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ABSTRACT

An analysis of ozone (O;) concentrations and several
other air quality-related variables was performed to eluci-
date their relationship with visibility at five urban and
semi-urban locations in the southeast United States dur-
ing the summer seasons of 1980-1996. The role and im-
pact of O; on aerosols was investigated to ascertain a
relationship with visibility. Regional trend analysis over
the 1980s reveals an increase in maximum O5 concentra-
tion coupled with a decrease in visibility. However, a
similar analysis for the 1990s shows a leveling-off of both
O, and visibility; in both cases, the results were not sta-
tistically significant at the 5% level. A case study of site-
specific trends at Nashville, TN, followed similar trends.
To better understand the relationships between O; con-
centration and visibility, the analysis was varied from
yearly through daily to hourly averaged values. This in-
creased temporal resolution showed a statistically signifi-
cant inverse relationship between visibility and Oj. Site-
specific hourly r* values ranged from 0.02 to 0.43.
Additionally, by performing back-trajectory analysis, it
was found that the visibility degraded by air mass migra-
tion over polluted areas.

INTRODUCTION
Visual air quality (VAQ) has become a major concern not
only in pristine areas such as national forests! but in

IMPLICATIONS

The climatological (1980-1996) analysis of O, aerosol, and
other air quality-related variables provides an opportunity
to study the response of visibility to their changes. The
changes in visibility associated with benefits from the 1990
Clean Air Act Amendments may be ascertained from this
temporal analysis of air quality. This will provide policy-
makers and regulators with an observational and modeling-
based tool to improve regional visibility.
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urban environments as well.? Good VAQ improves peo-
ples’ daily lives and improves many recreational opportu-
nities, such as the enjoyment of national parks and mon-
uments. When visibility is reduced by airborne pollution,
the human eye perceives a loss in color, contrast, and
detail; objects no longer appear crisp and clear.3

In 1952, Haagen-Smit first used the term “photo-
chemical smog” to describe the mix of air pollutants that
arise in the Los Angeles area as a result of the oxidation of
volatile organic compounds (VOCs) or nonmethane hy-
drocarbons and nitrogen oxides (NO,) in the presence of
sunlight and water vapor. Tropospheric ozone (O,) is a
product of this photochemical process. O, an oxidant
itself, generates hydroxyl radicals (OH), which in turn
influence the concentration of trace gases and the pro-
duction of fine particles (aerosols), which reduces visibil-
ity. O; and fine particulate matter (PM) are chemically
coupled.5 However, meteorological processes may influ-
ence this coupling.

Visibility reduction is caused largely by the presence of
secondary fine aerosol particles (produced by gas-to-particle
conversion), whose production depends on the oxidizing
capacity of the atmosphere. The rate of this oxidation is
dependent on the availability of free radicals and other
oxidants such as Oj;, hydrogen peroxide, and nitric acid
(HNO3). O; is important because of its abundance, oxidizing
capacity, and ability to produce free radicals.

Reductions in visibility occur when particles, and to a
lesser extent gases, scatter or absorb light; this process is
known as light extinction. Fine aerosol particles (i.e., be-
tween 0.1 and 1 pm in diameter) are most effective on a
per-mass basis in reducing visibility.6 Visibility can be
associated indirectly to atmospheric loading (the amount
of PM) through the use of Koschmeider’s equation, which
relates visual range to light extinction. Regional-scale
haze in the eastern United States is dominated by sul-
fates.” Chemical analysis reveals that 40-70% of the fine
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particle mass over the eastern United States is composed
of sulfates, associated with ammonium ion (NH,") and
water.8? It is therefore hypothesized that the O, produced
in a polluted environment reacts to produce free radi-
cals—in addition to its oxidizing capacity—which in-
crease the oxidizing capacity of the atmosphere and help
to convert primary precursor pollutants (i.e., sulfur diox-
ide; SO,) into visibility-reducing fine particles (i.e., sul-
fate; SO,27).10 Because of their size, sulfates are a major
contributor to light extinction and visibility degrada-
tion.!! This reduction of horizontal visibility caused by
atmospheric aerosols has been suggested as a possible
indicator and method for monitoring pollution. Further
analysis has been recommended on the relationship be-
tween O; and air quality variables (such as visibility) for
summertime pollution episodes.12

METHODOLOGY

In this work, nine sites in five different metropolitan areas
throughout the southeast United States were analyzed for
O, and meteorological trends during a 17-year period
(1980-1996). It has been found that O; correspondence
to meteorological parameters in the southeast United
States is best established during the summer months from
June to August and between the daytime hours 1000 and
1600 local, the peak solar heating hours.!3 An “O; season”
was therefore defined as the months of June, July, and
August and included observations from 1000 to 1600
local. The data utilized for this study, thus, adopted these
same time constraints during those observational periods
(17 years).

Hourly averaged O; and meteorological data were
obtained from the U.S. Environmental Protection Agen-
cy’s Aerometric Information Retrieval System (EPA-AIRS)
database and the Air Force Combat Climatology Center
(AFCCC) database at Scott Air Force Base, IL, respectively.
Once the data had been retrieved, they were processed
and reduced for analysis by utilizing the statistical soft-
ware package, SAS. Monthly and annual averages for each
site were produced by SAS proc Means procedure, and,
averaged together, these sites constitute the regional data.
Visual range (R [v]) was measured by both human obser-
vation and an automated system. The automated instru-
ment-derived visibility observation is a sensor value con-
verted to an appropriate visibility value using algorithms
representative of the prevailing visibility.'4 The commis-
sions of these automated systems occurred during the last
2 years at all the study sites except Charlotte, NC. Visual
range related to haze situations is better measured at
around local noon when the relative humidity is <70%.
Because certain transient weather is known to cleanse
both visibility-reducing fine particles and O, from the
atmosphere, hourly observations containing any form of
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precipitation were removed from this analysis. However,
fog was not included in this precipitation removal pro-
cess, because the occurrence of fog was not expected to be
a factor after 10:00 a.m. local time. The most noticeable
consequence of this data removal during precipitation
was that data for higher relative humidity (>95%), gen-
erally associated with precipitation, were removed. In ad-
dition, PM, s mass, as a surrogate for visibility, corre-
lates with ambient maximum hourly O; and exhibits
a seasonal pattern. During the warm months (May-
September), stronger correlation between PM, 5 and the
maximum hourly O; was observed than during the cold
months.? In this work, our analysis is confined to the
daytime hours of 1000 to 1600 local time of the summer
months, June-August, for the 17-year period.

Statistical significance was determined by hypothesis
testing (i.e., Hy: slope = 0, Hy: slope # 0) utilizing an
appropriate distribution and test statistic. Two-tailed sig-
nificance probabilities less than 0.05 (a = 0.05) were
considered to be statistically significant.

RESULTS AND DISCUSSION

Figure 1 shows O, trends for the nine sites used in this
study. The figure reveals a general decline of O; concen-
trations during the 1990s compared with the 1980s. This
result agrees with the analysis of PM, 5 concentrations
based on measurement campaigns.® Similar declines in
PM,;, also were noted by EPA.3 For the region as a whole,
O, trends (see Figure 2) show that the average daily max-
imum O5 concentrations have leveled off during the
1990s (—0.00007 ppmv/yr, r* = 0.0007) compared with
the steady increase during the 1980s (0.0005 ppmv/yr, 12
= 0.0497). While these results may be explained as a
result of the 1990 Clean Air Act Amendment (CAAA)
regulations, it must be noted that O, formation is a highly
complex, nonlinear reaction.!s Year-to-year fluctuations
in meteorology can easily mask and confuse its relation-
ship with O,. In that case, trends in ambient O; concen-
trations do not necessarily indicate that O, control strat-
egies are attaining the desired result because variation in
the meteorological conditions may significantly affect the
observed trend.1316-18

Regional Yearly Anomalies

Averages of O, visibility, relative humidity, and temper-
ature were calculated for the entire 17-year period and
then subjectively compared against yearly means of each
variable (see Figure 3). The results then were plotted on a
bar graph to highlight anomalies by year. Inverse relation-
ship of O; (see Figure 3a) with relative humidity (see Figure
3b) was evident in nearly all years (94% of the time). Like-
wise, the direct relationship between O, and temperature
(see Figure 3c) was clearly evident, except for 1991.
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Figure 1. Individual O5 trends for each site, collectively used to construct the regional trend.

A consistent relationship between visibility (see Fig-
ure 3d) and the other variables is not clearly evident in the
anomaly analysis. Only 8 of the 17 years (47%) show an
inverse relationship between O; and visibility. Nine of the
years (53%) showed a positive relationship between rela-
tive humidity and visibility, while nine of the years (53%)
revealed an inverse relationship between temperature and

visibility. To further analyze these results, temporal resolu-
tion was increased at a specific site as a case study.

Nashville Case Study
A site-specific data analysis for Nashville, TN (latitude
35.9° N, longitude 86.8° W), was conducted utilizing
yearly, daily, and hourly summaries. First, a regression
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Figure 2. The overall regional southeast United States O trend 1980—1996.
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Figure 3. (a) Regional yearly averaged O; anomalies; (b) Regional yearly averaged relative humidity anomalies; (c) Regional yearly averaged daily
maximum temperature anomalies; (d) Regional yearly averaged visibility anomalies.

analysis was performed utilizing all Nashville hourly ob-
servations during the 17-year period of the analysis. Al-
though a statistically significant inverse relationship
emerged between visibility and O; (p value = 0.0001), the
data were very noisy; hence, a low r* of 0.01 was observed
(see Figure 4).

Nashville Yearly Trends
O, trend analysis in Nashville (see Figure 5) shows the
averaged yearly visibility and their trends were positive in
the 1980s (0.0013 ppmv/yr, 1> = 0.2244), and unlike the
region as a whole, which leveled off during the 1990s, O,
continued to increase during the same period (0.0009
ppmv/yr, 1> = 0.0849). The visibility trend of Nashville
(see Figure 5) for the 1980s decreased (—0.902 mi/yr, r* =
0.108), consistent with the rising O trend during the
same period, clearly showing an inverse relationship.
However, the inverse relationship is not pronounced dur-
ing the 1990s (0.0139 mi/yr, r* = 0.0034). Temperature
trends at Nashville were slightly positive during the 1980s
(0.0387 °F/yr, 1> = 0.0035) and negative for the 1990s
(—0.3616 °F/yr, 1* = 0.147). Relative humidity trends dis-
played a slightly negative slope for the 1980s (—13.79%/
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yr, 1% = 0.009) and a relatively steep positive slope during
the 1990s (109.8%/yr, 1> = 0.3215). As previously men-
tioned, none of the trend analysis presented proved to be
significant at or below the 5% level of significance; how-
ever, the variances appeared to be constant over time.

Nashville Yearly Anomalies

Eight of the 17 years showed an inverse relationship be-
tween O, and visibility. Of those years not fitting this
relationship, the relative humidity anomalies were sig-
nificantly different from the normal mean (over the
17-year data period), suggesting a strong influence of
moisture on visibility, unlike that seen in the regional
trend analysis.

Anomalies of temperature and O, did not indicate a
direct relationship for all years as it had in the regional
analysis. This suggests that regional transport of O; and
its precursors may play an important role in local ambient
O3 concentrations. Furthermore, there were large stan-
dard deviations with the yearly averaged data, especially
with visibility, whose temporal variation is best evaluated
on an hourly or daily—not a yearly—basis.
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Figure 4. Scatter plot of hourly averaged observations for O5 concentration vs. visibility in Nashville from 1980 to 1996.

Nashville Daily/Hourly Averaged Analysis
Regression analysis was performed utilizing daily average
values grouped by month. The O, season for five arbi-
trarily selected above-normal O, years (based on yearly
anomalies: 1980, 1983, 1988, 1990, and 1995) constituted
the study period. The visibility and O, relationship be-
came evident by this method. A statistically significant
(o = 0.05) inverse relationship was displayed in 27% of
these months, compared with no months when yearly
average summaries were used (see Figure 6).

Regression analysis also was performed utilizing
hourly values grouped by month. The visibility and O,
relationship became more evident in this hourly value
analysis. A statistically significant (e = 0.05) inverse rela-
tionship between O; and visibility was displayed in 60%
of the years. However, the regression analysis remained
noisy, which led to r? at or below 0.2. Similar results were

Visibility (miles)
Ozone concentration (ppmV)

Year

Figure 5. Yearly averaged O5 and visibility trends for Nashville from
1980 to 1996.
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obtained at the other areas comprising the Southeast
United States Study Region (Charlotte, CLT; Raleigh,
RDU; Greensboro, GSO; Atlanta, ATL). At these sites, 12
between 0.03 and 0.43 were observed.

Back Trajectory and Modeling Analyses

It was noted that the role of transport of high O, concen-
tration and its precursors to various sites in the southeast
United States may be more significant.1®.20 The gas-to-
particle conversion processes, which produce secondary
fine PM in the atmosphere, are generally slow relative to
transport times; hence, visibility is considered a regional
problem.2!

Figure 7 shows the daily variations of average O,
visibilities during August 1995 at Nashville. During this
period, more than 80% of a negative relationship between
O, concentration and visibility was observed. Back-
trajectory analysis also was analyzed during this period.
Back trajectories follow an air parcel backward in time to

10 P::' S 01 describe the path followed by the air parcel, ideally locat-
VISIBILITY * | ——Avg. max. yearly ozone trend . s i i
ﬂﬂﬂﬂﬂﬂ ER . e 010 ing the source region of the air mass. Forty-eight-hour
9 . . T M . . :
* R N e g back-trajectory analysis (at 850 mb) was applied to the
8- . M

August 1995 daily analysis (see Figure 8). August 1995
displayed the highest correlation among the individual
areas composing the southeast United States study region.
Samplings of three backward trajectories are presented.
The analysis began on August 2, 1995. The air mass
traveled through a moderately high source for VOCs, SO,,
and NO, (as determined by EPA emission source maps—
South Carolina and northern Georgia), which increased O,.
A consequence of this increased O, was the observed reduc-
tion in visibility during this same period (see Figures 7 and 9).
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Figure 6. Scatter plot of hourly averaged observations for O, concentrations vs. visibility in Nashville during July 1983.

The model run for August 4, 1995 (see Figure 8)
shows that the air parcel had covered a longer path
length, implying quick travel time and a nonstagnating

air mass. Additionally, the air mass had traveled over
cleaner nonpolluted areas (Georgia and over the ocean).
As a consequence, visibility increased and O decreased
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Figure 7. Nashville normalized daily averaged O and visibility for August 1995. This month also was used for the back-trajectory analysis.
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Figure 8. 48-hr back-trajectory analysis at 850 mb ending August 2,
August 4, and August 30, 1995 (12 coordinated universal time).

(see Figures 7 and 9). These results also are supported by
the simulation of the Multi-scale Air Quality Simula-
tion Platform (MAQSIP), (see Figure 9a-9c¢). It must be
noted that the August 2—-4 analysis was affected by the

Anegja, Brittig, Kim, and Hanna

development of hurricane Erin (July 31-August 6, 1995).
Erin made landfall on August 2, 1995, near Vero Beach,
FL, as a Category 1 hurricane.

In contrast to the long path length observed on Au-
gust 4, 19935, the simulation run for August 30 (see Figure
8) was marked by a much shorter path length over a
polluted area (industrial Midwest). The path is nondirect
and meanders over polluted regions. The result is a stag-
nating air mass whose O, levels have increased and visi-
bility decreased (see Figure 7).

CONCLUSIONS

The results obtained support the hypothesis that O; dis-
plays an inverse relationship with visibility. The overall
regional O, trend appears to have increased during the
1980s (0.0005 ppmv/yr, r* = 0.0497) and leveled off dur-
ing the 1990s (—0.00007 ppmv/yr, r* = 0.0007). Regional
visibility trends during the 1980s decreased (—0.0222 mi/
yr, 1 = 0.0426) at a rate similar with the increasing O,
trend. During the 1990s, the relationship weakened
(0.0802 mi/yr, r*> = 0.3177). Yearly trend analysis appears
to support an inverse relationship; however, the data were
not statistically significant utilizing the 5% level of signif-
icance. In Nashville, results were similar; however, O,
levels continued to rise during the 1990s. This tended to
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Figure 9. Near-surface O concentrations simulated by MAQSIP during the August 1995 episode at 2100 coordinated universal time (a) August 2,

(o) August 3, and (c) August 4.
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suppress the evidence of an inverse O;-visibility relation-
ship during this period for Nashville.

The statistical significance of the analysis (at the 0.05
level) improved (became statistically significant at o = 0.05)
when temporal resolution was measured in days and hours
and spatial resolution was reduced to specific areas (nonre-
gional). A statistically significant inverse relationship was
observed 27% of the time (15 months; ~30 observations/
month) when linear regression was performed on Nashville
data utilizing daily averaged observations grouped by
month. Nashville r* values ranged from 0.02 to 0.24 for O,
versus visibility utilizing these daily averaged values. Statis-
tical significance was observed 60% of the time (15 months;
~200 observations/month). For these locations (RDU, CTL,
GSO, and ATL), r* values ranged from 0.03 to 0.43 collec-
tively. Nashville r* values were less than 0.2.

These findings are also similar to the results of other
research. Results of a 2-year study in the Netherlands
showed a relationship between visibility, PM, and O,.22
Modeling runs also suggest the lowest visibility correlates
best with peaks in O; and SO,*~ (fine PM).23

Yearly regional anomaly comparison showed a good
agreement between O, and temperature and an inverse re-
lationship between O, and relative humidity. However, a
consistent relationship was not observed between visibility
and O,. Site-specific yearly anomaly analysis showed an
even less distinctive pattern of correlation. Relative humid-
ity did, however, appear to impact visibility correlations at
Nashville more than in the region as a whole. Site-specific
yearly anomaly analysis was performed only for the Nash-
ville Metropolitan Statistical Area (MSA).

Back-trajectory and modeling analyses showed that
slow-moving meandering air masses produced higher lev-
els of O; and lower visibilities. In fact, the study month
(August 1995) had persistent high-pressure systems
throughout the region, which elevated O; and reduced
visibility at nearly all of the locations. Air mass source
regions also influenced this relationship, with air masses
passing over more polluted areas having an impact on
both O levels and visibility.
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