
PPP:@&&:',OQD4B?&?EQ?3K,?.=Q53(4A&DQ,&5.3A2?3K,?.=Q4-(3R:A@5:!

%HST!7D,B&D!M,?3A&=.!9E=.35:!1E-&54A!.?,K,K&>=3!&-(!=>?@&A3U!-,?.23?-!2354=K23?3U!VF(&E!
&-&DE=4=:!2..KLQQPPP:53.:>.&2:3(>QW45=.33-Q'@=Q@?&53=7M9:2.5D:!6AA3==3(!,-!%,O35B3?!";*!
<##V:!

%NH!X%&.4,-&D!N3=3&?A2!H,>-A4DY!H,554..33!,-!&4?!C>&D4.E!4-!K&==3-'3?!A&B4-=!,@!A,553?A4&D!
&4?A?&@.:!0()!"+*1+.)*!234+.!-./+*%.$).#!3.5!#()!6)31#(!%7!83&&).9)*&!3.5!2*):;!%&.4,-&D!
6A&(35E!T?3==*!G&=24-'.,-*!1H*!<##<:!

T3?Z4-=!TI*!8,D(35&-!I1*!%&=.?,5!71*!";V;:!945>D.&-3,>=!A&B4-!&-(!&5B43-.!,/,-3!
53&=>?353-.=!,-!.P,![,34-'!V\V!&4?KD&-3=*!],D>53!"*!^9!13K&?.53-.!,@!_?&-=K,?.&.4,-*!
M3(3?&D!6O4&.4,-!6(54-4=.?&.4,-*!G&=24-'.,-*!1H:!6O&4D&BD3!&.!-.?=:-&=&:',O:!

N33(!1*!7D&=3?!9*!+&D(,?!I*!";`#:!J/,-3!.,R4A4.E!=E5K.,5=!&5,-'!@D4'2.!&..3-(&-.=:!"$)*+,3.!
<%=*.31!%7!>.5=&#*+31!?)5+,+.)!%*!\$Fa\:!

934-@3D(!I8*!T&-(4=!9%:!"#$%&'()*+,!2()$+&#*@!3.5!8(@&+,&A!B*%$!"+*!8%11=#+%.!#%!21+$3#)!
2(3.9)*!I,2-!G4D3E!b!9,-=*!%3P!c,?Z*!";;`:!

9K3-'D3?!I1*!)>(P4'!9*!G3Z3?!N6*!<##\:!J/,-3!3RK,=>?3=!(>?4-'!.?&-=FA,-.4-3-.&D!&-(!.?&-=F
K&A4@4A!@D4'2.=:!>.5%%*!"+*!%&!'()**+!,-*!dVFV$:!!

9.?e5F_3W=3-!T*!G3=A2D3?!HI*!G&?',AZ4!T*!0E=Z,P!1*!f&?/EAZ&!I*!<##`:!_23!4-@D>3-A3!,@!
,/,-3!,-!=3D@F3O&D>&.4,-!,@!=E5K.,5=!4-!&!=45>D&.3(!&4?A?&@.!A&B4-:!<%=*.31!%7!-C'%&=*)!
D,+).,)!3.5!-./+*%.$).#31!-'+5)$+%1%9@!%.*!<V<F<`":!

_&'3?!g[*![&D53=!I*!)>?5&--!M*!%',!)*!6DA,?-!9*!+>-/D4!%*!<##a:!H2?,-4A!3RK,=>?3!.,!&5B43-.!
,/,-3!&-(!D>-'!@>-A.4,-!4-!E,>-'!&(>D.=:!-'+5)$+%1%9@!%#*!Va"FVa;:!

_&5h=!7*!G3=A2D3?!HI*![&ZiF[4?i!f*!GE,-!1T*!9.?e5F_3W=3-!T*!<##d:!M&A.,?=!&@@3A.4-'!,/,-3!
?35,O&D!?&.3=!4-!&!=45>D&.3(!&4?A?&@.!A&B4-!3-O4?,-53-.:!"#$%&'()*+,!-./+*%.$).#!&/*!d"<<F
d"$$:!

G3=A2D3?!HI*!<##d:!J/,-3j=!45K&A.!,-!K>BD4A!23&D.2L!H,-.?4B>.4,-=!@?,5!4-(,,?!3RK,=>?3=!.,!
,/,-3!&-(!K?,(>A.=!,@!,/,-3F4-4.4&.3(!A2354=.?E:!-./+*%.$).#31!6)31#(!8)*&'),#+/)&!%%&*!
"\`;F"\;d:!

G3=A2D3?!HI*!G4=.2&D3?!6*!H,PD4-!9*!_&5h=!7*!9.?e5F_3W=3-!T*!8,('=,-!6_*!13=.&4DD&.=!8*!
83??4-'.,-!I*!f2&-'!I*!%&/&?,@@!GG*!<##V:!J/,-3F4-4.4&.3(!A2354=.?E!4-!&-!,AA>K43(!
=45>D&.3(!&4?A?&@.!A&B4-:!-./+*%.$).#31!D,+).,)!3.5!0),(.%1%9@!&%*!d"VVFd"`\:!

G4D=,-!+)*![4?Z=! IG*! <##d:!03A2&-4=5! &-(! 3D454-&.4,-! ,@! &!P&.3?! O&K,?! 4-.3?@3?3-A3! 4-! .23!
53&=>?353-.!,@!,/,-3!BE!^]!&B=,?B&-A3:!-./+*%.$).#31!D,+).,)!3.5!0),(.%1%9@!&/E!d$d"F
d$dV:!!

G4=.2&D3?!6*!_&5h=!7*!GE,-!1T*!9.?e5F_3W=3-!T*!9K&A3!1*![3&>A2&5K!I*!8&-=3D!6*!0k?Z!_1*!
G3=A2D3?!HI*!<##a:!T?,(>A.=!,@!,/,-3F4-4.4&.3(!A2354=.?E!4-!&!=45>D&.3(!&4?A?&@.!
3-O4?,-53-.:!-./+*%.$).#31!D,+).,)!3.5!0),(.%1%9@!01*!\`<$F\`$<:!

G4=.2&D3?! 6*! G3=A2D3?! HI*! <#"#:! N3&A.4,-=! ,@! ,/,-3! P4.2! 2>5&-! =Z4-! D4K4(=L! =,>?A3=! ,@!
A&?B,-ED=*!(4A&?B,-ED=*!&-(!2E(?,REA&?B,-ED=!4-!4-(,,?!&4?:!8F"D!%/,*!dad`FdaVa:!!



  

104 
 

4.A. Appendix 

4.A.1. Determining an effective collection rate for the Ogawa passive ozone sampler for 
the aircraft cabin environment 

4.A.1.1. Introduction 
 

The technique of passive sampling for the quantitative detection of gaseous contaminants 
was introduced in 1973 for determination of nitrogen dioxide, sulfur dioxide, and water vapor 
(Górecki and Namieśnik, 2002).  This method, which involves an assessment of the quantity of a 
gas transferred through a tube to a sorbent by molecular diffusion, has since been expanded to 
detect a range of contaminants including volatile organic compounds, carbon monoxide, 
formaldehyde, and ozone.  Samplers based on this principle provide time-integrated 
measurements and are typically easy to use, inexpensive, small, light weight, unbreakable, create 
no noise, and do not need a power source. These features make them good candidates for the 
application considered here: the measurement of ozone in aircraft cabins. 

Passengers or crew in aircraft cabins may be exposed to ozone when flight paths enter the 
lower stratospheric region.  Recently, this issue has gained importance since ozone exposure has 
been associated with an increased risk of mortality down to relatively low levels with no 
apparent threshold (Bell et al., 2006). Passive sampling is a key to a large monitoring program 
that could, at moderate cost, elucidate factors that influence the level of ozone on airplanes. A 
passive sampling device for the measurement of ozone – the Ogawa badge – was developed in 
1993 (Koutrakis et al. 1993).  It does not require electromagnetic interference (EMI) certification 
for use on board and has been previously deployed to monitor in-cabin ozone (Spengler et al., 
2004).  

The Ogawa sampler contains two chambers holding collection filters protected by screens 
and a diffuser end cap. These filters are coated with a nitrite-based solution, and ozone oxidizes 
the nitrite to nitrate.  The nitrate ion mass can be used to calculate the amount of ozone collected 
if the effective collection rate (ECR) of the sampler is known.  The theoretical collection rate 
(TCR) is computed with the ozone diffusion coefficient and the dimensions of the sampler – the 
cross section area of diffusion (A) and the length (L) of the diffusion tubes – as shown in 
equation (A.1a).  In equation (A.1b), the diffusion coefficient is expanded so its dependence on 
temperature (T) and pressure (P) are explicitly expressed.       
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The ECR, defined as the collection rate under real-world conditions, may be higher or lower than 
the TCR, depending on factors such as airflow conditions near the sampler and homogenous or 
heterogeneous reactions that can deplete the concentration of gas adjacent to the collector.  For 
instance, an increase in the air speed near the sampler face reduces the effective diffusion length, 
L, and so increases the collection rate.   
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The mass of nitrate ion measured on the filter (MNO3-,g) is converted to a molar 
concentration of ozone (MO3) by dividing by sampling duration t, the molecular mass of nitrate 
(MWNO3-), and the ECR (Koutrakis et al., 1993; Ogawa and Co., 2001) as shown in equation 
(A.2).   
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The ideal gas law is applied to convert the molar concentration of ozone to a mixing ratio (YO3, 
ppb), by dividing by (PR-1T-1) as shown in equation (A.3): 
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Equation (A.3) may be rewritten by defining a new parameter ECRp, which is defined as the 
ECR multiplied by pressure and has units of m3 h-1 atm, and substituting it for ECR in the 
equation.  The pressure terms cancel, with the result shown in equation (A.4).   
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The parameter ECRp can be used in place of the ECR to convert the mass of nitrate to an ozone 
reading when a mixing ratio (rather than concentration) of ozone is sought.  Equation (A.4) has 
the advantage, relative to equation (A.3), of enabling the mass of nitrate ion measured by the 
sampler to be converted to an ozone mixing ratio without requiring information about pressure 
conditions in the cabin.  Hence, in the context of the assessment of an ozone mixing ratio, ECRp 
is denoted as a “pressure independent” effective collection rate.   

For the Ogawa sampler, the TCR at normal temperature and pressure is 24.5 cm3 min-1 
(Koutrakis et al., 1993).  The ECR has been determined under a variety of conditions that include 
in a chamber and outdoors (Koutrakis et al., 1993) and during use as a personal monitor (Liu et 
al., 1994; Black, 2000).  But the interior of an aircraft cabin is a distinctive environment, with a 
complex configuration of space, and with conditions that include a high air exchange rate and 
low pressure; so it is difficult to know, a priori, which of these environments it resembles most 
closely from the perspective of the ECR.  The aim of this study was to calibrate the Ogawa 
sampler for the air-cabin environment by assessing ECRp for the device for commercial 
passenger aircraft, at cruising altitudes.     



  

106 
 

4.A.1.2. Methods 

4.A.1.2.1. Experimental protocols 

Monitoring was conducted on 11 commercial passenger airline flights that ranged from 3 
to 11 hours, and included domestic and transoceanic routes, over a two-month period between 
February and April 2007.  Ozone was measured simultaneously with the Ogawa passive sampler 
and a UV-photometric real-time ozone analyzer (2B Technologies, Inc. Model 202).  The active 
monitor was recently calibrated and so was treated as a transfer standard for this calibration 
effort.  We aimed to obtain a comparison of the Ogawa sampler and active ozone measurements 
for a range of ozone levels.  Therefore, we monitored during the northern hemisphere low-
tropopause season when ambient ozone levels in the air-traffic corridor are most variable.  To 
avoid intentionally including flights with very low mean ozone, domestic flights with control 
devices were excluded from the sample, as these were previously found to have flight-mean 
ozone levels of only a few ppb.  Table 4.A.1 summarizes, for each flight segment, the aircraft 
type, and flight duration.  

Protocols for in-flight active ozone sampling were described in §4.2.1.  Briefly, a 
researcher placed the active monitor under the seat in front of her or him, in the economy cabin 
of the airplane. A sampling tube connected to the monitor was clipped to the seat back in front of 
the researcher to sample air close to the passenger breathing zone.  The Ogawa monitor was 
affixed to the seat in front of the passenger, close to the sampling tube inlet of the active monitor.  
The passive sampler was not placed adjacent to a fleeced or cloth surface, to prevent its being 
located in an ozone-depleted boundary layer. The surface was covered with a paperboard 
backing before the sampler was pinned to it, or the sampler was attached such that there was at 
least 2.5 cm of air space separating it from the surface.  
 
Table 4.A.1. Flight-by-flight measurement results for the 11 segments on which passive 
sampling was conducted. 
 
No. a  

Aircraft 
model 

Conv-
erter b 

Sample 
duration (h) 

Mean O3 
(ppb) 

O3 exposure 
(ppb-h) 

Nitrate 
mass (μg) c 

24 B737-300 N 4.0 6.1 24 0.056 
30 B757 N 2.6 10.9 28 0.070 
46 B737-300 N 3.7 12.8 47 0.12 
47 B757 N 4.1 22.3 91 0.22 
49 B757 N 3.6 17.2 63 0.094 
51 B757-200 N 5.2 24.3 125 0.25 
64 B757 N 4.0 32.1 129 0.36 
69 B777 Y 6.3 -0.2 -1.4 0.026 
70 B777 Y 10.2 0.1 1.1 -0.0079 
74 B747-400 Y 7.8 17.9 139 0.30 
76 B747-400 Y 8.2 30.0 246 0.48 

a Passive sampling was conducted on a subset of flights described in Tables 4.A.2 and 4.A.3.  
The serial numbers link the data presented in the three tables.  
b Y = converter present; N = converter absent.  Ozone converters were present on all transoceanic 
flights, and absent on domestic flights. 
c Measured nitrate mass minus the mean “blank” nitrate mass associated with the sample batch. 
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The sampler was assembled and handled according to the protocol described by Ogawa 
and Co. (2001). Briefly, coated pads were stored in a refrigerator prior to use. A “batch” was 
designated as the set of samples exposed over the month following their assembly date. 
Following assembly and prior to analysis, samplers were stored in individual dark, sealed vials at 
room temperature. Three blanks were assigned to each batch, and remained with their 
corresponding samplers but were not exposed. On board, field researchers were instructed to 
begin exposure once the transfer standard warm-up period was concluded, and to re-seal 
samplers when the active monitor was turned off.  As a consequence, samples were collected 
during the portion of the flight above 10,000 ft.    

Samples and blanks were analyzed via ion chromatography by Dr. Eva Hardigan 
(Research Triangle Institute, NC, USA). The analysis included duplicate measurements for 
quality control. The limit of detection (in μg nitrate) for each batch was computed as 3×(standard 
deviation of field blanks) following the method described by Koutrakis et al. (2003) and 
employed by Spengler et al. (2004).  A background correction factor (in μg nitrate) was 
computed as the mean of the three blanks in each batch, and subtracted from each reading.  

4.A.1.2.2. Data Analysis 

The Ogawa readings were compared, via linear regression through the origin (Zar, 1999), 
to paired ozone exposure measurements.  The regression slope, b, between the Ogawa reading 
(in g nitrate) and the ozone exposure (YO3 × t in ppb-h) is interpreted as shown in equation (A.5), 
which is derived from equation (A.4b): 

 
9101

3

−×××=
− RT

ECRMWb pNO       (4.A.5) 

 
Central estimates of the ECRp are assessed using the least-squares best-fit estimate of b 
(assuming in-cabin temperature, T = 293 K).  Confidence intervals (95%) are calculated using 
the 95% upper and lower bound estimates of the slope (assuming the residuals are normally 
distributed and α(2) = 0.05).  

4.A.1.3. Results  

Blank correction factors of 0.46 μg for batch 1 and 0.36 μg for batch 2 were subtracted 
from each reading.  The limits of detection for batch 1 and batch 2 were 0.095 and 0.036 μg 
nitrate, respectively.  Measurements (blank-corrected) ranged from –0.01 to 0.48 μg nitrate, 
corresponding to a range of ozone exposures, computed based on ozone measurements made by 
the active monitor, of –1.4 to 246 ppb-h.  Negative values of mass nitrate or ozone are not 
physically meaningful; however, they have not been truncated to zero as they represent random 
measurement error and, as such, it is appropriate to include them in the regression.   

Figure 4.A.1 presents a comparison between background-corrected Ogawa passive 
sampler raw readings (in g nitrate) and paired ozone exposure values based on readings from the 
active ozone monitor (in ppb-h ozone).  The relationship between the two has a slope (MNO3- per 
YO3t) of 2.1 ± 0.1 ng nitrate per ppb-h ozone (mean ± standard deviation).  The corresponding 
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&%&'(!5(:(52!,'0!(B1&23-(2!&'!EF!/&44(-/),5!.5)8+*2!()*+(-!,/-&22!*+(!G')*(0!H*,*(2!IFJK>!,/-&22!
*+(!L*5,'*)/!IFK!&-!,/-&22!*+(!M,/).)/!INK>!)'!NOOF?NOOE<!!A+(!2*30;!2+&7(0!*+,*!)'?/,9)'!&%&'(!&'!
0&4(2*)/!GH!.5)8+*2!:,-)(2!,2!,!.3'/*)&'!&.!2(,2&'>!0)..(-2!7)*+!*+(!1-(2('/(!&-!,92('/(!&.!&%&'(!
/&':(-*(-2>!,'0!.&-!.5)8+*2!7)*+&3*!/&':(-*(-2!*('02!*&!9(!(5(:,*(0!03-)'8!7)'*(-?21-)'8!2*&-42<!!
P&-!,)-/-,.*!7)*+!/&':(-*(-2>!5(:(52!7(-(!+)8+(-!&'!*-,'2,*5,'*)/!,'0!*-,'21,/).)/!.5)8+*2!/&41,-(0!
*&!*+&2(!&//3--)'8!7)*+)'!*+(!/&'*)'('*,5!GH<!!!

Q(,23-(4('*2!&.!&%&'(!4,0(!)'!1,22('8(-!,)-15,'(!/,9)'2!03-)'8!.5)8+*!,-(!*+(!4&2*!
0)-(/*!4(,'2!&.!,22(22)'8!)'?/,9)'!(B1&23-(2<!!R&7(:(-!,*!1-(2('*>!7)*+!'&!)'.-,2*-3/*3-(!)'!15,/(!
.&-!,3*&4,*)/!)'?/,9)'!&%&'(!4&')*&-)'8>!)'?/,9)'!0,*,!,-(!(B1('2):(!,'0!*)4(?/&'234)'8!*&!
,/D3)-(!,'0!,-(!*+(-(.&-(!2/,-/(<!!C&'2(D3('*5;>!*+(!1-(2('*!,',5;2)2!2((62!*&!(53/)0,*(!,'!
)41&-*,'*!.,/*&-!)'.53('/)'8!&%&'(!(B1&23-(2!)'!,)-/-,.*S!,*4&21+(-)/!&%&'(!5(:(52!,5&'8!
/&44(-/),5!.5)8+*!-&3*(2<!!A+)2!8&,5!)2!,//&415)2+(0!:),!,'!,',5;2)2!&.!&%&'(!0,*,!/&55(/*(0!9;!
2('2&-2!)'2*,55(0!&3*2)0(!,)-/-,.*>!,2!1,-*!&.!*+(!T,'0!U,*(-!V,1&-!9;!L)-932!W'?2(-:)/(!L)-/-,.*X!
IQ$YLWCK!1-&8-,4<!!!

H)'/(!"ZZ#>!,3*&4,*)/!4(,23-(4('*2!&.!&%&'(!+,:(!9(('!4,0(!9;!Q$YLWC!,)-/-,.*!&'!
4&-(!*+,'![O>OOO!/&44(-/),5!1,22('8(-!.5)8+*2!,5&'8!,!-,'8(!&.!-&3*(2!,/-&22!.):(!/&'*)'('*2>!
7)*+!,!9),2!*&7,-0!*+(!\&-*+!L*5,'*)/!.5)8+*!/&--)0&-!IQ,-('/&!(*!,5<>!"ZZJK<!!M-(:)&32!-(2(,-/+!
3*)5)%)'8!Q$YLWC!0,*,!+,2!(:,53,*(0!*+(!(..(/*2!&.!,)-15,'(2!&'!,*4&21+(-)/!/&41&2)*)&']!
)0('*).)(0!,'0!(B15,)'(0!21,*),5!,'0!*(41&-,5!&%&'(!*-('02!)'!*+(!311(-!*-&1&21+(-(!,'0!5&7(-!
2*-,*&21+(-(!IGA^_HK!-(8)&']!,22(22(0!*+(!.-(D3('/;!,'0!.(,*3-(2!&.!/-&22?*-&1&1,32(!&%&'(!
.5&72]!,'0!(:,53,*(0!(B)2*)'8!*+-((?0)4('2)&',5!/+(4)2*-;!,'0!*-,'21&-*!4&0(52!IQ$YLWC>!
NO"OK<!!U+)5(!0,*,!.-&4!,!1-(:)&32!,)-/-,.*!/,41,)8'!`!*+(!a5&9,5!L*4&21+(-)/!H,415)'8!
M-&8-,4>!aLHM!`!7(-(!32(0!*&!9(**(-!3'0(-2*,'0!)'?/,9)'!&%&'(!*-('02!)'!*+(!"ZEO2!IM(-6)'2!(*!
,5<>!"ZEZK>!*+(!Q$YLWC!0,*,!+,:(!'&*!;(*!9(('!,',5;%(0!.-&4!,!1(-?.5)8+*!1(-21(/*):(!*&!
/&'2)0(-!)415)/,*)&'2!.&-!+34,'!(B1&23-(!*&!&%&'(!)'!1,22('8(-!/,9)'2!03-)'8!.5)8+*<!!!!!

A+(!1-(2('*!2*30;!,',5;%(2!*)4(?-(2&5:(0!&%&'(!0,*,!/&55(/*(0!9;!Q$YLWC!.5)8+*2!
3'0(-*,6('!)'!NOOO?NOOb>!9(*7(('!Q3')/+!,'0!2(5(/*(0!0(2*)',*)&'2!,/-&22!*+(!/&'*)'('*,5!
G')*(0!H*,*(2<!!A+(!2*30;!&9@(/*):(2!,-(!*&!,22(22!*+(!)'.53('/(!&.!2(,2&'>!5,*)*30(>!,5*)*30(>!,'0!
*-&1&1,32(!.&50)'8!(:('*2!&'!&%&'(!5(:(52!('/&3'*(-(0!9;!/&44(-/),5!1,22('8(-!.5)8+*2!&'!
*-,'2,*5,'*)/!-&3*(2!,'0!*&!/&'2)0(-!)415)/,*)&'2!.&-!(B1&23-(2!7)*+)'!*+(!/,9)'<!!!!!
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$%&!'()*)*+,-&!.+(/-!'%&!0),12+(3!0&'4&&1!'%&!'()*)-*%&(&!+12!'%&!-'(+')-*%&(&5!!$%&!
6)(72!8&'&)()7)9:;+7!<(9+1:=+':)1!2&>:1&-!'%&!'()*)*+,-&!+-!'%&!7)4&-'!7&?&7!+'!4%:;%!'%&!
'&.*&(+',(&!7+*-&!(+'&!2&;(&+-&-!')!@!A!/.B"!)(!7&--!CD')%7!&'!+75E!@FFG+H5!!I7'&(1+'&!2&>:1:':)1-!)>!
'%&!'()*)*+,-&!;%+(+;'&(:=&!:'!+-!+!=)1&!.+(/&2!03!-%+(*!'(+1-:':)1-!:1!)=)1&E!4+'&(!?+*)(!
;)1;&1'(+':)1E!)(!*)'&1':+7!?)(':;:'35!!$%),9%!'%&!?+(:),-!2&>:1:':)1-!+(&!0()+273!;)1-:-'&1'E!D')%7!
&'!+75!C@FFG+H!1)'&!'%&!)=)1&!'()*)*+,-&!:-!'3*:;+773!7)4&(!'%+1!'%&!'%&(.+7!'()*)*+,-&5!!$%&!
(&*(&-&1'+':?&!.&+1!%&:9%'!)>!'%&!'()*)*+,-&!?+(:&-!;3;7:;+773!'%(),9%!'%&!3&+(E!4:'%!+!-*(:19!
.:1:.,.!+12!+!>+77!.+J:.,.5!!$%&!'()*)*+,-&!%&:9%'!+7-)!?+(:&-!4:'%!7+':',2&E!4:'%!'%&!+11,+7!
+?&(+9&!2&;(&+-:19!>().!+0),'!"#B"K!/.!:1!'%&!'()*:;-!')!LBK!/.!1&+(!'%&!*)7&-5!!$%&!;%+19&!:1!
'()*)*+,-&!%&:9%'!4:'%!7+':',2&!:-!1)'!7:1&+(!)(!;)1-'+1'E!0,'!%+-!-%+(*!2:-;)1':1,:':&-M!.)-'!
1)'+073E!:'!N,.*-!+;()--!'%&!N&'!-'(&+.5!!8)(&)?&(E!'%&!'()*)*+,-&!%&:9%'!;+1!>7,;',+'&!
-:91:>:;+1'73!+(),12!:'-!.&+1!'(&12!)?&(!(&7+':?&73!-%)('!*&(:)2-E!0&;+,-&!)>!.&'&)()7)9:;+7!
*();&--&-!'%+'!;+,-&!+:(!&J;%+19&!0&'4&&1!'%&!7)4&(!-'(+')-*%&(&!+12!'%&!,**&(!'()*)-*%&(&!
COPQE!@FF@H5!!!

D'(+')-*%&(&!')!'()*)-*%&(&!&J;%+19&!CD$RH!&?&1'-!'%+'!*&(',(0!'%&!'()*)*+,-&!>().!:'-!
+?&(+9&!*)-:':)1!+(&!+--);:+'&2!4:'%!.&-)-;+7&B7&?&7!>7,;',+':)1-!+12!+(&!.)-'!;)..)1!C4:'%:1!
'%&!1)('%&(1!%&.:-*%&(&H!:1!'%&!.:2!7+':',2&-!CGFBLF!SOH5!!$%&3!+(&!%:9%73!&*:-)2:;E!+12!
;7+--:>:&2!:1')!'4)!'3*&-5!!D%+77)4!D$RE!2,(:19!4%:;%!-'(+')-*%&(:;!+:(!(&-:2&-!:1!'%&!'()*)-*%&(&!
>)(!T!L!%!0&>)(&!(&',(1:19!')!'%&!-'(+')-*%&(&E!+;;),1'!>)(!.)(&!'%+1!UFV!)>!;()--B'()*)*+,-&!
>7,J&-5!!$%&:(!);;,((&1;&!%+-!+!4&+/!+.*7:',2&!-&+-)1+7!;3;7&!4:'%!+!.+J:.,.!:1!'%&!-*(:19E!
+12!(&7+':?&73!7:''7&!=)1+7!C:5&5!7)19:',2:1+7H!?+(:+0:7:'35!!W&&*!&J;%+19&-E!'3*:;+773!);;,((:19!?:+!
'()*)*+,-&!>)72-!X!2&>:1&2!+-!'%:1!0+12-!)>!-'(+')-*%&(:;!+:(!:1'(,2:19!:1')!'%&!'()*)-*%&(&!X!
+;;),1'!>)(!)173!"B@V!)>!')'+7!>7,J&-5!!$%&:(!>(&Y,&1;3!%+-!+!-'()19!-&+-)1+7!;3;7&!4:'%!+!4:1'&(!
.+J:.,.!+12!-,..&(!.:1:.,.5!!$()*)*+,-&!>)72-!,-,+773!);;,(!:1!+--);:+':)1!4:'%!'%&!
2&?&7)*.&1'!)>!+!7)4!*(&--,(&!-3-'&.!+12!+!;)72!>()1'!+'!'%&!9(),12!CI**&1=&77&(!+12!W+?:&-E!
"UU@HM!'%&3!+(&!+--);:+'&2!4:'%!;3;7)9&1&-:-!CD*(&19&(!&'!+75E!@FFGH5!!D,(>+;&B0+-&2!2&&*!
;)1?&;':)1!:-!7:1/&2!')!0)'%!&J'(&.&!4&+'%&(!+12!')!'()*)*+,-&!>)72-E!-)!'%&!7+''&(!.+3!0&!,-&2!
')!:.*()?&!4&+'%&(!>)(&;+-'-!C)(!&Y,:?+7&1'73E!4&+'%&(!.+(/&(-!.+3!-&(?&!+-!:12:;+')(-!)>!
>)72:19!&?&1'-H5!!$%&!:1'(,-:)1-!>)77)4!2:-':1;'!=)1+7!*+''&(1-!+12!+(&!+--);:+'&2!4:'%!'%&!&12!)>!
'%&!Z+;:>:;!-')(.!'(+;/!+12!'%&!0&9:11:19!)>!'%&!I'7+1':;!-')(.!'(+;/E!);;,((:19!4:'%!9(&+'&-'!
>(&Y,&1;3!)?&(!'%&![D!4&-'!;)+-'!+12!'%&!4&-'&(1!O)('%!I'7+1':;5!!CD')%7!&'!+75E!@FFG0M!\)7')1!&'!
+75E!"UU#M!R7!I.(+),:!&'!+75E!@F"FM!8)(9&1-'&(1!+12!8+(&1;)E!@FFFH5!!!!!

!"6"$7231+.5$

!"#"$"%&'(%)*+,-.%/012(34%

8<]I^QE!+1!+;()13.!>)(!'%&!.&+-,(&.&1'!)>!)=)1&!+12!4+'&(!?+*)(!03!I:(0,-!:1B
-&(?:;&!+:(;(+>'E!:-!+!;)77+0)(+':?&!R,()*&+1!>:&72!;+.*+:91!:1:':+'&2!:1!"UUG5!!$%&!*()N&;'!
:1?)7?&-!'%&!+,').+':;E!(&9,7+(!.&+-,(&.&1'!)>!?+(:),-!+:(0)(1&!-*&;:&-!03!>:?&!*+--&19&(!
+:(;(+>'!CI:(0,-!8)2&7!IG_FH!2,(:19!(),':1&!;)..&(;:+7!>7:9%'5!!`7:9%'-!+(&!.)1:')(&2!+'!'%&!
+**()J:.+'&!>(&Y,&1;3!)>!@EFFF!-&9.&1'-!*&(!3&+(5!!$%&!+:(;(+>'!>73!+'!;(,:-:19!+7':',2&-E!-*+;&2!
F5G!/.!+*+('E!'%+'!(+19&!>().!+**()J:.+'&73!U5K!/.!')!"@5#!/.5!!$%&!2+'+!+(&!.+2&!+;;&--:07&!
'%(),9%!:1'&(1+':)1+7!;).*,'&(!1&'4)(/-5!!!
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$%!&'()*!$!+,!-'*!.(/0(12%3!+4+%*!(%5!6(-*7!8(0+7!6*7*!/*()97*5:!!;+%1-+71%2!+,!.(7<+%!
/+%+=15*!(%5!+=15*)!+,!%1-7+2*%!6()!(55*5!()!0(7-!+,!(!)*.+%5!0'()*:!!>551-1+%(?!/+%1-+7*5!
8(71(<?*)!1%.?95*!0+)1-1+%3!-*/0*7(-97*3!07*))97*3!(%5!61%5!8*?+.1-@:!!>??!/*()97*/*%-)!(7*!/(5*!
<@!)*%)+7)!1%)-(??*5!+%!-'*!(17.7(,-!)'*??3!A9)-!<*?+6!-'*!.+.B01-:!!C(-(!(7*!.+??*.-*5!5971%2!,?12'-!
(-!177*29?(7!1%-*78(?)3!(-!-'*!(007+=1/(-*!,7*D9*%.@!+,!E:FG!H4:!!I4+%*!6()!/*()97*5!81(!59(?!
<*(/!9?-7(81+?*-!(<)+70-1+%!J5*-*.-1+%!?1/1-!F!00<K!07*.1)1+%!L!MF!00<NFOPQ!JR(6!*-!(?:3!"SSTQ:!!

!"#"$"%&'('%')*+,-,(,./%%

I97!-*(/!+<-(1%*5!(..*))!-+!-'*!;IU>$V!5(-()*-!1%!>929)-!FEEW:!!X*!,+.9)*5!+%!,?12'-)!
1%8+?81%2!(!YZ!.1-@!<*.(9)*!J(Q!-'*)*!.+/071)*5!(!?(72*!,7(.-1+%!+,!-'*!2?+<(?!5(-()*-!J(<+9-!
[EOQ3!(%5!<*.(9)*!J<Q!-'*!07*)*%-!(%(?@)1)!(1/)!-+!<91?5!+%!1%)12'-)!2(1%*5!,7+/!-'*!YZ!,1*?5!
/+%1-+71%2!.(/0(12%!5*).71<*5!1%!V'(0-*7![:!!>)!)'+6%!1%!\(<?*!G:"3!(/+%2)-!-'*!]"E3EEE!
,?12'-)!1%8+?81%2!YZ!.1-1*)!)(/0?*5!<*-6**%!"SSG!(%5!FEEG3!-'*!/+)-!,7*D9*%-*5!YZ!.1-1*)!6*7*!
^*6!_+7B3!>-?(%-(3!(%5!V'1.(2+:!!\'*!`97+0*(%!.1-1*)!/+)-!+,-*%!,?+6%!-+!6*7*!a7(%B,97-3!
b79))*?)3!(%5!;9%1.':!!!
!
!
"#$%&!'()(!^9/<*7!+,!,?12'-!)*2/*%-)!1%!-'*!;IU>$V!5(-(<()*!5971%2!"SSGcFEEG3!<@!@*(73!(%5!
<@!YZ!.1-@!1%8+?8*5!J,+7!-'*!T!YZ!.1-1*)!/+)-!,7*D9*%-?@!,?+6%!-+Q:!(!
*&#+! ",-#%!

.%,$#%!
",-#%!
/0!

1*! 2"3! 456! 723! 58/! 09! 461! 32!

"SSG! "Sdd! "ETd! [Sd! GT! FT! "E"! T"! S[! E! [!
"SS#! FdFd! TG[! [#G! [#! #! "WF! T[! GE! E! "[!
"SSW! FWF"! "EET! dS"! #F! "F[! FET! "EE! "T! SG! E!
"SST! FWE[! "EGW! dGd! "EF! #F! FEF! "#d! "#! "GG! E!
"SSS! F#G"! "EWE! d"d! FTF! [G! "F#! "dS! "#! [d! E!
FEEE! FTdG! ""WE! FdW! FT#! "TW! WT! "F[! "F! [! F!
FEE"! "TTE! TFT! d"d! GE! FG[! [T! [E! T! E! [!
FEEF! "#d#! #""! FGG! E! "S[! dF! FE! "T! E! E!
FEEd! FGGF! TdT! FET! ""F! F#E! #E! [F! "#! "F! "E!
FEE[! FG[[! "E"#! "#E! dTT! #F! ##! FT! FF! F! "E[!
FEEG! "SWS! ["T! FT! F[! F#! #! E! dE! E! "#F!
\+-(?! FGWGT! SSGd! dF"#! "["E! "F[T! "ESS! TF"! dEE! d""! dEE!
(!^_!e!^*6!_+7B3!>\R!e!>-?(%-(3!VH$!e!V'1.(2+3!C>R!e!C(??()3!HIY!e!H+9)-+%3!Za!e!Z(%!
a7(%.1).+3!V$^!e!V1%.1%%(-13!R>!e!R+)!>%2*?*):

\'*!07*)*%-!(%(?@)1)!.+%)15*7)!(??!,?12'-)!<*-6**%!;9%1.'!(%5!^*6!_+7B!J^_Q3!V'1.(2+3!
(%5!R+)!>%2*?*)!JR>Q3!5971%2!-'*!)1=c@*(7!0*71+5!<*-6**%!FEEE!(%5!FEEG:!!\'*!0*71+5!,7+/!
FEEE!-+!FEEG!6()!)*?*.-*5!()!<*1%2!7*()+%(<?@!7*07*)*%-(-18*!+,!.977*%-!.+%51-1+%):!!^*6!_+7B3!
V'1.(2+!(%5!R>!6*7*!)*?*.-*5!()!-'*@!(7*!/(A+7!5*)-1%(-1+%)3!<*1%2!-'*!-'7**!/+)-!0+09?+9)!
.1-1*)!1%!-'*!YZ:!!\'*@!7*07*)*%-!(%!1%-*7*)-1%2!<?*%5!+,!,?12'-!7+9-*)3!()!-'*17!?+.(-1+%)!
*%.+/0())!-'*!*()-*7%3!.*%-7(?3!(%5!6*)-*7%!YZ:!!a1%(??@3!-'*@!'(5!(007+=1/(-*?@!*8*%!)(/0?*!
)14*)!J^_!e!d#"K!R>!e!FW[K!V'1.(2+!e![dFQ3!(%5!6*7*!/+%1-+7*5!5971%2!(??!/+%-')!+,!-'*!@*(7:!!
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!"#"#"$%&'&$&(&)*+,+$
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%3)&)72+E!,+3-!3%)&)72+!3-2!%3)&)72+!)(3)!69&-6&2+!.&)(!)(+!"O(!9>9-+!=+3ME!8%&'()!2743)&9-!3-2!)(+!

)&,+O)9O=+3MO9>9-+;!!K3)3!849,!)(+!DQH!P3%&2!8%&'()!*+',+-)*!.+4+!*)43)&8&+2!&-)9!*&5!'497=*!
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X)3)&*)&63%!*&'-&8&63-6+!.3*!2+)+4,&-+2!9-!)(+!L3*&*!98!)(+!69-P+-)&9-3%!H1!<:=+!W!+4494!43)+;!!!

!"#"$%&'()*'$+,-$-.'/(''.0,$

!"-"."$/012&3,(4$15&(+$
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Figure 5.4a. Locations where peak ozone levels were encountered, for the 51 flights (out of  
225) between Munich and Chicago, NY, and LA in Jan-Mar with peak 1-h ozone model 
residuals exceeding 100 ppb.   
 

 
 

Figure 5.4b. Ozone levels measured along flight tracks, for the 51 flights (out of  225) between 
Munich and Chicago, NY, and LA in Jan-Mar with peak 1-h ozone model residuals exceeding 
100 ppb.  The highest levels are clustered in the 40-60º N latitude band, and particularly around 
the western North Atlantic region, which is also the zone where deep stratosphere-to-troposphere 
exchanges are most frequent. The rectangle tracing the approximate location of the continental 
United States is intended to guide the eye.  
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$%&'!&()*'+&,-+&.(!/*&(0./1*'!+%*!*23*1+-+&.(!+%-+!04&,%+'!.(!+/-('-+4-(+&1!/.5+*'!/.5+&(*46!

*(1.5(+*/!)*/6!%&,%!.7.(*!4*)*4'8!9&+%!-((5-4!:*-('!.0!-33/.2&:-+*46!;<<!-(=!><<!33?!0./!

04&,%+@-)*/-,*!-(=!"@%!3*-A!.7.(*8!/*'3*1+&)*46B!!C&+%.5+!-!1.(+/.4!=*)&1*!D-!1-+-46'+!./!

E1.()*/+*/FG!+.!/*:.)*!.7.(*!0/.:!+%*!)*(+&4-+&.(!-&/!?*0./*!&+!*(+*/'!+%*!1-?&(8!1.//*'3.(=&(,!

&(@1-?&(!4*)*4'!.0!.7.(*!-(=!.7.(*!/*-1+&.(!?63/.=51+'!9.54=!?*!5(-11*3+-?46!%&,%!H!*'3*1&-446!

?*+9**(!I*?/5-/6!-(=!J5(*!H!-(=!1.54=!1.::.(46!*21**=!+%*!4&:&+'!'3*1&0&*=!&(!I*=*/-4!

K)&-+&.(!L*,54-+&.('!DIKL!;MBN#;!-(=!IKL!";"BMONGB!!!

K!3-/-:*+*/!A(.9(!-'!+%*!E/*+*(+&.(!/-+&.F!D./!L@)-45*G!&'!=*0&(*=!-'!+%*!&(=../!

3/.3./+&.(!.0!.5+=../!.7.(*!&(!+%*!-?'*(1*!.0!-!1.(+/.4!=*)&1*B!!$%*!L@)-45*!*(-?4*'!&(@1-?&(!

.7.(*!4*)*4'!+.!?*!*'+&:-+*=8!,&)*(!+%*!/-(,*!.0!04&,%+@1.//&=./!.7.(*!4*)*4'!/*3./+*=!&(!+%&'!

'+5=6B!!$%*!L@)-45*!=*3*(='!.(!1-?&(!'5/0-1*!:-+*/&-4'8!.1153-(+!=*('&+68!+%*!'5/0-1*!-/*-!+.!

).45:*!/-+&.8!-(=!+%*!=*'&,(!-(=!.3*/-+&.(!.0!+%*!-&/1/-0+!)*(+&4-+&.(!'6'+*:B!!P-'+/.:!*+!-4B!

D"QN<G!/*3./+!L@)-45*'!?*+9**(!<B>O!-(=!<BN#8!?-'*=!.(!-!'+5=6!9%*/*!1-?&(!-(=!-:?&*(+!.7.(*!

4*)*4'!9*/*!:*-'5/*=!'&:54+-(*.5'46B!!R./*!/*1*(+468!L@)-45*'!&(!+%*!/-(,*!<B;@<B>!9*/*!

1-4154-+*=!?6!S.4*:-(!*+!-4B!D;<<NG8!?-'*=!.(!1%-:?*/!*23*/&:*(+'!:*-'5/&(,!.7.(*!

1.('5:3+&.(!.(!:-+*/&-4'!0.5(=!&(!-&/1/-0+!1-?&('8!1.:?&(*=!9&+%!-!1.::.(!/-(,*!.0!1-?&(!-&/@

*21%-(,*!/-+*'!-(=!*23*1+*=!0/&1+&.(!)*4.1&+&*'B!!I./!=*:.('+/-+&(,!1.:34&-(1*!9&+%!IKK!.7.(*!

/*,54-+&.('8!-&/1/-0+!1-(!?*!-''&,(*=!-!=*0-54+!L@)-45*!.0!<BO!DPLS8!;<<;GB!!!

T-'*=!.(!L!U!<BO8!&(@1-?&(!3*-A!"@%!-(=!04&,%+@-)*/-,*!.7.(*!4*)*4'!.(!+%*!NVM!04&,%+'!

&()*'+&,-+*=!9.54=!?*!*23*1+*=!+.!/-(,*!0/.:!-33/.2&:-+*46!V<!+.!V<<!33?8!-(=!#M!+.!#M<!33?8!

/*'3*1+&)*46B!!C&+%!+%&'!=*0-54+!L@)-45*8!04&,%+@-)*/-,*!.7.(*!4*)*4'!9.54=!*21**=!"<<!33?!.(!

:./*!+%-(!QMW!.0!04&,%+'!?*+9**(!I*?/5-/6!-(=!J5(*B!!$%*!%&,%!.7.(*!4*)*4'!9.54=!?*!

-11.:3-(&*=!?6!1.//*'3.(=&(,46!%&,%!4*)*4'!.0!.7.(*!/*-1+&.(!?63/.=51+'B!!K11./=&(,!+.!

1%-:?*/@*23*/&:*(+'8!+%*!+.+-4!?63/.=51+!6&*4=!&'!3/*=&1+*=!+.!/-(,*!0/.:!<B<O!+.!<B;>!:.4*'!.0!

3/.=51+'!).4-+&4&7*=!3*/!:.4*!.0!.7.(*!1.('5:*=!DS.4*:-(!*+!-4B8!;<<NGB!!$%*!?63/.=51+!6&*4='!

=5/&(,!*23*/&:*(+'!&(!-(!.1153&*=!'&:54-+*=!1-?&(!*21**=*=!+%*!/-(,*!.0!)-45*'!3/*=&1+*=!?6!+%*!

1%-:?*/!*23*/&:*(+'8!-+!<B;M!+.!<B#<!:.4*'!.0!3/.=51+!).4-+&4&7*=!3*/!:.4*!.0!.7.(*!1.('5:*=!

DC*'1%4*/!*+!-4B8!;<<OGB!!$%*!:&2!-(=!:&2&(,!/-+&.!.0!.2&=&7*=!'3*1&*'!0./:*=!=*3*(='!&(!3-/+!.(!

.1153-(16!1.(=&+&.('!&(!+%*!1-?&(B!!X5:-(!'A&(!.&4'8!:.'+!3/.:&(*(+46!'Y5-4*(*8!/*-1+!9&+%!

.7.(*!+.!,*(*/-+*!1%-/-1+*/&'+&1!3/.=51+'!+%-+!=*'./?!+.!+%*!,-'!3%-'*!./8!&0!+%*6!-/*!4*''!).4-+&4*8!

/*:-&(!.(!+%*!'A&(B!!Z9&(,!+.!/*-1+&.('!.115//&(,!.(!+%*!?.=6!*()*4.3*8!4*)*4'!.0!?63/.=51+'!&(!

+%*!?/*-+%&(,!7.(*!-/*!*23*1+*=!+.!?*!,/*-+*/!+%-(!-)*/-,*!4*)*4'!&(!+%*!1-?&(B!!DC&'+%-4*/!-(=!

C*'1%4*/8!;<"<[!P-7-/.00!-(=!C*'1%4*/8!;<"<GB!

K'!04&,%+'!.(!+/-('-+4-(+&1!/.5+*'!-/*!/.5+&(*46!*Y5&33*=!9&+%!.7.(*!1.()*/+*/'!D&(!

/*'3.('*!+.!+%*!&(+/.=51+&.(!.0!+%*!IKL'!4&:&+&(,!1-?&(!.7.(*G8!+%&'!&445'+/-+&.(!'*/)*'!?.+%!+.!

=*:.('+/-+*!+%*!*23.'5/*'!-).&=*=!+%/.5,%!5'*!.0!+%*!1.()*/+*/'8!-(=!+.!=*0&(*!9./'+@1-'*!

'1*(-/&.'!0./!1.(=&+&.('!9%*/*!-!1.()*/+*/!&'!-?'*(+!./!0-&4'!+.!3*/0./:!-=*Y5-+*46B!!$%*!(*2+!

&445'+/-+&.(!1.('&=*/'!&(@1-?&(!4*)*4'!.0!.7.(*!+%-+!:&,%+!?*!*23*1+*=!.(!+%*!15//*(+!04**+!.0!

-&/1/-0+!346&(,!+/-('-+4-(+&1!/.5+*'B!!C%*(!(*98!1.()*/+*/'!.(!+%*'*!-&/1/-0+!%-)*!-(!*23*1+*=!

.7.(*!=*'+/51+&.(!*00&1&*(16!D G!.0!Q<@QNW!DPLS8!;<<;GB!!\0!+%*!-&/1/-0+!&(!.5/!'-:34*!-/*!

:.=*4*=!-'!%-)&(,!-!1.()*/+*/!9&+%! !U!<BQM8!-(=!L!U!<BO8!.7.(*!4*)*4'!&(!+%*!1-?&(!-/*!

*00*1+&)*46!1.(+/.44*=8!9&+%!3/*=&1+*=!&(@1-?&(!04&,%+@-)*/-,*!-(=!"@%!3*-A!.7.(*!4*)*4'!4*''!+%-(!

"N!33?!-(=!##!33?8!/*'3*1+&)*468!-1/.''!-44!NVM!04&,%+'!&()*'+&,-+*=B!!!
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.810,/&1!'(44!,-*&87-&8,!,-(/*!5(*)/0(!4/.(A!!!!!

!"#"$%&'()*+,&'+$

Q-/5!/1)(5,/73,/&1!3665!,&!,-(!5,3,(!&.!O1&'4(67(!*(73*6/17!&G&1(!(10&81,(*(6!92!
0&<<(*0/34!;355(17(*!3/*;431(5!68*/17!.4/7-,+!&1!,*3153,431,/0!*&8,(5A!!SG&1(!4()(45!'(*(!.&816!
,&!)3*2!5,*&1742!316!0&15/5,(1,42!'/,-!5(35&1+!'/,-!<3H/<8<!4()(45!&95(*)(6!/1!D;*/4+!316!
</1/<8<!4()(45!/1!S0,&9(*A!!Q-(!5;3,/34!316!,(<;&*34!6/5,*/98,/&1!&.!,-(!-/7-(5,!9*30O(,!&.!
&G&1(!4()(45!(10&81,(*(6!92!3/*0*3.,!/1!&8*!53<;4(!5877(5,5!,-(5(!<32!9(!355&0/3,(6!'/,-!
/1,(*</,,(1,!,*&;&;385(!.&46/17+!'-/0-!&008*5!<&5,!.*(R8(1,42!/1!,-(!'/1,(*!<&1,-5+!/1!,-(!
'(5,(*1!T&*,-!D,431,/0!*(7/&1A!!I&*!,-(!*&8,(5!/1)(5,/73,(6+!.4/7-,5!3,!-/7-(*!43,/,86(5!6/6!1&,!
(10&81,(*!525,(<3,/03442!-/7-(*!&G&1(!,-31!.4/7-,5!3,!4&'(*!43,/,86(5A!!U15,(36+!,-(!*(43,/)(42!
<&6(*3,(!6/..(*(10(5!9(,'((1!&G&1(!4()(45!&95(*)(6!&1!(30-!&.!,-(!5/H!*&8,(5!'(*(!4/1O(6!,&!,-(!
0&<9/1(6!/1.48(10(!&.!G&134!@/A(A!43,/,86(V4&17/,86(C!&G&1(!,*(165+!316!.4/7-,!34,/,86(A!!D5!
3/*;431(5!73/1!34,/,86(!'/,-!,/<(!68*/17!3!.4/7-,+!316!9(0385(!.4/7-,5!3,!-/7-(*!34,/,86(5!3*(!<&*(!
4/O(42!,&!(10&81,(*!(4()3,(6!3,<&5;-(*/0!&G&1(!4()(45+!,-(!"F-!&G&1(!;(3O!;(*!.4/7-,!'35!
&95(*)(6+!&1!3)(*37(+!68*/17!,-(!5(0&16!-34.!&.!(30-!.4/7-,!5(7<(1,A!!!

Q-&87-!,-/5!/1)(5,/73,/&1!/10486(6!&142!,*3153,431,/0!*&8,(5+!<3;5!&.!,-(!5;3,/34!
6/5,*/98,/&1!&.!&G&1(!34&17!,-(!.4/7-,!*&8,(5!5,86/(6!344&'!3!74/<;5(!/1,&!4()(45!&.!&G&1(!/1!,-(!
.4/7-,!0&**/6&*!&)(*432/17!3!;&*,/&1!&.!,-(!0&1,/1(1,34!WX!316!,-85!;*&)/6(!3!;(*5;(0,/)(!&1!
&G&1(!4()(45!,-3,!</7-,!9(!(10&81,(*(6!&1!6&<(5,/0!*&8,(5!35!'(44A!!Q-(!*(584,5!5-&'!,-3,!()(1!
&1!6&<(5,/0!*&8,(5!@'-/0-!3*(!.*(R8(1,42!,*3)(*5(6!92!3/*0*3.,!'/,-&8,!&G&1(!0&1)(*,(*5C+!
(4()3,(6!&G&1(!3,!4()(45!&.!-816*(65!&.!;;9!/5!*&8,/1(42!(10&81,(*(6+!(5;(0/3442!/1!3!G&1(!1(3*!
,-(!0(1,*34!'(5,!WX+!316!/1!,-(!1&*,-(35,!R836*31,!&.!,-(!0&81,*2!@I/78*(!NA$9!316!NANCA!!
Q-(*(.&*(!,-(!;*(5(1,!/1)(5,/73,/&1!58;;&*,5!,-(!035(!<36(!/1!Y-3;,(*!$!.&*!,-(!9(1(./,!&.!85/17!
&G&1(!0&1)(*,(*5!,&!*(680(!&G&1(!(H;&58*(!/1!344!3/*;431(5!03;394(!&.!,*3150&1,/1(1,34!.4/7-,+!
()(1!,-&5(!&142!85(6!&1!6&<(5,/0!*&8,(5A!!

I4/7-,!*&8,(!;4311/17!/5!&1(!5,*3,(72!3/*4/1(5!031!85(!,&!0&<;42!'/,-!&G&1(!IDJ5A!!Z3,3!
,&!3/6!'/,-!;4311/17!(..&*,5!3*(!935(6!&1!5,3,/5,/034!58<<3*/(5!&.!3,<&5;-(*/0!&G&1(!35!3!.810,/&1!
&.!34,/,86(+!43,/,86(+!316!<&1,-!@TJY+!B>>BCA!!Q-(!*(584,5!;*(5(1,(6!-(*(!/16/03,(!,-3,!;4311/17F
935(6!*/5O!<3137(<(1,!,(0-1/R8(5!<32!9(!(..(0,/)(!/1!;*(6/0,/17!&G&1(!,*(165!935(6!&1!<&1,-!
316!34,/,86(A!!%&'()(*+!/1!366/,/&1!,&!9(/17!935(6!&1!<(31!,*(165!/1!,-(!;&5/,/&1!&.!,-(!
,*&;&;385(+!;4311/17!5-&846!,3O(!300&81,!&.!,-(!/1,(*</,,(1,!/1.48(10(!&.!,*&;&;385(!.&46/17!
()(1,5+!(5;(0/3442!'-(1!0&15/6(*/17!&G&1(!,-3,!</7-,!9(!(10&81,(*(6!/1!,-(!'/1,(*!<&1,-5A!!
[&*(&)(*+!&8*!*(584,5!5877(5,!,-3,!'/,-/1!,-(!,*3153,431,/0!.4/7-,!0&**/6&*+!43,/,86(!/5!1&,!
355&0/3,(6!<&1&,&1/03442!'/,-!&G&1(+!5&!.4/7-,F*&8,(!;4311/17!935(6!&1!(H;(0,(6!43,/,86(!,*(165!
<32!1&,!9(!;3*,/0843*42!(..(0,/)(A!!!!!
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A+/B'82!CD-!3'+2=!,E-!E*'1(!FG-!"4H>6!I);('!J'/29+'J'(8!29+0'K!1(!:;JJ'+:1/*!L'8!/1+:+/<86!
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Chapter 6: Conclusions 

 

6.1. Summary of findings 

The research presented in this dissertation explores inhalation exposures to two dynamic 
air pollutants in two important settings: ozone in aircraft cabins and ultrafine particles (UFP) in 
residences.  Administrative and technological challenges have limited prior efforts to acquire 
time-resolved data under normal occupied conditions on these two pollutant-environment pairs; 
such data are important for understanding human exposures and consequent health risks.  Hence, 
our knowledge of these two exposure circumstances has been based more on measurements of 
ambient concentrations, concentrations measured in unoccupied or controlled indoor 
environments, or on historical data than on current data acquired in the presence of humans 
engaged in habitual activity patterns.  This dissertation addresses the knowledge gap by 
presenting new field data acquired under normal use conditions from occupied 
microenvironments.  Observed pollutant trends are modeled for the purposes of assessing and 
apportioning exposure and to assess the importance for indoor concentrations and exposures of 
variables such as outdoor levels, ventilation characteristics, indoor sources, pollutant dynamics, 
human factors and control strategies.  Study findings can be applied to assess and more 
effectively control health risks associated with each exposure scenario and to suggest conditions 
under which interventions are likely to have the greatest public health impact. 

Residences were studied because people spend a large proportion of time in their own 
homes.  As a consequence, exposures that occur indoors at home have the potential to contribute 
significantly to total daily exposures and hence to adverse health outcomes resulting from air 
pollutant exposure.  Moreover, several sources and sinks of ultrafine particles occur uniquely in 
residences.  And owing to their use in an enclosed space in close proximity to humans, 
residential sources can lead to high cumulative and peak exposures.  Results from the field 
investigation of ultrafine particles in California residences presented in Chapter 2 reinforce and 
substantiate the expectation that residential exposure to ultrafine particles cannot be 
characterized by ambient measurements alone.  Reasons include (1) the importance of indoor 
sources and (2) variations in the indoor proportion of outdoor particles across sites and as a 
function of several variables that change with time during the day and year.  Owing to the 
association between occupancy and UFP levels indoors, residential exposures also cannot be 
characterized by average indoor concentrations alone.  Levels measured in homes were, on 
average, 1.7× greater during occupied relative to unoccupied hours because occupants, when 
present and awake, engage in activities that emit particles.   

In Chapter 2, the “indirect” method was used to quantify occupant exposures and a model 
based on the principle of material balance was developed and applied to apportion exposures 
among source categories.  The geometric mean time-average residential UFP exposure 
concentration for 21 study subjects in seven monitored homes was assessed as 14,500 particles 
per cm3 (GSD = 1.8).  The average exposure duration (i.e. time spent at home) was 17 ± 1.7 h/d 
(mean ± standard deviation).  Episodic indoor source activities, most notably cooking, caused the 
highest peak exposures and most of the variation in exposure among homes.  The average 
contribution to residential exposures from indoor episodic sources was 150% of the contribution 
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from particles of outdoor origin.  A previously uncharacterized continuous indoor source – 
unvented natural-gas pilot lights – contributed 10-19% to exposure for the two households where 
present.   

Activities and appliances observed to be sources of ultrafine particles indoors included 
“continuously emitting” combustion devices such as gas stoves or candles; heated surfaces that 
could be characterized as “sudden-burst emitters” such as an electric-stove or a vented furnace; 
and cleaning with terpene-based products in the presence of sufficient quantities of ozone to 
generate particles by secondary formation.  Mean source strengths per episode ranged from 2-3 × 
1012 particles for low-emitting sources (e.g., a steam iron, clothes dryer, and wall-furnace) to 26-
41 × 1012 particles for high-emitting sources (e.g., a candle, central air furnaces, and gas stoves).  
The first-order particle loss-rate coefficient, representing removal by all processes, had a 
geometric mean of 1.6 h-1 (GSD = 1.5) and did not vary systematically across source types.   

The intrusion of outdoor particles and emissions from indoor continuous sources 
determined the baseline particle level indoors.  The indoor proportion of outdoor particles (IPOP 
or infiltration factor) ranged, on average, from 0.1 to 0.5 across sites (mean = 0.4).  As such, 
values of the IPOP were found to be lower for ultrafine particles than values previously reported 
for fine particle mass, as would be expected for this more dynamic species.  Making houses more 
airtight can provide better protection from outdoor particles but also leads to higher exposures to 
particles generated indoors.  When present, active filtration or air treatment was seen to be an 
effective means of reducing the persistence of particles from outdoors and indoors alike.           

In Chapter 3 semi-empirical intake fractions quantifying source-to-receptor relationships 
were assessed for episodic indoor source events and continuous sources observed during the field 
study described in Chapter 2.  Estimates of the aggregate (i.e., summed over all occupants) 
intake fraction spanned an approximately 20-fold range, from 0.7 × 10-3 to 16 × 10-3.  The 
geometric mean aggregate iF for the 50 episodic source events analyzed was 3.8 × 10-3.  As the 
mean number of residents per site was three, individual intake fractions were approximately 
three times smaller than aggregate iF.  The reported range in values is consistent with limited 
prior research showing that intake fractions for indoor releases are approximately one in a 
thousand.  Exposures during “awake” hours dominated the intake associated with episodic 
sources because episodic indoor sources are tied to human activities.    

A comparison of episodic intake fractions across events, sites, and demographic groups 
showed that the house site had a significant influence on iF, with higher iF associated with sites 
with a smaller volume per resident.  Human factors, such as occupancy and sleep patterns, and 
the variability in the breathing rates linked to age and gender, caused substantial variations 
between individual iF assessed for each episodic source event.  The iF for children, for episodic 
source events, was 16% lower on average than the corresponding iF for adults owing to a greater 
number of hours spent asleep.  Aggregate intake fraction estimates were ~30% less than they 
would have been if activity patterns and demographic differences were ignored and all occupants 
were treated as being present and awake throughout indoor emission episodes.  In Chapter 2, we 
observed the type of source had a significant effect on emissions of and exposures to ultrafine 
particles.  However, source-type was not demonstrated to have an independent effect on iF under 
the conditions sampled.                

In Chapters 4 and 5 the focus of this dissertation shifted from buildings to transportation 
vehicles, and from ultrafine particles to ozone.  The transportation environment studied, 
passenger cabins of commercial aircraft during flight, has several exposure-relevant features that 
are distinct from residences.  The air-cabin microenvironment is, compared to houses, more 
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densely occupied.  Occupants spend much less time in this environment than they do in their 
own homes, but when present they do not have the options of leaving or of significantly 
modifying their local environment if conditions become unfavorable.  Air-traffic routes take 
airplanes into the upper troposphere and lower stratosphere, while houses are located in the 
atmospheric boundary layer, and are as such exposed to different airborne constituents and 
temperature/relative humidity conditions.  Finally, houses typically have a lower air exchange 
rate compared to airplane cabins, although the volume flow rate of ventilation air per occupant is 
generally higher in residences than in aircraft cabins.  

In Chapter 4, results are presented from a field campaign that represents the largest 
published survey since 1980 of time-resolved ozone levels in aircraft cabins during flight.  A few 
monitoring surveys on a similar or larger scale were conducted in the 1960s and 1970s, but data 
from those studies are not representative of conditions currently experienced by passengers in 
economy cabins, both because of the significant changes to aircraft design and operation since 
1980, and because in the early surveys monitoring was not conducted in the main cabin, in close 
proximity to passengers.   

The novel field data presented and interpreted in Chapter 4 show ozone levels vary with 
season, as was expected owing to the mean seasonal changes in the tropopause height.  In-cabin 
levels also varied strongly with the presence or absence of an ozone “converter” or control 
device.  Levels on aircraft without converters, all of which were on domestic routes, were 
moderate on average with a geometric mean peak 1-h ozone of 33 ppb (GSD = 2.3).  Converters 
were effective at reducing in-cabin ozone, so that the peak 1-h ozone level on domestic flights 
with converters did not exceed 10 ppb.  For aircraft with converters, levels were elevated on 
flights following long-haul, transoceanic routes relative to those restricted to domestic routes.  
Aircraft type may have contributed to differences within our transoceanic sample; newer aircraft 
models appear to have more efficient converters.  Individual in-cabin ozone exposures, expressed 
in units of concentration × time, were in the range 100-600 ppb-h for 40-50% of transoceanic 
flights (with converters) and domestic flights without converters.  On a few domestic non-
converter flights ozone levels were very high and the 1-h peak and sample mean exceeded 100 
ppb.  These high-ozone flights coincided with major storms, which appeared to be indicators of 
tropopause folding events that were the likely drivers of the high ozone.       

As in-cabin ozone data are scarce and as ozone in the cabin originates in the air outside, 
the investigation in Chapter 4 was augmented by a study of atmospheric ozone levels collected 
as part of the MOZAIC monitoring campaign.  Results from analysis of MOZAIC data are 
presented in Chapter 5 and substantiate the finding from Chapter 4 that ozone levels encountered 
by aircraft vary with season.  As with the in-cabin data, the effect of season was observed to have 
two important components, consisting of (1) a mean annual trend that is plausibly explained by 
mean seasonal changes in the tropopause height and predicts maximum levels in the spring, and 
(2) a tendency for the highest bracket of ozone levels that are outliers to the mean trend to cluster 
in the winter.  The spatial and temporal distribution of the high ozone levels suggests, as did the 
highest levels measured inside the cabin, that they are associated with intermittent tropopause 
folding that occurs most frequently in the winter months in the western North Atlantic region and 
around the central west US. 

In addition to providing insight into temporal trends in ozone levels encountered by 
commercial passenger aircraft, Chapter 5 builds on the findings in Chapter 4 by elucidating 
spatial trends.  Contrary to expectations, within the 40º – 80º north latitude band spanned by the 
US and transatlantic flight corridors, there was no consistent or monotonic association between 
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ozone and latitude.  Hence the analysis of MOZAIC data suggests that the higher ozone on long-
haul versus domestic US routes observed during the in-cabin monitoring study is better 
explained by regional location trends, rather than by the higher latitudes traversed by the 
transatlantic flights alone.  While the in-cabin data were not conducive to resolving the effect of 
flight altitude on ozone exposures, the MOZAIC analysis showed a mean – though highly 
variable – increase of approximately 70 ppb in the atmospheric ozone level per km gain in flight 
altitude.   

An analysis of the portion of the MOZAIC data that intersects with domestic US airspace 
substantiated the finding, suggested in Chapter 4, that elevated ozone levels ( > 100 ppb) are 
routinely encountered by aircraft even on domestic routes.  Atmospheric ozone levels over 100 
ppb were common at flight altitudes in the winter and spring months, especially in a zone around 
the western United States and in the northeast quadrant of the country.  As anticipated, in-cabin 
ozone levels on domestic flights without converters were, overall, substantially lower than 
atmospheric ozone levels measured by MOZAIC flights.  However, the difference between 
atmospheric and in-cabin levels may not represent a public health benefit, as emerging research 
indicates that the reduction in ozone in the cabin environment occurs at the cost of forming 
potentially harmful volatile and semivolatile gaseous- and condensed-phase oxidation products.  
These findings reinforce the benefit of using ozone converters even on domestic routes to protect 
passengers from exposure to in-cabin levels of ozone and ozone oxidation byproducts that would 
be associated with the presence of ozone in the incoming ventilation air. 

6.2. Opportunities for future research 

Indoor (or, equivalently, in-cabin) sources were, from the perspective of the primary 
pollutants evaluated in this dissertation, present and important for ultrafine particle exposures in 
homes and absent for ozone in aircraft.  However, ozone in airplane cabins is associated with a 
class of pollutants generated in the interior space that is of concern: ozone oxidation byproducts.  
Section 6.2.1 proposes research to look more closely at indoor episodic sources of ultrafine 
particles in residences and at the in-cabin formation of ozone oxidation byproducts in airplanes.   

While episodic sources of ultrafine particles discussed in this dissertation have been 
previously investigated to some degree, the characterization of emissions and exposures 
associated with a continuous indoor source – natural gas pilot lights – was a novel contribution.  
As this source has not been well studied, §6.2.2 suggests research aimed at investigating it 
further. 

The studies presented in this dissertation used microenvironmental monitoring and data 
on occupancy patterns to model exposures.  As such, reported exposures do not account 
comprehensively for the effects of spatial variability in concentrations within the interior 
environments studied.  As a next step, it would be valuable to combine personal and 
microenvironmental monitoring in a single study, discussed in §6.2.3, to accomplish the 
following goals with respect to the study on ultrafine particles in homes: (a) validate the use of 
the indirect exposure assessment method, (b) evaluate the full impact of pollutant and human 
dynamics on exposure, and (c) obtain improved intake fraction estimates by assessing exposure 
and emissions independently.   

Finally in §6.2.4 an avenue of research is suggested that explores ways to incorporate 
advances in knowledge in disciplines outside of air quality and exposure science to improve our 
understanding of present and expected future trends for in-cabin ozone.  
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6.2.1. Indoor sources 

6.2.1.1. Residential exposure to ultrafine particles from cooking 

Cooking was the most important indoor source of ultrafine particles in the monitored 
homes described in Chapter 2, in terms of cumulative contributions to exposure.  The frequency 
of cooking and the primary cooking fuel (gas versus electric) were the main drivers of exposure 
variability across sites and between residents within a site.  It would be useful to assess the 
degree to which the reported findings – concerning the magnitude of exposures associated with 
cooking and the importance of cooking compared to other indoor sources – can be generalized to 
geographical regions and population groups beyond the ones directly studied.   

This question might profitably be approached in two stages.  First a review of the 
literature, in light of variables observed to be important for residential exposure to particles from 
cooking (compared to other sources), could aid in classifying populations as being more or less 
vulnerable to exposures from cooking emissions. The described classification could also provide 
a basis for an initial assessment of the anticipated inter-population variability.  Variables that 
might be targeted include:  

  
• The type of fuel (electric or gas) used for cooking, as natural gas appliances were 

associated with higher emissions and exposures than electric appliances.   
• The presence of a particle filter or treatment device associated with the air handling 

system, as this would reduce the residential component of total daily exposures. 
• The number of occupants, as a greater number of residents could necessitate longer and 

more frequent cooking. 
• The house volume, as a smaller volume implies less dilution of emitted particles.  
• Outdoor levels of UFP and the IPOP, as higher exposures to particles of outdoor origin 

could diminish the relative importance of particles emitted during cooking. 
• Demographic attributes (e.g. age and gender).  We did not observe a difference in 

exposures between men and women.  However, such a difference might be observed in 
populations that have a gender-bias in terms of the amount of time spent engaged in 
cooking. For children, the longer duration of time spent asleep compared to adults could 
serve a protective function by removing them from the zone of active cooking emissions.   

 
Second, on the basis of the review, two populations hypothesized to have high and low 

fractions of residential UFP exposures attributable to cooking activities could be selected for a 
comparative monitoring study.  The exercise could aid with control efforts by helping to identify 
conditions under which cooking emissions matter for exposure and variables that mediate their 
influence.  A comparative study of the type described would also have the benefit of helping to 
identify subpopulations most vulnerable to exposure to ultrafine particles from cooking.  
Identifying these populations could, in turn, inform a health risk assessment or intervention study 
targeting indoor sources.  

To properly evaluate the importance of cooking emissions for ultrafine particle exposures 
it is also necessary to evaluate whether ultrafine particle emissions from cooking, apart from 
contributing to exposure, pose a human health risk.  To address this issue three questions might 
be usefully considered.  First, from an epidemiological perspective, can UFP generated by 
cooking and other indoor sources be lumped with UFP from outdoor sources?  If so, does the 
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residential component contribute meaningfully to total daily exposures to ultrafine particles?  
Second: while at home, people are exposed to “spiky” levels of freshly emitted particles from 
indoor sources, and to lower and more steady levels of an “aged” population of particles 
originating outdoors.  Looking only at residential exposures, how do the health effects of 
particles from the two source categories compare?  Third, a bottom-up approach could look at 
the size distribution and composition of UFP generated from cooking and use these parameters 
as indicators of their toxicity.  The question of whether ultrafine particles generated by cooking 
matter for health could also be directly investigated through a controlled human study, where an 
acute health outcome (such as heart rate variability) could be measured in an exposed and an 
unexposed group.  

6.2.1.2. In-cabin exposure to ozone byproducts 

In the studies presented in Chapters 4 and 5, in-cabin and atmospheric ozone were 
investigated independently of each other.  To our knowledge only one prior study (Perkins et al., 
1979; Nastrom et al., 1980) has monitored the two parameters simultaneously on a large sample 
of flights, thus offering insight into the empirical relationship, under in-flight conditions, 
between atmospheric and in-cabin ozone levels.  Simultaneous atmospheric and in-cabin 
monitoring was accomplished by adding an in-cabin monitoring component to the GASP aircraft 
monitoring campaign.  This enabled the assessment of values of the retention ratio for two 
different aircraft types under five different operating conditions, on more than 300 flight 
segments.   

There is a need to update the findings obtained by Perkins et al. (1979) as conditions in 
aircraft have changed since the 1970s.  Long-haul commercial passenger aircraft are now 
routinely operated with ozone catalytic converters that were absent before 1980, the outside air 
ventilation rate has been reduced by approximately a factor of two, and the average occupant 
density has increased.  Moreover recent research has advanced our understanding of a corollary 
of ozone surface removal, the formation of ozone oxidation byproducts, which is a piece of the 
story linking atmospheric and in-cabin ozone that was previously unknown.   

Preliminary research has investigated the formation of ozone reaction byproducts and 
resulting health effects via experiments conducted in a chamber and in a simulated aircraft cabin. 
A field study investigating the formation of byproducts under normal, occupied conditions 
constitutes an important next step.  It is especially crucial that byproduct formation be 
investigated in the presence of exposed people as human skin surfaces form a substrate for ozone 
reactions, and thus the presence and density of humans has an effect on their exposures.  New 
research that investigates the formation of byproducts under in-flight conditions was initiated in 
2008 (Weisel et al., 2010), and simultaneous ozone and ozone byproduct data have so far been 
acquired from 40 domestic and international flights.  Ozone levels on the flights varied from 
below 20 ppb to greater than 100 ppb, and the oxidation products nonanal, decanal and 6-methyl-
5-hepten-2-one (6-MHO) were routinely detected.   

The research by Weisel et al. (2010) provides a strong platform for a large scale study of 
in-cabin exposure to ozone byproducts that could be modeled in part on the GASP and MOZAIC 
aircraft campaigns.  In the proposed research, one or more commercial, passenger, B-757 aircraft 
(without ozone converters) would be outfitted with outside and in-cabin ozone monitoring 
equipment designed to automatically sample time-resolved levels of ozone on routine 
transcontinental US flights.  The resulting large sample of atmospheric and in-cabin ozone levels 
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would enable the assessment of a robust retention ratio under conditions currently prevalent in 
aircraft chosen to be reasonably representative of the commercial passenger fleet.  Ozone 
byproducts could then be sampled episodically, on a subset of monitored flights, to provide 
insight into the yield and mix of byproducts per mole of ozone consumed in the cabin.  These 
parameters could in turn be linked to factors such as the cabin occupant density, and aircraft 
operating conditions.  This study would advance our understanding of the importance of 
atmospheric ozone trends relative to other variables influencing the exposure of cabin occupants 
to ozone and ozone byproducts.  It would form a strong basis for evaluating whether the current 
Federal Aviation Regulations limiting in-cabin ozone are adequately health protective.  

6.2.2. Ultrafine particle emissions from natural gas appliance pilot lights 

Reported in this dissertation are particle number emission rates, first-order decay 
coefficients and exposures for continuously burning pilot lights associated with a cooking range 
and oven.  The pilot lights were present at two sites.  The stoves at these sites were of the same 
make and model: they were antique Wedgewood stoves that had 4 pilots each (two for the range 
and two for the oven).  Emissions and exposures associated with this source were found to be 
significant for the occupants of sites where it was present.  The precise prevalence of natural gas 
pilot lights – which would, along with emissions and exposure estimates, serve as an indicator of 
their importance – could not be assessed.  However, a Department of Energy analysis that 
assumes 18% of gas-range consumers purchase equipment with constantly burning pilots 
suggests piloted ranges are still in wide use (NARA, 2007).   

It would be worthwhile to evaluate a wider set of piloted stoves, ovens and other 
appliances, to obtain a regionally or nationally representative distribution of ultrafine particle 
emission rates for this source category.  To facilitate future research, the ability of gaseous 
copollutants such as nitrogen oxides and carbon monoxide to serve as indicators of the presence 
and particle number emission rate of pilot lights might also be evaluated.   

The proposed research – which could be conducted in the field or in a laboratory – 
combined with a review of the prevalence of the use of pilot lights would facilitate an assessment 
of the importance of pilot lights compared to other residential sources of ultrafine particles.  As a 
corollary the exposure benefit of phasing out pilot lights could be estimated, which might add 
momentum to a trend already underway, motivated by the intent to save energy.  Results from 
the proposed investigation could also help researchers studying UFP in homes to gauge the 
importance of taking emissions from piloted appliances into account, to avoid misattributing 
indoor baseline exposures to outdoor particles.     

6.2.3. Direct versus indirect exposure assessment 

A study similar to the investigation in Chapter 2, with the addition of a personal 
monitoring component, could help to validate the “indirect” method used in this dissertation and 
to define its limitations for the exposure scenario under study.  As the indirect exposure 
assessment method has distinct benefits compared to the direct method, the proposed study 
would make a methodological contribution by facilitating its use.   

Results on UFP exposures in homes presented in Chapters 2 and 3 provided preliminary 
evidence of the influence of pollutant and human dynamics on exposure.  With the addition of a 
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personal monitoring component, the impact on exposure of spatial variability in concentrations, 
ultrafine particle removal processes, and the movement of individuals through the house could be 
more accurately assessed.  A comparison of direct and indirect exposure assessment results could 
provide insight into conditions under which the indirect method is more or less reliable.   

While our intake fraction analysis did not demonstrate a difference in iF associated with 
source type, such a difference might emerge if personal monitoring were employed to assess 
exposure and if some sources systematically require closer proximity than others.  For instance, 
“active” cooking that requires a cook to remain close to a range is expected to result in exposures 
to elevated breathing-zone concentrations (relative to those recorded by the area monitor) and 
hence greater iF than “passive” cooking such as use of the oven or water boiling.   

6.2.4. Lessons from other disciplines 

The investigations in Chapters 4 and 5 address the issue of ozone in aircraft cabins from 
the perspective of exposure scientists with a primary expertise in indoor air quality.  It would be 
valuable to supplement that perspective with advances in knowledge from other disciplines that 
are concerned with commercial passenger aircraft and with atmospheric ozone.  These 
disciplines include transportation, meteorology, atmospheric chemistry, and climate change.   

Lessons from research under way in these areas could help in the interpretation of trends 
observed in an air-cabin ozone exposure study, and in anticipating future changes.  Examples of 
such research areas include: (a) research on the relationship between stratospheric intrusions, the 
occurrence of deep convection, and weather systems, (b) predicted changes in the tropopause 
height as a consequence of global warming, (c) innovations in ozone catalytic converter design, 
(d) changes in aircraft design and operation, such as a shift from the use of bleed air for 
ventilation to bleedless systems, and (e) projected increases in flight altitude bands.  
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