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Abstract. Long-term wends of median and SCth percentile summer afternoon Oy conceatrations
were examined at 549 sites acress the United States for the 1580-1985 peried. Daily temperature
data were used to account for the variability in O3 concentrations associated with temperature.
Both before and after segregating the O data by temperature, trends were insignificant over most of
the continental United States. No region of the United States experienced a significant increasz in
Q5 concentrations during the 1980-1995 period. Decreasing trends were predominantly clustered
in the three largest metropolitan areas: New York City, Los Angeles, and Chicago. In these areas.
additional sites with trends were identified in the temperatre-segrezated analysis. Correlation of
trends with local anthropogenic emissions of aitrogen oxides (NO, = NO + NOy) and volatile
organic compounds (VOC) indicates a greater frequancy of decreasing wends for urban sites with
high emission. National emission inventeries for the United States indicate that anthropogenic
VOC emissions decreased by 12% over the 1980-1995 period while NO, emissions remained con-
stant. The observed Oj trends are consisient with the view that summertime O; production over the

itad.

1. Introduction

Cround level O3 “smog™ is produced from compiex photo-
chemical reactions involving nitrogen oxides {NO,) and votatile
organic compounds (VOCs). Qzone in surface air is hazardous to
human lungs and has bezn blamed for billions of doilars in agricul-
tural damage in the United States [Prinz.  1988: Lippmann. 1991].
As of 1993, approximarely 71 million Americans lived in counties
unable 10 mest the National Ambient Air Quality Standard
(NAAQS) for Oy set by the United States Environmental Protection
Agency (EPA) at 2 1-hour average of 120 pans per billion by vel-
ume {ppb) not 10 be exceeded more than 3 ifmes in thres years
[EPA. 1996a]. The NAAQS standard was revised in July, 1997 to
an 8-hour zverage of 80 ppb. which is- expected to increase the
extent of noncompliance [Chameides er al.. 1997].

Over ihe past 23 years. substantial effort has been invested in
controlling precursor emissions with the aim of reducing Oj levels.
The primary focus has been on conuolling VOCs [Calverr er al.,
1993: Tierenberg, 1996]. Berwesn 1980 z=nd 19935, anthropogenic
VOC emissions in the Unitad States decreased by 12%. while NO,
emissions remained constant, even though the annual number of
vehicle kilometers driven rose by 60% [£PA, 1996b]. Recent mod-
eling studies have indicated that over most of the United States, Oy
producton is limited by the supply of NO, raiher than VOCs
[Trainer er al., 1937: Sillman er al., 1990a; McKeen er al, 1991ab;
Narional Research Council (NRC), 1991, Chameides er al., 1992;
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United States is NO,-limited except in the largest metropeiitan areas where it is partly VOC-lim-

Jaceb et al,, 1993]. The 1950 Clean Air Act Amendments imposed
stricter NO, controls on new cars and power plants, but these
changes will impact national NO, emissions only gradually.

A number of studies have examined long-term trends of O3
concentrations in selected regions of the United States (Table 1).
Most of the focus has Besn on the norheastern United States and
southern Califorata. which frequently exceed the NAAQS [EPA,
1996a}. Methods have ranged from ordinary least squares regres-
sion analysis [e.g.. Walker 1985] to complex regression models that
account for the affects of muitiple meteorclogical variabies on O
[e.g.. Flaum er al.. 1996]. Czone concentrations are strongly corre-
lated with temperamure on a dav-to-day basis [Wolff and Liov, 1978;
Clark and Karl, 1982: NRC, 1991], and this correlation is generally
accounted forin Oy trend anzlvses (Table 1). Some of the siudiesin
Table 1 based their diagnostics of irends on the 1-hour daily maxi-
murm O3 concentration, while others focused on extreme yearly sta-
tistics to reflect the formulaticn of the NAAQS. Most recently, the
EPA reported a 6% decrease from 1986 to 1993 in the narional aver-
age of daily maximum 1-hour Oj concentrations. and a 33%
decrease in the number of exceedances of the NAAQS [£P3,
1896a]. ‘

Our work sxpands upon the previous studies in Table 1 by
examining the spatial distribution of trends on a aational scale.
using 1980-1995 data from all Oy monitoring sites included in the
EPA Aeronometric Information Retrieval Service (AIRS).  The
analysis begins in 1980 to avoid ditficulties with instrument calibea-
tions: beginning in 1979. the AIRS sites have used the ultraviolet
photometric method to uniformly calibrate all O3 measurements,
facilitating comparisons among sites {Chock, 1989]. We focus on
the medians and 0™ percentiles of summer afternoon O3 concen-
trations. as these statistics are more robust diagnostics of O3 than
extrzma. Daily temperature daca arg used to account for the correla-

1471



FIORE ET AL.: OZONE TRENDS IN THE UNITED STATES

Table 1. Siudies of Summenime Czone Trends in the United States

Metzorological

Reference 'E:re peziod Statstics Used Regions/Sites Mezhcfi _Of Variables Factored
malyzed Analysis Inie Analysis®
Waiker [19833 1973-1982 anpauai mean. annuad hours in Caiifomia; 30 lipear regressien none
(1575~ exceedance of NAAQS. sites:
1982 for mean daily max Texas: 15 sitas
Texas)
Kuntasal and 1968-1983 muitistation mean of daily 1- SCAB™ ninesites  linear regrassion T
Chang {1987] hour max
Zeidin er al. 1981-193% dailv -2our max. SCAB: eighr sta- linear regression 24 stapdardized
(1990) days exceeding 200 ppb tion pairs variaples
Cussmassi and 1976-19%0 hours > 120 ppb and SCAB:mean of linear regression T, precipitazion. WS,
Basser (1991] kours > 200 ppb all sites ’ sky cover
Korsog and Wolff 1973-1983 T3th pereentile of daily nertheast=m linear regression® T.RH. WS
[1991) {-hour max United Stares: '
eight sites
Leforn und Shad- 1579-1988 hourly averages weighted by 77 rura sit2s linear regression® None
wick [1991] exposure indices? nationwide
Rao er al {1992] 1980-1989 median of daily !-hour max New Jersey, New varfous statistical . None
York, and Con- mezhods’
necticut
Cox and Chu 1981-19%1 daiiy 1-hour max +3 urban areas probability T. WS, RH, opaque
{19937 ’ exceeding moedal; Weibull cloud cover mixing
NAAQS distribution height
Ruo er al. [1993] 1983-19%2 darly 1-hour max eastern United K-Z fierf T
Stares
Zurpenko et al. 1980.1962 daiiy 1-hoor max eastern Upired K-Z flter T
(1995] States
Flaum er al. 1983-1992 daily 1-hour max etght easterm K-Z filier ‘T.RH
[16%6] United States
sites
EP4 [1996a, b] 1986-19%3 second daily 1-hour max 183 U.5. MSAS" iinear regression None
This swudy 1980-1993 summer afternoon median 349 sites nation- linear regression T
and 20th percentile wide
°T. twemperature: RH, ralative humidity:W5. wind spesd.
SCAB. South Coast Air Basia of California.
“Used fixad-value and fixed-range criteria
dExposure indices weigh the concentrations according w their adverse affects on vegetation. .

*Determined significance of slope by the Mann-Kendail test for trand.
“The bootstrap method, extrame value sratistics. and the Mann-Kendafl test for tend.

¥The Xolmogorov-Zurbenko filter is first applied by Rao et al. {1994]. It consists of repeated iterations of a simple moving average. It
separates the trend component from the seasonal and shom-term variation components of a time series consisting of the logarithm of daily

maximum O3 concenuratdons.
MiSAs, Metropolitan Statistical Areas.

tion of Oy with temperniure. Relationships of trends with local
amtiropogenic emissions of NO, and VOC arz alse examined.

2. Data and Methods

Records of hourly Oy concentrations for 1980-1995 were
obtained from EPA for all AIRS stations in the continental United
States (approximately 900 sites). Many of the AIRS sites are clus-
tered around major cities; mwral regions have few monitoring sia-
tions. The density of sites is greater in the east than in the west
(with the 2xcegrion of California). Our analysis focuses on summer
afternoons (June through August). wien Cj is at its seasonal and
diurnal maximum [Logan. 198%9). For each summer day in the
1980-1993 record. hourly concentrations from 13 1o 16 local ime
(LT) were extracted. Medians and $0% percentiles of these concen-
trations are displayed in Plate 1. Much of the easiemn and south-
western United States hove median concentrations greater than 50

peb. Concentrations are generally lower along the west coast than
along the =ast coast due to the prevailing westerly winds and the
greater emission density in the east, The highest Oy concentrations
in the nation are found in the Los Angeles Basin of southern Cali-
fornia. reflecting a combination of high emissions and poer veniila-
tion.

We restrict our twend analysis to sites with at ledst one half-
month of datz (§4 hourly data points) for each summer for 2 mini-
mum of 12 vears. Dars for sequential years were sometimes avail-
able from sites a few kilometers apart, usually because the Og
monitoring station had moved. In these cases, the O dara were
merged. A total of 549 sites (Figure 1) were {ound suitable for
trend apalysis,

Cur trend analysis focuses on the median and 90 perceniiie
summer aftemoon concentrations.  Similar to [Walker 1983], ordi-
nary least squares regression of Oy concentrations versus vedr was
used. and the slope of the regression line is reported as the trend. in

Waa e ph Y

T IR e

TR

iy

LR EC

al hag i

Ll gl

H
2
k3
=
3
2
5
._'};
>
&
ry
*
7

G




FICRE ET AL.: OZONE TRENDS IN THE UNITED STATES

1473

iatitude

50+ .
e L s :
! 2 . al'» » ;
45 " . . . [ - . .
i AL i e I
g0y A% T R TR
© | 2 T
- 35 y * " ;. - 3
A a 1
" | ™ s i20
30+ Y . 160-12C
S0th PERCENTILE 20-300
. = §0-80
25 : B <
-120 -110 -10C -80 =30 -70
Longitude

Plate 1. Summer aftemnoon O concentrations {ppb) in surface air over the United States: (top) medians and (botiom)
90th percentles. The maps were constructed from observations at 13-16 local time in June-August 1980-1955 for
the sites of the EPA AIRS network. Dara from individual sites were averaged over 50 x 50 km-~ grid squares.

both ppb per year and percent change per year. Percent changes
are referenced to the mean value for the [980-1995 peried. A site
was considered 1o possess a significant trend if the t-statistic for the
slope of the regression line was equal to or above the 93% confi-
dence limit. Figure 2 shows as an example the trends of 90 per-
centile concentrations in Pasadena, Califomia and Boston,
Massachusetts.

The Bosteon data in Figure 2 display unusually high O concen-
trations in 1988, when record-high temperatures and poilution were
observed over much of the easiern United States [Ludlum, 1988);
this feature illustrates the importance of accounting for temperature
variability when diagnosing Qs trends. We referenced the daily O
concentrations measured at the individual AIRS sites to daily maxi-
mum surface temperamres from nearby Natonal Climaiic Data
Center (NCDC) monitoring sites The NCDC sites were chosen for
the length of their records and théir proximity to AIRS sites (Figure
). The O3 concentrations at each AIRS site were thus sorted into 3
K temperature bins from 295 10 315 K. Median and 90%* percential
concentrations were calculated for sach bin that met the data den-
sity criteria discussed previously, and trends were analyzed within
each bin. Only thres bins ¢contained enough dat for useful analy-
sis: 293-300 K, 300-305 K and 305-310 K. The temperature range
300-305 K included 75% of all AIRS trend sites (412/549) and wil]
be the focus of cur discussion.

The refationship berween trznds and local emissions was
explored using two site classification systems. First, we used the
EPA descriptions accompanying the AIRS database in which each
site is labeled as “urban.” “suburban.” “rural,” or “unknown.” Sec-
ond. we developed a more continudus classification of sites based
on local emission dara for anthropogenic NO, and YOC from the
National Acid Precipitation Assessment Program (NAPAP) [EP4,
18891, For this purposa, we used the NAPAP summer weekday
inventory including both area and point sources with 20x20 km?
resolution. The two classification sysiems are compared in Figure
3. Sites designated as urban and suburban by the EPA tend to fall
into the category of high local NO, emissions (greater than 1 x 10"
molecules cm™ 51, while rural sites are generally in the low NO,
emissions category (less than 5 x 10'° molecuies em™? g1 Six
sites considered rural by the EPA fall inwo the high NO, category;
four of these sites appear to be near power plants as indicated by
their low VOC/NO, ratios [Sitlman et al.. 1990b]. The few sites
classified by EPA as “unknown™ tend 10 be in areas of low NO,
emissions.

3. Ozone Trends

The 1680-1995 trends in summer afternoon O3 concentrations
are showa in Plate 2 and 3 in terms of absolute magnitude (ppb per
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Figure 1. Ozone'(EPAJAIRS) and temperature (NCDC} sites used
in the trend analysis. .

year) and relative magnitude (percent per year). Non-significant
trends are shown i yellow. Tabie 2 zives the numbers and percent-
ages of sites with significant trends. Increasing irends are detected
at 2 small number of sites which are scattered nationwide: we do
not find any worsening of air quality on a regional basis. Sites with
decreasing trends tend to ciuster around the large metropelitan
areas. In both absolute and relative magnitude, the largest and most
consistent decreasing trends are in the northeastern metropalitan
corrider and in the Los Angeles Basin. More sites show significant
downward irends in 90 percentile than in median concantrations.
especially in the Chicago area. Half of all sites demonstrating
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Figure 2. 1930-1995 trends of summer afremoon O3 ceacentra-
tions {9Cth percentile) in Pasadena, California. and Boston. Massa-
chuseuts. The Pasadena data show a significant decreasing trend &
= 0.68; slope = -3.1 ppb yr'!), while the Boston daia do not (r* =
0.0t).
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Figure 3. Relationship berwesn the EPA/AIRS classification of
sites {“urban.” “suburban.” “rural,” “unknown™) and the NAPAP
NO, smission inventory {or 1985, Sites with NO, emissions in a
given range were soried according o the EPAJAIRS classification.

improvements in 90 perceatile Oy levels are in the metropolitan
araas of New York City (16 sites), Los Angeles (32 sites), and Chi-
cago (3 sites). The remaining siwes with significant dacraasing
rends are scattered throughout the nation and are generally urban
or subutban.

Figure 4 provides a detailed view of the spatal disiribution of
trends in the metropolitan areas of New York City, Los Angeles,

‘and Chicago. Similar patterns are found for the relative rends (not

shown) in sach of these three regions. [n New York City, prevailing
summer winds are {rom the southwest , and decreasing trends are
observed for about 400 km downwind. spanning across Connecticut
(Figure 4a). The largest trends are in coastal Connecticur, where
median concenirations decreased by 1-1.5 ppb yr'! over the 1980-
1995 time pericd and 907 percentile concentrations decreased by 2-
4 ppb yr" In the Los Angeles Basin, the most pronounced
decreases are 3 ppb yr'! in median and § ppb v'! in 90% percentile
concentrations (Figure 4b). Trends are strongest approximately 40
km inland and decline radially sutward. The Chicago metropolizan
area shows ne significant trends in median O3 concentrations and
only scattered significant wrends in 90% percentile concentrations
(Figure 4¢).

4. Segregation by Temperature

Trends in O3 concantrations for days with maximum empera-
tures in the 300-305 K range are shown in Plaze 3. Comparisen
with Plate 2 reveals many more decreasing trends in the data segre-
gated by temperature. Table 2 gives ihe numbers of sites with sig-
nificant trends in each temperature bin. We find that 17 and 32% of -
sites display downward trends in median and 6ot percentile con-
centrations, raspectively, as compared with 12 and 19% before seg-
regation by temperature. Sies with downward trands in the
tlemperature-segregated datz are stll clustered in the thres metro-
politan areas discussed above. but also extend to additional metro-
politan areas including Derroiz, Michigan: Cleveland, Ohio;
Cincinnati, Ohio: Philadelphia. Pennsylvania: and Piusburgh. Penn-
sylvania. The fraction of sites with upward twends is similar tc the
previous analvsis. The improved detzction of downward O trends
in the temperature-segregated dara reflects interannual varability
In temperature rather then any long-ierm warming irend: we find no

significant warming for the 1980-1593 perod at the NCDC sjtes
used in our analysis,
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Tabie 2. Numbers of Sites With Significant Trends
; . $Cth S0th 90th
b M i S0th , .
Medion®* .Q\fe?gén,{ :Déf?én'_n{ ﬁ&:en}:an' o . 5  Percentie Puercentile Percentile
SR =BT K B0S-NI0K Percemile  ags_ia0 K 300305 K 305-310 K
Number of sites analyzed 349 187 412 198 319 187 332 198
Sites with inereasing wends 20 2 1 10 7 0 3 z
1% (%) (3% (3% (1o 10%) t1%) (1)
Sites with dercraasing rends a7 ) 2 24 106 31 121 =2
(12%) (244%) 7% (135, (195 (43%) (32%) (21%)

19380-1993 trends it medians and 90th percanules of summer afiernoon Q3 concantrations at the EPA AIRS sies across ihe United States, The
percentages of sites with trends are shown in parentheses, The dara were segrezated by daiv maximum wemperature measured 3t nearby NCDC sta-
nens. Only sites with sufficient data over at least {2 vears were anah zed (se2 text).

“Witheut segregaticn by remperature.

The bouom panels of Figure + display the spatizl disiributicn
of trends in the 300-3035 K temperawra range for the metropolitan
arezy of New York City. Los Angeles und Chicago. In the north-
eastern corrider. decreasing trends axeend further southwest than in

the previous analysis. incorporating Washington D. C. (Plate 41, In
the Los Angeles Basin, the spatial disuibution of rends is similar to
that found in the previous analysis. It appears from Plate 4 that

fewer sites exhibit downward trends south of the Los Angeles Bas
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Figure d4a. Spatial distributions of O3 concentrations and trends for the New York City metropolitan area in 198C-
1993, The top panels show the median and 90 percantile summer afiernoon concentrations. the middie panels show
the corresponding trends. and the bottom panzls show the trends in the temperature-segregaied date (300-303 K em-
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Figure 4b. Same as Figure 4a but for the Los Angeles Basin.

after segregation by temperamire. Most summer days in this region
have maximum temperatures in the range 303-310 K: decreasing
trends are found within the 303-310 K bin. but the trendsat the faw
sites with adequate datz in the 300-305 K semperature bin are gen-
erally not significant. Many additional sites with decreasing trends
emerge in the Chicago area (Figure ¢

3. Relationship to Local Emissions

Figure 5 displays ihe percentage of sites with significant trends
(positive or negative) sortad by loczl anthropoganic emissions of
NOy and VOC. lecal VOC/NO, emission ratias. and EPA site ¢lus-
sifications. The trends are for the data not segregated by wempera-
wre: results for the temperature-segregated datz ars similan
Increasing trends comprise 2 smail perceniage of most categories.
Downward trends in the 901 percentile concentrations are more
likely to be found ar urban sites (high precursor emissions).
Median concentrations are also more likely w0 show downward
trends at urban than ar rural sites according to the EPA classifica-
tion: by the NO, smission classification. however approximately
the same percentages of increasing and decreasing rands in median
concentrations are found for all emisgion rangsas.

Figure 5 indicates a correlation of trends with the VOG/NO,
emissicn ratio. This comrelation could be wken to impily that Oy air
quality has improved most in araas wher emissions are dominated

by mobile sourcas thigh ratios). However. we find that the correla-
ticn is determined mainly by the high VOC/NO, emission ratios in
the Los Angeles Basin. The large {raceion of sites with decraasing
trends in this region can be prebaply attdbuted to the more stringent
emission controls than in the rest of the country, as discussed below,
rather than to particuiarity in the YOGNQ, emission ratio. _J

6. Discussion and Conclusions

Previous analyses of trends in summentime ozone are summa-
rized in Table 1. Most of these smdies used shorter records. and
they used a variety of ozone stistics. The addition of a few years
of data can lead to dirferent trend results for such short time series.
particularly if the analysis stars or ands near an anomalous year.
such as 1988 which had record high ozone levels. The choice of
ozone staristic (such ay meon, daily maximum. seasonal extrema)
and inclusion of expianatory varishles in the trend medel may also
influence resuits. Our resulis are generally in accord with previeus
end analyses. and differences are most likely attributable to the
use of diiferent time periods and choice of ozone statistic.

Qur finding that no large region af the United States demon-
strates significant incraasing trends is consistent with the work of
[Lefoin and Shadwick 1991] i Table 1). who found little svidence of
signifivant trends in Og at 77 rural sites from 1979-1988. The few
trends they did find were generally positive. As they noted. this
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Figure dc. Same as Figure
paucity of sites with significant trends.

result may have been influenced by the {inal vear of their study.
1983. when Oj concentrations wers unusuzaily high. Increases in
ozone were found for only 2% of mertropolitan areas for 1986-95
[EPA, 1996a). We comparad our results with rends in tempera-
ture-independent Oy observed by Rao e al [1995] in the easiern
United States from 1983-1992 and found that we do not detect sig-
nificant trends at roughly half of their sites. This diserzpancy could
reflect the 6 extra vears of data (n our anzlysis. Our findings com-
pare well with the 1980-1992 wrand analvsis of Zurbenko er al.
[1995] for the northeastern United Stares. whers there are cnly 3
years of difference in the analvsis periods.

QOur conclusion that hzlf the sites with decreasing rrends in QOth
percentile Oy concentrations are in the metropolitan areas of New
York City, Los Angeles, and Chicago is similar o resuits given by
the Eavironmental Protection Agency [£P4, 1996z]. The EPA anal-
vsis gives trends in the second highest daily maximum O value for
1986-95. They find decreases for 23% of 183 metropolitan statisii-
cal areas. and half the areas with decreasas are in California. Chi-
cago-and epvirons. and the New York-New Jerseyv-Conneciicut
region. We find decreases in $0th percenidle O3 values for 19% of
sites overali, again similar to £PA {19%96a].

The downward trend of O3 concentrations in the New York City
nztropolitan region has besn reported previously bv Korsog and

4a but for the Chicago area. No contours are shown in the middle panels because of the

Wolff [1991L Rao et al., (1992, 19951, Cox and Chu [1993]. Rao
arnd Zurkenko [1993), Zurbenko er al, [1995], EPA [1996a} and
Flaum 2t al. [1998]. A aumber of modeling studies have argued
that the best strategy for coniroiling Q5 in this region is to reduce
VOC emissions [ McKeen er al.. 1991b: Roselle et al.. 1991: Jacob
eral. 1993; Sillman, 1923},

The Los Angeles Basin suifers from the most severe O3 smog
problem in the nation £PA. [1956a]. In an effort to ameliorate this
situation. the state of California has implemented emission controls
bevond the reguirements for the rest of the nation. Tetal NO, and
YOC emission levels in the Los Angeles Basin in 1995 were 10
ané 40% lower, respectively. than in 1980 (8. Croes and D. Good-
enow, California Air Resources Board, personal communication,
1997). Our study indicares that these stringent regulations have met
with success in reducing both median and exweme O3 levels.
Watker (1985], Kunrasal and Chang 11987}, Zeldin et al. {19907 and
Cassinassi and Bassetr [1991] have previously reporied downward
wrends in extreme concentrations of Os in the South Coast Alr
Basin.

The third largest metopolitan zrea of the nation (Chicago)
shows significant downward trends for the oo percentile O3 con-
¢entrations but not for the medians. After segregation by tempera-
ure. more pronouncad Jdownward weads are found, although they
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are sill weaker than in New York Citv or Los Angeles. Sillman
[1993] suggests that Oy production in the Chicago urban plume
should be VOC-sensitive.

In conciusion. we find decrzasing wends in O concentrations
over the 1980-1995 period to be largziv confined o the three largest
metropoiitan regions: New Yerk Cirv. Los Angeles. and Chicago.
Within these rzgions. the trends are more gronounced for 509 ger-
¢entile concentrations fpollution spisodes) than for the medians.
National mission inventories indicate that VOC emissions deciined
by 125 over the [980-1995 period while NO emissions remained
consiant. Although amission rends may vary regionaily. the spatial
distripution of Oj trends in our analysis appears consistent with
photochermical modet calculations showing that Oy production over
the United States is NO-timited except in large urban plumes
where it is panly v VOC-limited {Trainer er al.. 1987 Milford er al.,
1989 McKeen ot al.. 199tab: Roselle o1 al., 1991 Jucob er af.
1993], VOC-limited conditions in urban plumes persist longer
under conditions of low dispersion associated with pollution 2pi-
sodes ir iarge metropolitan aeas [Jacob ez al, 1993; Siflmar and
Samson. 1995]. Abatement of O3 poilution elsewhere in the coun-
try appzars contingent upon a reduction of NO, emissions,
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