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Abstract

Epidemiologic studies relating ambient ozone concentrations to adverse health outcomes have typically relied on spatial averages
of concentrations from nearby monitoring stations, referred to as “composite monitors.” This practice reflects the assumption that
ambient ozone concentrations within an urban area are spatially homogenous. We tested the validity of this assumption by
comparing ozone data measured at individual monitoring sites within selected US urban areas to their respective composite
monitor time series. We first characterized the temporal correlation between the composite monitor and individual monitors in
each area. Next, we analyzed the heteroskedasticity of each relationship. Finally, we compared the distribution of concentrations
measured at individual monitors to the composite monitor distribution. Individual monitors showed high correlation with the
composite monitor over much of the range of ambient ozone concentrations, though correlations were lower at higher concen-
trations. The variance between individual monitors and the composite monitor increased as a function of concentration in nearly
all the urban areas. Finally, we observed statistical bias in the composite monitor concentrations at the high end of the distribution.
The degree to which these results introduce uncertainty into studies that utilize composite monitors depends on the contributions
of peak ozone concentrations to reported health effect associations.

Keywords Ozone - Composite monitor - Exposure surrogate - Exposure measurement error

Introduction
Background

Short-term exposure to ozone (i.e., exposure to 0zone concen-
trations averaged over hours or up to several days) is associated
with a range of health effects including morbidity (e.g., asthma
exacerbations, respiratory-related hospitalizations) and mortali-
ty (U.S. EPA 2013). A weight-of-evidence characterization of
health effects related to short-term exposure to ozone utilizes
evidence from various scientific disciplines, including
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experimental studies and epidemiologic studies. Experimental
studies have the advantage of following a strict experimental
design and evaluating fixed concentrations of ozone without
the potential for confounding by other pollutants. Such studies
have reported respiratory effects following short-term exposures
to ozone concentrations at or above 60 ppb (e.g., Adams 2002,
2003, 2006; Schelegle et al. 2009; Kim et al. 2011), with some
evidence for a threshold dose rate (Mcdonnell et al. 2012).
However small sample size and the general exclusion of sensi-
tive individuals limit their ability to examine more severe health
endpoints and lower-incidence health effects (U.S. EPA 2013,
section 6.2.1.1). By contrast, epidemiologic studies focusing on
short-term exposure to ozone benefit from utilizing larger study
populations and a range of real-world ambient ozone concen-
trations. However, epidemiologic studies are subject to addition-
al uncertainties, including potential confounding by other pol-
lutants (e.g., NO,, PM; 5) and other environmental factors (e.g.,
allergens, temperature), as well as exposure measurement error
linked to the use of ambient measurements obtained from out-
door monitors (e.g., U.S. EPA 2013, sections 6.2.7 and 6.2.8). It
is this last factor that informs the research presented here.
Epidemiologic studies focusing on short-term exposure to
ozone and the most severe health effects (e.g., hospital
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admissions, mortality) typically use a time-series or case-
crossover design where the temporal pattern of ozone levels
in an urban area is compared to the temporal pattern in the
occurrence of a specific health outcome in that area using a
statistical model. Such studies have traditionally used ozone
concentration data collected from ambient air quality monitors
as the basis for characterizing population exposure in an urban
area (Smith et al. 2009; Zanobetti and Schwartz 2008). More
recently, some researchers have begun to use fused data based
on a combination of gridded photochemical model and mon-
itor data to characterize health effects associated with long-
term (annual) (Turner et al. 2016) and short-term (daily)
(O’Lenick et al. 2017) population exposure. However, moni-
tor data alone continue to be used in many studies of short-
term exposure to ozone.

In epidemiologic studies of short-term exposure, re-
searchers often aggregate ozone measurements across avail-
able monitors in an urban area into a single time series. We
refer to this aggregate time series as a “‘composite monitor”
(Smith et al. 2009; Zanobetti and Schwartz 2008). The use ofa
composite monitor has been justified on the grounds that
short-term averages of ozone concentrations often have high
spatial correlation within an urban area. The potential for
ozone to display high spatial correlation at the urban level
reflects the fact that it is formed through secondary
(photochemical) processes rather than being directly emitted.
Studies have documented spatial correlation of short-term av-
erages of ozone concentrations at the urban level by directly
comparing monitor distributions (Ito et al. 2007) and through
simulations relating monitor concentrations to simulated
ozone surfaces (Goldman et al. 2011). However, in both cases,
the analysis of spatial correlation has focused on mean trends
and did not look at the degree to which this correlation holds
across the full distribution of ozone concentrations.

It has been well documented that ozone chemistry can oc-
cur rapidly on local scales and may result in strong concentra-
tion gradients either due to rapid depletion near large sources
of nitrogen oxides (Simon et al. 2016) or in rapid episodic
formation due to the presence of highly reactive volatile or-
ganic compounds in narrow plumes from industrial sources
(Nam et al. 2006), which suggests that the spatial correlation
may not hold in all cases. To our knowledge, researchers have
not systematically examined the degree to which short-term
averages of ozone concentrations across the full ambient dis-
tribution are spatially correlated within an urban area.

In this study, we examine the degree to which compos-
ite monitors capture the spatial variability of ozone con-
centrations measured at individual monitors throughout an
urban area, with a focus on the performance of composite
monitors on days when ozone concentrations are relative-
ly high. Given the strong support from experimental stud-
ies for respiratory effects following short-term exposures
to ozone concentrations at or above 60 ppb, the
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performance of composite monitors at higher ozone con-
centrations is relevant to the interpretation of the results of
epidemiologic studies examining short-term exposures.
There is evidence of increased uncertainty in characteriz-
ing the effect of short-term exposure to ozone on mortal-
ity at higher concentrations (Smith et al. 2009). The rela-
tive paucity of data at the high end of the ozone concen-
tration distribution within an urban area may contribute to
this uncertainty. However, if correlations between individ-
ual monitor measurements are lower on high ozone days,
then the use of a composite monitor to represent popula-
tion exposure at the urban level could introduce additional
uncertainty, which could in turn bias effect estimates to-
ward the null hypothesis. The ability to quantify that bias
associated with the use of composite monitors across
ozone concentrations in studies of short-term exposure
to ozone would aid in reducing such uncertainty and im-
prove epidemiologic studies of health effects associated
with short-term ozone exposure.

This study explores the degree to which composite moni-
tors used in ozone time-series studies are correlated with indi-
vidual monitor distributions used in their derivation, with par-
ticular focus on the degree to which that correlation holds on
higher ozone days. Additionally, we explore the degree to
which composite monitors capture the upper-tail of the distri-
bution of ozone concentrations measured at individual
monitors.

Problem statement

Figure 1 shows examples of daily maximum 8-h ozone
(MDAR) time series from two urban areas included in
these analyses (i.e., Houston, TX and San Bernardino,
CA) as well as the locations of individual ozone monitor-
ing sites within each urban area. These time series dem-
onstrate that while the composite monitor appears to gen-
erally capture very high and very low ozone concentra-
tions measured at individual monitors in Houston during
July 1996, there is much less correlation between individ-
ual ozone monitors (and consequently individual monitors
with the composite monitors) in San Bernardino in
August 1998. The San Bernardino time series shows
many instances where different monitors measure peak
ozone concentrations on different days (especially during
the first half of the month), and as a result, the composite
monitor time series is comparatively flat. The Houston
example also shows an instance of greater spatial variabil-
ity between monitors at the beginning of the month when
ozone levels are higher, despite the composite monitor’s
apparent ability to capture high versus low ozone concen-
trations at individual monitors. Based on these observa-
tions, we hypothesize that, while individual ozone moni-
tors and composite monitors may be reasonably correlated
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Fig. 1 Maps of 0zone monitors (shown as x’s) in the Houston (a) and San
Bemardino (c) areas. Areas used in the Smith et al. (2009) study are
shown in purple while additional counties included in the larger Core
Based Statistical Area (CBSA) are shaded in green. One-month time
series of 8-h daily maximum ozone values at individual monitors are

based on comparison of mean trends, monitors are less
well correlated at higher ambient ozone concentrations,
which means that epidemiologic studies utilizing compos-
ite monitors could introduce uncertainty into effect esti-
mates, particularly to the degree health effects are driven
by higher ozone levels.

A related question is whether the composite monitor cap-
tures the range of ozone concentrations represented by the
individual monitor values. While the composite monitor can
never be expected to capture the highest concentration at an
individual monitor, it is important that it captures the average
“high” value across monitors. However, as demonstrated by
the San Bernardino time series in Fig. 1d and the first week of
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shown for Houston (b) and San Bernardino (d). The composite monitor
time series created using ozone monitors located in the Smith study areas
are shown with solid black lines while the composite monitor time series
created using ozone monitors located in the CBSAs are shown with
dashed black lines

the Houston time series in Fig. 1b individual monitors often
peak on different days. This disparity in the timing of peak
ozone concentrations across an urban area could result in the
composite monitor being systematically biased low across the
upper end of the ozone distribution (e.g., the 98th percentile
composite monitor value could be lower than the average of
the 98th percentiles from the individual monitors). This could
mute any statistical relationship derived between peak ozone
levels and health effects and therefore impact the risk effect
estimates in time-series epidemiologic studies. Thus, we addi-
tionally hypothesize that composite monitors show systematic
bias at the high end of the ozone distribution when compared
to the individual monitors.
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Methods

We identified urban areas in the USA that have been used in
previous epidemiologic studies (Smith et al. 2009; Zanobetti
and Schwartz 2008) and have ozone monitoring networks that
support generation of daily time series. We then evaluated the
degree to which the composite monitor (in a given urban area)
is correlated with its set of individual monitors, with particular
emphasis on (a) whether that correlation holds across ambient
ozone concentrations, and (b) whether the composite monitor
captures the highest ozone measurements reported at the indi-
vidual monitors. We also looked at the degree to which this
correlation between composite and individual monitors is af-
fected by consideration for (a) different short-term exposure
metrics (1-h max, 8-h max, 24-h avg), (b) different definitions
of the ozone season, (c) different urban spatial scales, and (d)
whether this relationship has changed over time.

Data selection

We utilized ozone measurement data available in EPA’s Air
Quality System (AQS; https://www.epa.gov/aqs) to construct
ozone time series for individual monitoring sites in select
urban areas. We also used these data to construct composite
monitor time series consistent with methodology used in a
previous study (Smith et al. 2009). For our base dataset, we
began by identifying urban areas that had been used in the
Smith et al. (2009) study, which was also used as the basis
for the risk modeling presented in the most recent Ozone Risk
and Exposure Assessment (U.S. EPA 2014). We retrieved
hourly ozone concentration data collected during April—
October of 19962000, which corresponds to the last 5 years

of the time period used in the Smith study (1987-2000). We
chose to use the later portion of the Smith et al. (2009) time
period because the extent of the ozone monitoring network
increased substantially during the 1990s, allowing for a larger
and more consistent set of 0zone monitors in our analyses. For
each urban area, we selected monitors that were located within
the counties identified in the Smith study that met certain data
completeness criteria for this time period for use in our anal-
yses. To meet the data completeness criteria, a monitor must
have at least 14 days with at least 18 hourly measurements in
every month during the April-October season, for each year in
the 5-year period. Finally, we focused on 11 urban areas (listed
in Table 1 below) that had at least 5 monitors meeting these
criteria. This selection was intended to focus on areas where
there were enough monitoring sites to make a correlation sta-
tistic meaningful (i.e., with too few monitors, comparing an
individual monitor time series to its own composite monitor
time series ceases to be meaningful). Note that these cities are
not evenly spread through the country but are instead concen-
trated mostly in the West and South with the inclusion of one
Midwestern city (Chicago). Maps of these 11 areas including
monitor locations are shown in Fig. 1 (2 areas) and the
Supplemental Information (Fig. S1, 9 areas).

In addition to the base dataset selected for the core analysis,
we also explored the robustness of our conclusions to several
choices defining the temporal and spatial nature of our dataset.
We created three additional datasets for this purpose:

1. We selected monitors from the larger Core Based
Statistical Area (CBSA) rather than the smaller core urban
area used in Smith et al. (2009). There were an additional
21 areas including many additional areas in the Eastern

Table 1 Information regarding the 11 urban areas included in the base dataset
Area Number of ozone Population in Land area (kmz) MDAS ozone distribution in Smith et al., Apr—Oct, 19962000 dataset
monitors® 2000 (thousands) (ppb)

5th % 25th % 50th % 75th % 95th % max
Bakersfield, CA 7 840 21,062 39 55 68 82 100 137
Birmingham, AL 5 658 2878 22 36 48 61 80 122
Chicago, IL 12 5195 2448 13 26 36 48 67 119
Dallas, TX 5 5038 7005 25 39 51 66 87 129
Fresno, CA 5 930 15,433 38 53 67 82 101 135
Houston, TX 9 4092 4414 19 30 42 61 90 164
Los Angeles, CA 12 9819 10,510 23 36 46 59 85 172
Phoenix, AZ 5 3817 23,826 36 48 57 66 79 106
San Bemardino, CA 8 2035 51,947 37 52 65 80 111 206
San Diego, CA 8 3095 10,895 30 40 47 56 74 142
Tucson, AZ 5 980 23,794 31 43 51 58 69 85

#Only counts monitors with complete data during the time period of the dataset as described above
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USA that met the 5-monitor minimum requirement when
we allowed for monitors outside the immediate urban
core.

2. We selected monitoring data that covered all months of
the year instead of the shorter April-October monitoring
season. Since some states do not operate some or all of
their ozone monitors during the winter months, there were
5 fewer urban areas that met the 5-monitor minimum
criteria.

3. We selected monitoring data from a more recent 5-year
time period: 2011-2015. Since some states have changed
the number of monitors and/or operating season between
1996 and 2015, this dataset included 4 additional areas
that were not in the base dataset but did not include 1 area
that was in the base dataset.

A map of the urban areas included in the base dataset and
the three additional datasets is shown in Fig. 2.

Daily ozone metrics and composite monitor time
series

For each monitor meeting the data completeness criteria listed
in the previous section, we calculated three daily ozone met-
rics (1-h max, 8-h max, 24-h average). These metrics were
calculated as follows:

1. 1-h max: maximum hourly ozone concentration reported
on a given day. For days with fewer than 18 hourly mea-
surements (75%), we did not calculate a 1-h max value.

2. 8-h max: maximum 8-h average ozone concentration for a
given day. Moving 8-h averages were calculated for each

Fig.2 Map showing the locations
of the urban areas in the various
datasets used in the analyses.
Dataset 1 is the base dataset used
in the core analysis (includes all
areas shown with gray hatch
marks), and datasets 2, 3, and 4
are the three alternative datasets
described above

1 - Smith, Apr-Oct, 1996-2000 (11 Areas)
3 - Smith, Jan-Dec, 1996-2000 (6 Areas)

All 4 Datasets (5)
[ Dataset 2 Only (20)

8-h period starting with 12:00 AM—8:00 AM, going for-
ward to 11:00 PM—7:00 AM the next day. For 8-h periods
with fewer than 6 hourly measurements (75%), we did not
calculate an 8-h average. For days with fewer than 18 8-h
averages (75%), we did not calculate an 8-h max value.

3. 24-h average: average of the 24 hourly concentrations
reported on a given day. For days with fewer than 18
hourly measurements (75%), we did not calculate a 24-h
average.

Following the data handling procedures used in the Smith
study, composite monitor hourly averages were constructed
for each urban area by averaging the hourly concentration
values across all monitors meeting the data completeness
criteria listed in the previous section. The three daily metrics
listed above were then calculated using the hourly composite
monitor values for each urban area. It should be noted that
while the data completeness criteria were meant to minimize
inconstancy across days in which data were included in the
composite monitor, there are still some days with missing data
from one or more monitors meaning that the composite mon-
itor would be calculated from a subset of monitors in the urban
area on those days.

Data analysis

Correlation between individual monitors and composite
monitor

For each urban area, we calculated a single pooled Pearson’s
correlation coefficient (7) between the collective individual
monitor time series, and the composite monitor time series.

Datasets

2 - CBSA, Apr-Oct, 1996-2000 (32 Areas)
4 - Smith, Apr-Oct, 2011-2015 (14 Areas)

Datasets 1, 2, and 3 (1)
Datasets 1, 2, and 4 (5)

Urban Areas Included
[ Dataset 4 Only (3)

Datasets 2 and 4 (1)
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This statistic was calculated using all days, then re-calculated
after eliminating days where all monitors had 8-h max values
below thresholds of 40, 50, 60, 70, and 80 ppb. There were at
least 100 total days included in each calculation, with two
exceptions for the 80 ppb threshold in Chicago (48 days)
and Tucson (8 days). The total number of days in each urban
area above each threshold in the base dataset is shown in the
supplemental information (Table S1). In comparing correla-
tions across metrics, thresholds or datasets, we used the
Welch’s ¢ test (Welch 1947) to determine if the mean of the
distribution of 7 values across cities were statistically different
between metrics/thresholds/datasets with a significance
threshold of a:=0.05.

Individual monitor variance as a function of concentration

It is possible that any observed change in correlation detected
in the threshold analysis described above is at least partially
due to the fact that we are cutting off a portion of the observed
variability in the range of ozone concentrations being consid-
ered and reducing the sample size in the process of looking
across high days. However, a decrease in correlation at higher
thresholds may also indicate that ozone values at individual
monitors are less well correlated to each other and to the com-
posite monitor on high days than on low days. If the latter
assertion were true, we would expect to see an increase in
the spatial variability between individual ozone monitors on
high ozone days. Therefore, we performed an analysis exam-
ining the spatial variability across individual ozone monitors
as a function of the composite monitor value.

We first fit a linear regression between the individual mon-
itor values and the composite monitor. The residuals from this
regression were then used to conduct a Breusch-Pagan test
(Breusch and Pagan 1979) for the presence of
heteroskedasticity, or non-constant variance, with a signifi-
cance threshold of o = 0.05. However, the Breusch-Pagan test
is not able to determine whether the variance is increasing or
decreasing as a function of the composite monitor. Therefore,
we implemented a second step in the analysis which started by
binning the composite monitor values into 1 ppb bins (e.g., the
20 ppb bin consisted of all values where the composite mon-
itor was greater than or equal to 20 ppb and less than 21 ppb).
We then took the standard deviation of all individual monitor
values used to construct the composite monitor values in each
bin. Finally, we fitted a weighted least squares regression of
the standard deviations on the bins, with the number of indi-
vidual monitor values in each bin as the weights. Figure 4 in
the “Results” section provides an illustration of this
methodology.

For each urban area, if the Breusch-Pagan statistic was
significant (p < 0.05) and the slope of the weighted least
squares line was positive, then we concluded that the variance
in individual monitors increased as a function of the
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composite monitor value. Finally, we conducted a paired ¢ test
to determine if there was a difference in the mean slope of the
weighted least squares regression model between the base
dataset and each of the three alternative datasets, using cities
common to both datasets and a significance threshold of o=
0.05.

Distribution of individual monitor values and composite
monitor values

To compare the distribution of the composite monitor to those
of the individual monitors, we first calculated the 50th, 75th,
90th, 95th, 98th, and 99th percentiles of the 8-h max metric at
each individual monitor and the composite monitor for each
urban area. Then within each urban area, we calculated the
mean value across monitors for each percentile. For example,
in Chicago, we averaged the 75th percentile values deter-
mined for each of the 12 monitors to come up with a single
area-wide average 75th percentile value. We then took the
difference between the composite monitor value and the aver-
age individual monitor value for each percentile within each
urban area. To assess the presence of statistical bias, we used a
one-sided Student’s ¢ test to determine if the mean difference
in each percentile across the 11 urban areas in the core analysis
was significantly different from 0 with a significance thresh-
old of & =0.05.

Results

Correlation between composite and individual
monitors by metric and concentration

Figure 3 shows boxplots of the pooled Pearson’s correlation
coefficients between individual monitors and composite mon-
itors by ozone metric and by ozone concentration. Each
boxplot represents the range of values calculated across the
11 urban areas (i.e., one value per urban area). The three left-
most boxplots show correlation coefficients when looking
across all days for three metrics: 1-h max, 8-h max, and 24-h
average. All correlation coefficients are high with mean r
values of 0.87, 0.88, and 0.80 respectively. This indicates that
the composite monitor generally does a reasonable job of cap-
turing the urban-scale spatial variability represented by indi-
vidual monitors on most days although we note that the cor-
relation for the 24-h metric is skewed with substantially lower
median correlation values. While the correlation coefficients
for the 1-h max and 8-h max metrics were not significantly
different from one another, the correlation values derived for
the 24-h average metric were significantly different from the
other two metrics with a p value of 0.04.

Figure 3 demonstrates that when looking only across high
ozone days, the correlation between individual monitors and



Air Qual Atmos Health (2019) 12:585-595

591

Correlation between monitors and composites:
Effect of metric
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Fig. 3 Boxplots showing the correlation between individual monitor
ozone values and the composite monitor values across 11 urban areas in
base dataset by ozone metric and concentration threshold. The boxes
represent the interquartile range across cities with the median value
shown as the horizontal line. The whiskers extend to 1.5 times the
interquartile range. Outliers are shown as circles

the composite monitor decreases. For instance, while the mean
correlation value for the 8-h max metric across the 11 urban
areas was 0.88 using all days, but this value drops to 0.71
when looking only at days where one or more monitors mea-
sured concentrations above 70 ppb (the level of the current US
ozone standard). The decrease in correlation at higher concen-
tration thresholds is significant for the 8-h max and 1-h max,
but it is especially pronounced for the 24-h average metric
which has a mean correlation value of only 0.40 using the
70 ppb threshold.

To evaluate whether our results were impacted by size
of the urban area, season, or years of data, we conducted a
sensitivity analysis using three additional datasets (shown
in Figs. S2-S4 in the Supplemental Information). Using
the Welch’s ¢ test, we saw no statistical difference in the
distribution of correlation coefficients between any of
these datasets and our base dataset either when using a
common set of urban areas or when expanding to include
additional cities in the other datasets. The sensitivity anal-
ysis that examined size of the urban area can additionally
provide some insight into the impact of geographic repre-
sentativeness of this dataset. As mentioned previously, the
base dataset was heavily concentrated in the Southern and
Western regions of the USA. When including the larger
CBSA (dataset 2) instead of only the urban core, there
were many additional areas with at least 5 monitors

meeting our data completeness criteria including 4 new
areas in the Northeast/Mid-Atlantic, 6 new areas in the
Midwest, 5 new areas in the Southeast, 1 new area in
the Southwest, and 3 new areas in California (see Fig.
2). Comparison of the red and orange bars in Fig. S2
shows that the results are largely unchanged between the
original 11 areas and the new dataset with more represen-
tative geographic coverage. Finally, the sensitivity which
examined the impact of using 2011-2015 data (Fig. S4)
shows that while the general patterns are similar across
time, the distributions are much tighter with more recent
data.

Variance in individual monitors as a function
of the composite monitor

Figure 4 shows two examples of the variance analysis, de-
scribed previously in the “Methods™ section, applied to daily
maximum 8-h values in Los Angeles and Phoenix. The left-
hand panels show scatter plots of the individual monitors ver-
sus composite monitor values for Los Angeles and Phoenix
with the linear regression used to conduct the Breusch-Pagan
test in blue. The right-hand panels show residual plots derived
from the linear regressions in the left-hand plots for the two
cities, with the binned standard deviation values in orange and
the weighted regression line in blue. The top two panels show
a clear pattern of increasing variance in the individual monitor
values as a function of the composite monitor value in Los
Angeles, as evidenced by the increasing scatter about the re-
gression line in the left-hand panel and increasing scatter
about the regression line in the right-hand panel. Conversely,
the bottom two panels do not indicate any clear trend in var-
iance as a function of the composite monitor in Phoenix, as
evidenced by the relatively constant levels of scatter over the
entire range of concentrations.

The full set of results for all urban areas in the base dataset
and the three alternative datasets are shown in Tables S2—S5 in
the Supplemental Information. To summarize this informa-
tion, starting with the 11 areas in the base dataset, 9 areas
showed increasing variance in individual monitor values as a
function of the composite monitor (as illustrated by the Los
Angeles panels) and 2 areas (Phoenix and Tucson, AZ) did not
show significant heteroskedasticity. Looking at the alternative
dataset which used the CBSA instead of the smaller urban
core study area, 29 of 32 areas showed increasing variance,
while the remaining 3 areas (Albuquerque, NM; Phoenix and
Tucson, AZ) did not show significant heteroskedasticity. The
paired ¢ test did not show a significant difference in mean
slope for the 11 areas in the base dataset (p =0.88). For the
alternative dataset which used full-year data in place of the
April-October season, 5 of 6 areas showed increasing vari-
ance while the remaining area (Tucson, AZ) showed decreas-
ing variance as a function of the composite monitor. The
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paired ¢ test showed a significant decrease in mean slope com-
pared to the base dataset for the 6 areas included in both
datasets (p =0.007), indicating that the increase in variance
is smaller when including data from fall and winter months
which typically have lower ozone concentrations. Finally, all
15 areas in the alternative dataset looking at more recent mon-
itoring data (years 2011-2015 instead of 1996-2000) showed
increasing variance, but the paired ¢ test did not indicate a
significant difference in the mean slope (p =0.43). It is also
noteworthy that all areas which did not exhibit increasing
variance as a function of the composite monitor were located
in the desert Southwest region of the USA.

Degree to which composite monitors capture
high-end peak ozone levels

The left-hand panel of Fig. 5 shows the cumulative
ozone distribution for individual monitors and the com-
posite monitor in Houston, TX. The symbols on the far
right of the distribution show the maximum ozone con-
centration for individual monitors and the composite
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Composite Monitor Value (ppb)

monitor. It is clear in this figure that the composite mon-
itor maximum value is at the lower end of the maximum
ozone values observed across individual monitors. At the
90th percentile, the composite monitor value appears bi-
ased low compared to the values across individual mon-
itors. The right-hand panel of Fig. 5 shows the differ-
ences between the composite monitor distribution and
the mean of the individual monitor distributions. Again,
the boxplots show the distribution of these differences
across urban areas (one data point for each area). All
of these differences are statistically different from zero
except for the 50th percentile which has a difference of
0.26 ppb and a p value of 0.06. The average difference is
larger for the higher percentiles and reaches 4.18 ppb at
the 98th percentile and 5.4 ppb at the 99th percentile
(differences are even larger for some individual areas).
This shows that across the 11 urban areas in our core
analysis, the upper end of the ozone distribution repre-
sented by the composite monitor is systematically biased
low compared to the upper end of the ozone distribution
measured at individual monitors.
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Fig. 5 Example showing distribution of ozone concentrations for
individual monitors and composite monitor in Houston, TX (left).
Boxplots showing the average difference between the individual
monitors and composite monitor at various distributional percentiles for

Discussion

Overall, our results demonstrate that ozone concentrations
from composite monitors are good indicators of the area-
wide ozone concentrations they are meant to represent. This
is true across different geographic regions, across ozone met-
rics, and across most of the distribution of measured ozone
concentrations. These findings are consistent with earlier stud-
ies examining mean trends in monitored ozone concentrations
in the urban context (Goldman et al. 2011; Ito et al. 2007). As
illustrated in Fig. 3, the overall correlation between individual
monitors and the composite monitor is quite high (i.e., most
values are greater than 0.9). However, we note that the corre-
lation between individual monitors and composite monitors is
substantially reduced on higher ozone days (e.g., days with at
least one monitor with ozone measurements > 70 ppb) sug-
gesting that there is the potential for composite monitors to
contribute increased exposure measurement error on high
ozone days. This reduction is particularly pronounced for
the 24-h metric. Our finding that the correlations between
individual and composite monitors decrease at higher
ozone levels is corroborated by our results showing a
significant increase in variance in ozone measurements
at individual monitors as the composite monitor value
increases for most urban areas, as illustrated in the plots
for Los Angeles presented in Fig. 4. However, we did
observe different degrees of spatial variability across geo-
graphic locations in these results with the subset of study
areas found in the desert southwest not showing this pat-
tern of increased variance, as illustrated in the plots for
Phoenix presented in Fig. 4.
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the 11 areas in the base dataset (right). The boxes represent the
interquartile range across cities with the median value shown as the
horizontal line. The whiskers extend to 1.5 times the interquartile range.
Outliers are shown as circles

Our findings further suggest that, in addition to reduced
correlation between composite monitors and individual mon-
itors at higher concentrations, composite monitors may not
perform as well in capturing peak ozone levels. The results
illustrated in Fig. 5 suggest that high-end composite monitor
values for a specific percentile are systematically lower than
the average values across individual monitors for that same
percentile. This demonstrates that the composite monitor does
not capture the full range of concentrations observed at indi-
vidual monitors.

Our results suggest that epidemiologic studies of short-
term exposure to ozone that use composite monitors may
be subject to exposure measurement error, particularly at
higher concentration levels. If morbidity and mortality
associated with short-term exposure to ozone are largely
driven by high ambient ozone concentrations, then expo-
sure measurement error associated with capturing patterns
of exposure on high-ozone days (due to the use of com-
posite monitors) could result in the effect estimate gener-
ated being biased toward the null. This is of particular
concern for epidemiologic studies using the 24-h metric.
The ability to quantitatively estimate the bias introduced
by using composite monitors to assign exposure in epide-
miologic studies of short-term exposure to ozone would
reduce uncertainties associated with these studies. By
identifying and characterizing this issue, including real-
world, data-driven examples, we have provided an initial
step toward this goal.

The degree to which the use of composite monitors to
assign exposure results in exposure measurement error
depends in part on the spatial and temporal patterns of
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ambient ozone concentrations and on the behavior of the
populations being studied. With regard to spatial and tem-
poral patterns, NOx emissions controls can both increase
and decrease ozone across a single urban area (Simon
et al. 2016). In many cases, local ozone titration can de-
plete ozone near large sources of NOx emissions. The
highest ozone concentrations occur downwind after the
high NOx concentrations have mixed in with VOC pre-
cursors and after there has been sufficient time of ozone
formation reactions to occur. Consequently, NOx reduc-
tions may lead to localized increases in ozone, often in
densely populated urban cores, while also decreasing
ozone concentrations at the highest downwind monitor
in the area (Cleveland and Graedel 1979; Sillman 1999;
Xiao et al. 2010; Kelly et al. 2015; Simon et al. 2016).
This divergent impact of emissions controls within an
urban area may help explain some of our results.

With regard to the behavior of populations, previous
studies have shown that mobility can impact personal ex-
posure to pollutants and in turn can impact measurement
exposure error (Marshall et al. 2006; Setton et al. 2011;
Dias and Tchepel 2014; Steinle et al. 2015). Given that
finding, if individuals in the study population have limited
mobility, and assuming those individuals are not uniform-
ly distributed across the study area, there is increased
potential for the use of composite monitors to introduce
error into exposure estimates. In contrast, even if a study
area does have zones of higher ozone and zones of lower
ozone, more mobile populations that combine time spent
across multiple zones would be expected to have a time-
averaged exposure profile that is reasonably approximated
by a composite monitor metric. Thus, if the study popu-
lation has relatively high mobility, then the use of com-
posite monitors may introduce less exposure measurement
error.

As noted earlier, researchers have recently begun to
supplement composite monitor-based time-series epidemi-
ologic studies with exposure assessment based on
modeled ozone predictions. While the research presented
here is mainly relevant in interpreting potential error as-
sociated with time-series studies using composite moni-
tors to assign exposure, it does have implications for ep-
idemiologic studies that use models to assign ozone ex-
posure. Specifically, if our research identifies the potential
for substantial exposure measurement error at higher
ozone concentrations, then an argument could be made
for the use of alternate methods of creating spatially vary-
ing ozone surfaces or modeled ozone exposure in epide-
miologic studies, since these conceptually could reduce
this source of exposure measurement error.

These findings also have implications for risk assessments
conducted using effect estimates obtained from these types of
epidemiologic studies. Namely, if exposure measurement
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error related to the use of composite monitors is found to
impact effect estimates (e.g., bias them toward the null), then
risk estimates generated using those effect estimates will be
biased in a similar fashion. Furthermore, if a risk assessment is
intended to characterize reductions in risk associated with re-
ducing ozone on high days, then additional uncertainty on
higher ozone days would have a relatively greater effect on
the risk estimates generated. The fact that some emissions
controls which are necessary to reduce peak ozone concentra-
tions can also lead to ozone increases at times and locations
where ozone concentrations are low (US EPA 2014; Simon
et al. 2016) makes it especially important to accurately char-
acterize the magnitude of ozone impacts on health outcomes
for different portions of the ozone distribution.

The results of our study suggest the importance of future
research exploring the degree to which health effects associ-
ated with short-term exposure to ozone are driven by peak
ozone concentrations. Should we find that health effects are
driven by short-term (peak) ozone concentrations, then, in
cases where time series include a substantial number of high
days, the potential for introducing exposure measurement er-
ror into time-series studies through the use of composite mon-
itors would be increased and effects estimates could be biased
toward the null.

There are other factors that should be considered in
interpreting our findings. First, the degree and nature of any
exposure measurement error associated with use of composite
monitors may vary geographically, as evidenced by the lack of
heteroskedasticity in the southwest. While, our base dataset
contained only 11 urban areas, with a geographic bias toward
the southern and western parts of the USA, sensitivity analy-
ses looking at a wider set of areas showed consistent results
with this analysis. Second, our results suggest that the degree
to which exposure measurement error results from the use of
composite monitors does depend on the exposure metric used,
with the 24-h average metric having relatively greater discon-
nect between composite monitors and individual monitors.

In summary, our results continue to demonstrate that com-
posite monitors are relatively good indicators of the area-wide
ozone concentrations they are meant to represent. To the ex-
tent that time-series studies are conducted in locations where
most days have higher ambient ozone concentrations, there is
more potential that the use of composite monitors could result
in exposure measurement error that would likely result in bias
of the effect estimate toward the null. Future research that
evaluates the degree to which short-term (peak) exposures to
higher ambient ozone concentrations (e.g., 60—-80 ppb) are
responsible for reported associations with mortality and seri-
ous morbidity outcomes would be informative. Additional
research that utilizes more detailed activity profiles and more
spatially and temporally refined ambient ozone fields to derive
more representative and detailed ozone exposure profiles
could address this issue.
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