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Abstract
In order to quantify the impact of recent efforts to abate surface ozone (O3 ) pollution, we analyze changes in
the frequency and return level of summertime (JJA) high surface O3 events over the eastern United States (US)
from 1988–1998 to 1999–2009. We apply methods from extreme value theory (EVT) to maximum daily 8-hour
average ozone (MDA8 O3 ) observed by the Clean Air Status and Trends Network (CASTNet) and define O3
extremes as days on which MDA8 O3 exceeds a threshold of 75 ppb (MDA8 O3 > 75). Over the eastern US,
we find that the number of summer days with MDA8 O3 > 75 declined on average by about a factor of two
from 1988–1998 to 1999–2009. The applied generalized Pareto distribution (GPD) fits the high tail of MDA8
O3 much better than a Gaussian distribution and enables the derivation of probabilistic return levels (describing
the probability of exceeding a value x within a time window T) for high O3 pollution events. This new
approach confirms the significant decline in both frequency and magnitude of high O3 pollution events over the
eastern US during recent years reported in prior studies. Our analysis of 1-yr and 5-yr return levels at each
station demonstrates the strong impact of changes in air quality regulations and subsequent control measures
(e.g., the ‘NOx SIP Call’), as the 5-yr return levels of the period 1999–2009 correspond roughly to the 1-yr
return levels of the earlier time period (1988–1998). Regionally, the return levels dropped between 1988–1998
and 1999–2009 by about 8 ppb in the Mid-Atlantic (MA) and Great Lakes (GL) regions, while the strongest
decline, about 13 ppb, is observed in the Northeast (NE) region. Nearly all stations (21 out of 23) have 1-yr
return levels well below 100 ppb and 5-yr return levels well below 110 ppb in 1999–2009. Decreases in eastern
US O3 pollution are largest after full implementation of the nitrogen oxide (NOx ) reductions under the ‘NOx
SIP Call’. We conclude that the application of EVT methods provides a useful approach for quantifying return
levels of high O3 pollution in probabilistic terms, which may help to guide long-term air quality planning.
Keywords: ozone, air pollution, air quality, United States, extreme value theory

1. Introduction

Content from this work may be used under the terms
of the Creative Commons Attribution-NonCommercialShareAlike 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.
1748-9326/13/014012+10$33.00

In surface air, ozone (O3 ) concentrations affect human health
(e.g., Bell et al 2005, 2004, Confalonieri et al 2007, US EPA
1
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the eastern US (Bloomer et al 2010, 2009, Fang et al 2010,
Koumoutsaris and Bey 2012, Lin et al 2001, Porter et al
2001, Wolff et al 2001). Further, our work supports earlier air
quality model projections of decreases in surface O3 over the
eastern United States resulting from NOx emission controls
(e.g., Hogrefe and Rao 2001).
Application of EVT specifically allows us to derive
probabilistic return levels for ozone extremes above the
NAAQS. The T-year return level RT , describes the probability
of exceeding a value x within a time window T (see section 2),
and serves as an illustrative metric for quantifying the
decreases in eastern US O3 pollution due to effective emission
controls. This simple metric could be considered in air quality
planning, and for assessing historical and future changes in
extreme O3 events.

2008), the environment (e.g., Arneth et al 2010, Confalonieri
et al 2007, Mauzerall and Wang 2001) and climate (e.g.,
Hegerl et al 2007), motivating a need to better understand the
drivers of O3 variability and trends, including changes in the
frequency and magnitude of high O3 pollution events.
Tropospheric O3 is produced through a series of chemical
reactions involving sunlight and O3 precursors such as
volatile organic compounds (VOCs), oxides of nitrogen
(NOx ), carbon monoxide (CO) and methane (CH4 ). Those
precursors are emitted from anthropogenic (e.g., traffic and
industry) and natural (e.g., soil, trees, lightning) sources
(e.g., US EPA 2008, NRC 1991). Determining the impact on
observed surface O3 changes due to changes in anthropogenic
and/or natural emissions versus meteorological variability is
complicated (e.g., Porter et al 2001, Bloomer et al 2010).
In particular, atmospheric dynamics strongly influences
the inter-annual variability of high O3 pollution episodes (e.g.,
Leibensperger et al 2008, Liao et al 2009). Over the eastern
United States (US), as over Europe, observations demonstrate
that high O3 pollution events are typically associated with
summertime stagnation events (heat waves) (e.g., Logan 1989,
Ordóñezet al 2010, Tai et al 2010, Vautard et al 2005, Vieno
et al 2010, Vukovich 1995). Therefore a period of hot and dry
days can significantly enhance O3 levels (including through
feedbacks from the biosphere by altering biogenic emissions
and/or deposition) even if anthropogenic emissions of O3
precursors do not increase (US EPA 2008).
In the US, the thresholds for the National Ambient Air
Quality Standard (NAAQS) for O3 , intended to protect public
health and welfare, have been lowered repeatedly over the past
few decades, i.e., becoming more stringent. In 1997 the US
Environmental Protection Agency (EPA) set the NAAQS for
maximum daily 8-hour average ozone (MDA8 O3 ) to 84 ppb.
Following these changes, substantial NOx emission controls
were implemented (i.e., the NOx State Implementation Plan,
from here on referred to as ‘NOx SIP Call’), leading to ∼50%
decreases in eastern US NOx emissions from point sources
between 1999 and 2004 (e.g., Frost et al 2006). In 2008 the
EPA further lowered the MDA8 O3 NAAQS threshold to the
current value of 75 ppb.
Several studies have determined trends in air pollutants
by applying a variety of standard statistical models (e.g.,
Barmpadimos et al 2011, Bruno et al 2004, Holland et al
1999, Hooyberghs et al 2005, Zolghadri and Cazaurang 2006)
or extreme value (EVT) methods (e.g., Eastoe 2009, Eastoe
and Tawn 2009, Smith and Shively 1995). However, in the
latter set of studies, air pollution data was mostly used as
sample data in statistical applications, while in the former
set, there is a notable lack of application of extreme statistics
methodologies.
Here we bridge this gap by applying EVT methods to
CASTNet data to quantify the extent to which emission
controls, implemented to attain compliance with lower
NAAQS thresholds have lowered the frequency of ozone
extremes (i.e., days with MDA8 O3 above 75 ppb, hereafter
referred to as MDA8 O3 > 75). Our approach extends earlier
studies reporting a declining frequency of mean values and
high air pollution events following emission controls over

2. Data and methods
The EPA CASTNet network (www.epa.gov/castnet) has been
operating since 1987 (Clarke et al 1997) and comprises
currently more than 80 stations within the contiguous United
States, Alaska and Canada (US EPA 2008). MDA8 O3 data
is obtained from the EPA’s CASTNet data archive (http://
java.epa.gov/castnet/clearsession.do). The CASTNet sites are
representative of rural background concentrations. As the
individual sites should not be directly influenced by large
changes in local emission sources, CASTNet provides a regionally representative view of US surface O3 , against which
future projections and emission controls can be assessed.
We focus on the eastern US and analyze (i) the number
of days with MDA8 O3 > 75 ppb, (ii) changes in the
frequency of extreme events during 1988–1998, 1999–2009
and 2003–2009, and (iii) changes in the return levels of high
O3 events at individual stations and on a broader regional
basis. For the regional analysis we follow the selection and
spatial grouping of Rasmussen et al (2012), splitting the
eastern US into three regions of interest: the Great Lakes
(GL), the Mid-Atlantic (MA) region and the Northeast (NE).
Due to varying record lengths at individual sites, we restrict
the analysis to sites with at least twenty years of data within
1988–2009, which limits the dataset to 23 stations within the
eastern US (table 1).
We begin by selecting representative stations for the three
eastern US regions (GL, MA, NE) based on summertime (JJA)
mean MDA8 O3 and standard deviations (to describe temporal
variability) and the number of days with MDA8 O3 > 75 ppb.
Stations are considered to be regionally representative if (i)
mean MDA8 O3 is within ±6 ppb of the regional average,
(ii) the standard deviation is within ±3 ppb of the regional
average and (iii) the number of days with MDA8 O3 > 75 ppb
is close to the regional average, for both the 1988–1998 and
1999–2009 time periods. The results of the statistical analysis
(see table 1) show that Bondville (BVL130) for the GL region,
Penn State (PSU106) for the NE region and Parsons (PAR107)
for the MA region are regionally representative, roughly
consistent with earlier analyses of Reidmiller et al (2009)
and Rasmussen et al (2012). We select these three stations
to illustrate the application of extreme value modeling, before
applying the methods to all 23 sites.
2
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Table 1. Geographic information (site ID, latitude and longitude) and O3 statistics at Clean Air Status and Trends Network (CASTNet)
sites meeting the selection criteria of at least 20 years of data between 1988 and 2009. All statistics are calculated from summertime (JJA)
maximum daily 8-hour average (MDA8) ozone (O3 ): mean values—with standard deviations (SD) given in parentheses, number (#) and
percentage (%) of days with MDA8 O3 above the National Ambient Air Quality Standard (NAAQS) for O3 of 75 ppb (MDA8 O3 > 75) are
shown separately for 1988–1998, 1999–2009 and 2003–2009. * indicates regional representative stations. Regional values for the Northeast
(NE), Great Lakes (GL) and Mid-Atlantic (MA) regions are calculated as the average values over all stations within the region.
# days MDA8 O3 > 75

Mean MDA8 O3 (SD)
Region/station
(state)

Site ID

Latitude Longitude 1988–
(◦ N)
(◦ W)
1998

1999–
2009

2003–
2009

1988–
1998

1999–
2009

2003–
2009

1988–
1998

1999–
2009

2003–
2009

54.2
(16.2)

47.8
(14.1)

45.3
(12.2)

137

62

17

14.8

6.4

2.7

64.5
(18.0)
37.6
(11.1)
56.0
(15.3)
59.8
(18.4)
59.7
(17.6)
62.9
(21.2)
38.7
(11.8)

56.8
(15.0)
33.6
(10.4)
48.7
(13.2)
51.9
(15.1)
52.9
(14.9)
56.3
(19.4)
34.8
(11.0)

54.0
(12.5)
31.9
(9.5)
46.2
(11.4)
49.5
(13.4)
49.8
(12.7)
52.8
(16.0)
33.2
(10.0)

241

100

21

26.1

10.3

3.4

6

3

0

0.7

0.3

0.0

110

35

8

11.2

3.8

1.3

189

75

20

19.7

7.8

3.3

164

77

17

17.2

7.7

2.7

236

144

50

27.1

14.5

7.9

12

1

0

1.3

0.1

0.0

57.1
(15.2)

51.9
(13.5)

49.5
(12.4)

129

60

18

14.0

6.2

2.9

60.9
(15.3)
54.1
(16.4)
59.4
(15.7)
59.4
(14.8)
62.6
(17.0)
42.6
(12.0)
57.6
(15.3)

55.9
(14.1)
50.1
(14.7)
52.4
(13.2)
54.1
(14.1)
54.2
(14.0)
41.6
(11.5)
52.7
(13.2)

53.7
(13.2)
47.7
(13.4)
50.0
(12.5)
51.2
(12.3)
51.3
(12.9)
40.5
(10.9)
50.0
(11.7)

166

94

38

18.0

9.4

6.0

98

62

18

11.1

6.6

3.0

154

57

18

16.1

5.8

2.8

115

77

18

14.6

7.7

2.8

218

72

22

22.8

7.4

3.5

3

9

2

0.3

1.2

0.4

116

51

10

12.8

5.1

1.6

60.2
(15.2)

53.8
(13.1)

51.5
(12.2)

161

57

20

16.4

6.0

3.2

57.3
(15.5)

51.6
(14.2)

48.4
(12.2)

110

62

17

12.2

6.6

2.8

65.1
(20.2)
54.1
(15.5)
53.7
(13.3)
56.8
(18.7)
57.1
(14.6)
56.8
(14.5)
58.2
(15.2)

59.1
(18.3)
44.6
(12.6)
49.4
(12.6)
52.6
(17.7)
49.3
(12.0)
49.8
(13.0)
54.9
(14.7)

56.3
(15.7)
41.1
(10.6)
46.7
(11.2)
50.1
(15.6)
45.9
(10.1)
46.5
(10.8)
51.1
(13.0)

273

166

65

31.1

17.3

11.2

85

14

1

8.8

1.4

0.2

45

20

3

5.2

2.1

0.5

157

103

33

17.2

11.4

5.3

96

29

4

9.6

2.9

0.6

80

32

2

9.8

3.3

0.3

95

86

21

10.8

10.0

3.4

56.3
(11.8)

53.2
(12.6)

49.6
(10.4)

46

45

3

5.3

4.5

0.5

Northeast
Arendtsville
(PA)
Ashland
(ME)
Connecticut
Hill (NY)
M.K.
Goddard (PA)
Penn State *
(PA)
Washington
Crossing (NJ)
Woodstock
(NH)

ARE128 39.9

77.3

ASH135 46.6

68.4

CTH110 42.4

76.7

MKG113 41.4

80.1

PSU106 40.7

77.9

WSP144 40.3

74.9

WST109 43.9

71.7

Great Lakes
Alhambra
(IL)
Ann Arbor
(MI)
Bondville *
(IL)
Lykens (OH)

ALH157 38.9

89.6

ANA115 42.4

83.9

BVL130 40.1

88.4

LYK123 40.9

83.0

Oxford (OH)

OXF122 39.5

84.7

Perkinstown
(WI)
Salamonie
Reservoir
(IN)
Vincennes
(IN)

PRK134 45.2

90.6

SAL133 40.8

85.7

VIN140 38.7

87.5

Mid-Atlantic
Beltsville
(MD)
Cedar Creek
(WV)
Edgar Evins
(TN)
Georgia
Station (GA)
Parsons *
(WV)
Prince
Edward (VA)
Sand
Mountain
(AL)
Speedwell
(TN)

% days MDA8 O3 > 75

BEL116 39.0

76.8

CDR119 38.9

80.8

ESP127

36.0

85.7

GAS153 33.2

84.4

PAR107 39.1

79.7

PED108 37.2

78.3

SND152 34.3

86.0

SPD111 36.5

83.8

3
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Figure 1. Quantile–quantile plot comparing summertime (JJA) maximum daily 8-hour average (MDA8) ozone (O3 ) observations in
1988–2009 with a Gaussian distribution (least-mean-square fitted to the observations) for the regional representative sites (a) Penn State
(PSU106), (b) Bondville (BVL130), (c) Parsons (PAR107). Quantile–quantile comparison between observed and GPD model predicted
extremes (MDA8 O3 > 75) in 1988–1998 (red) and 1999–2009 (blue) for (d) Penn State (PSU106), (e) Bondville (BVL130), (f) Parsons
(PAR107). Return level estimates from the fitted GPD for O3 extremes (MDA8 O3 > 75) in 1988–1998 (red) and 1999–2009 (blue) at (g)
Penn State (PSU106), (h) Bondville (BVL130), (i) Parsons (PAR107). (k)–(m) as (g)–(i) but for 1999–2002 (purple) and 2003–2009
(green). The gray squares in (a)–(c) mark the area above the 75 ppb National Ambient Air Quality Standard (NAAQS) for O3 . Straight solid
lines in (a)–(f) give the identity line. Red (1988–1998) and blue (1999–2009) curves in (g)–(i) and purple (1999–2002) and green
(2003–2009) curves in (k)–(m) give the maximum-likelihood estimated return levels, while black dashed lines mark the corresponding 95%
confidence intervals and open circles mark actual events in the individual station records. Note: 2003–2009 return level for PAR107 (panel
m) is shown dashed as estimation accuracy is limited by the small fraction of days above the NAAQS during this time period (see table 1).
Scale parameter (τ ) and shape parameter (ξ ) estimates are for 1988–1998: PSU106 τ = 20.41, ξ = −0.35; BVL130 τ = 17.25,
ξ = −0.32; PAR107 τ = 11.61, ξ = −0.12; for 1999–2009: PSU106 τ = 15.00, ξ = −0.41; BVL130 τ = 9.92, ξ = −0.24; PAR107
τ = 11.45, ξ = −0.38; for 1999–2002: PSU106 τ = 19.10, ξ = −0.56; BVL130 τ = 11.78, ξ = −0.30; PAR107 τ = 11.30, ξ = −0.36
and for 2003–2009: PSU106 τ = 13.78, ξ = −0.98; BVL130 τ = 12.43, ξ = −1.03; PAR107 τ = 13.97, ξ = −1.27.

analysis of the tails requires extreme value theory (EVT) (e.g.,
Coles 2001, Coles and Pericchi 2003, Davison and Smith
1990). Peak-over threshold models (POT models), based on

Figures 1(a)–(c) show that the tails of surface ozone
data are clearly non-Gaussian (i.e., data from a Gaussian
distribution would lie close to the diagonal line). Proper
4
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the generalized Pareto distribution (GPD), are frequently
applied as they make more efficient use of the information
contained in a dataset (e.g., Coles 2001, Davison and Smith
1990) than other types of more selective EVT models (i.e.,
block-maximum models). In our case, the NAAQS of 75 ppb
provides a policy relevant threshold for the POT model, and
additionally motivates our choice of this type of extreme value
model.
The use of the GPD for modeling exceedances over a high
(enough) threshold is justified by arguments on the asymptotic
behavior of the data (Pickands 1975) because the GPD is
the limiting distribution of a normalized exceedance over a
threshold, as the threshold approaches the maximum of the
distribution (e.g., Coles 2001). The GPD (F(x)) is defined as:


x − u −1/ξ
,
F(x) = 1 − 1 + ξ
τ
x−u
τ > 0, x > u, 1 + ξ
> 0,
τ
where x are the observations (here JJA MDA8 O3 from
the individual CASTNet sites) u is the threshold (here
the NAAQS threshold of 75 ppb), and τ and ξ are the
scale (describing the spread of the distribution) and shape
parameters, respectively. The R (www.r-project.org) POTpackage (Ribatet 2007) is used for the EVT analysis in which
the GPD parameters are computed by maximum-likelihood
estimation. Figures 1(d)–(f) show the improved fit of the GPD
to high ozone levels (above the NAAQS), compared to a
Gaussian distribution (see figure 1 and values for scale (τ )
and shape (ξ ) parameters in the caption).
The T-year return level RT is given as


1
−1
T
R = Fξ,u,τ 1 −
T

The three stations with the largest fraction of summer days
with MDA8 O3 > 75 for the 1988–1998 period are ARE128,
BEL116 and WSP144 (>25% or more). The smallest fraction
(<1%) occurred at ASH135 and PRK134, which are the most
remote and northern sites in the CASTNet data base for the
eastern US.
Following the implementation of the ‘NOx SIP Call’,
the frequency of days with MDA8 O3 > 75 decreases
substantially; notably from 1988–1998 to 1999–2009. In the
earlier period the average number of days with MDA8 O3 >
75 was 137 in the NE region, 129 in the GL region and 110
in the MA region, those numbers decreased to 62, 60, and 62,
respectively, in the latter period (table 1). This corresponds to
a decrease in days with MDA8 O3 > 75 by about a factor of
2 in all regions. By 1999–2009, no station remains with more
than 20% of all days with MDA8 O3 > 75, and a total of only
5 out of 23 stations now have an occurrence rate of extremes
of 10% or higher (NE: ARE128 and WSP144; MA: BEL116,
GAS153 and SND152).
The implementation of the ‘NOx SIP Call’ led to a
strong decline in O3 precursor emissions in the eastern US
(Napolitano et al 2007), with the NOx reductions phased
in between 1999 and 2002. Therefore we additionally split
the time period 1999–2009 in an early (1999–2002) and late
(2003–2009) time window to analyze changes in eastern US
O3 pollution following the ‘NOx SIP Call’.
The statistical analysis (see table 1) shows that on a
regional basis during 1999–2009 more than half of the days
(between 53 and 58%) with MDA8 O3 > 75 occurred during
the early phase of the ‘NOx SIP Call’ (1999–2002). At
over half of the individual stations, two thirds or more of
the days with MDA8 O3 > 75 during 1999–2009 occurred
during the early period while NOx reductions were still being
implemented.
Our results show that recent efforts to abate surface O3
pollution, e.g., the ‘NOx SIP Call’, have been highly effective
in the eastern US, evident from the strong decline in the
number and frequency of days with MDA8 O3 > 75 (table 1).
This decline occurs, however, in the context of substantial
year-to-year variability in the number of days with MDA8
O3 > 75 (figure 2; see also Leibensperger et al (2008)).
Over the Northeastern US, recent work indicates that the
frequency of storms moving through the region is a key driver
of the inter-annual variability of high O3 pollution episodes
(Leibensperger et al 2008).
To analyze the contribution of these storms to the
inter-annual variability of the number of days with MDA8
O3 > 75 we perform a correlation analysis. We correlate the
frequency of storms moving through the Great Lakes Storm
Track Region each summer as calculated in Turner et al
(2013) from the NCEP/DOE Reanalysis with the regional
summer average of days with MDA8 O3 > 75 in this analysis
for the 1988–2009 period (figure 2). Inter-annual variability
in storm frequency can explain up to 30% of the inter-annual
variability in days with MDA8 O3 > 75, with the largest
correlation occurring over the Northeastern US, as expected
based on the work of Leibensperger et al (2008). Over
the 21st century, changes in the frequency of mid-latitude

and can be directly calculated from the GPD. RT is of practical
interest as it describes the probability of exceeding a value x
within a time window T.

3. Changes in the frequency of high O3 events
between 1988–1998 and 1999–2009
The high tail of the surface MDA8 O3 distribution can be
adequately fitted by a GPD (figures 1(d)–(f)). In addition, the
O3 NAAQS threshold of 75 ppb is just slightly larger than
1 standard deviation (at almost all 23 stations analyzed, see
figures 1(a)–(c) and table 1), a statistical measure frequently
used to characterize extreme levels.
During the 1988–1998 time period at 2 out of 7 stations
in the NE region (ARE128, WSP144), and 1 out of 8 stations
in the GL region (OXF122) and MA region (BEL116) 20%
(or more) of all summer days were MDA8 O3 > 75 (table 1).
If we restrict our analysis to stations with an average of 10%
(or more) extreme days during June–August in the 1988–1998
period these numbers increase to 5 out of 7 stations in the NE
region (ARE128, CTH110, MKG113, PSU116, WSP144),
7 out of 8 stations in the GL region (ALH157, ANA115,
BVL130, LYK123, OXF122, SAL133, VIN140) and 3 out of
8 stations in the MA region (BEL116, GAS153, SND152).
5
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Figure 2. Annual average of the number (#) of summer (JJA) days with maximum daily 8-hour average (MDA8) ozone (O3 ) above the
NAAQS of 75 ppb (black) in 1988–2009 and number (#) of mid-latitude storms crossing the Great Lakes Storm Track Region, derived from
the NCEP/DOE Reanalysis (red) (Turner et al 2013) for (a) the Northeast region, (b) the Great Lakes region and (c) the Mid-Atlantic region.

4. Changes in the probabilistic return level of high
O3 events

storms possibly driven by a warmer climate (e.g., Lang and
Waugh 2011, Turner et al 2013) could contribute to changes
in the inter-annual variability and/or long-term trend in the
frequency of high O3 episodes.
Ambient air temperature is a major meteorological
parameter influencing surface ozone levels (US EPA 2006);
some of the relationship with temperature reflects its
co-variation with air stagnation and is thus included in
our correlation with storm passages. However, temperature
can also directly affect the O3 production chemistry and
precursor emissions. Specifically, Bloomer et al (2010)
analyzed seasonal and diurnal variations and trends in O3 and
temperature at 5 CASTNet sites (BEL116, CTH110, GAS153,
PSU106 and WST109) to show that summer temperatures are
warming during the time periods where ozone is decreasing.
As it is well understood that ozone in polluted regions
increases with increasing ambient air temperatures (Fiore et al
(2012) and references therein; Jacob and Winner (2009)), the
decreasing O3 trends over the Northeastern US are attributed
to emission reductions rather than changes in weather and
climate (Bloomer et al 2010). These findings are consistent
with our conclusion that storm passages may contribute to
inter-annual variability but that the downward ozone trend is
driven by the NOx emission reductions that were implemented
between 1999 and 2002.

As outlined in section 2, a theoretical return level of MDA8
O3 for time T (RT ), can be calculated directly from the
fitted GPD at each station. We calculate, RT , of MDA8
O3 > 75 separately for the three regionally representative
sites PSU106, BVL130 and PAR107 for 1988–1998 and
1999–2009, respectively (figures 1(g)–(i)). The probability
of high ozone days strongly declines from 1988–1998 to
1999–2009. For instance at PSU106 during 1988–1998 a
value of 104 ppb occurred once a year, lengthening to once
in 4–5 years for the later period. Similar changes in RT
occur at the other two stations. In figures 1(k)–(m) we
analyze changes in the O3 return levels during 1999–2009 at
each site by further separating into earlier (1999–2002) and
later (2003–2009) periods. The return levels estimated over
1999–2002 are similar to those of the entire 1999–2009 time
period, while those estimated for the 2003–2009 subset are
substantially lower. We conclude that the emission controls
implemented under the ‘NOx SIP Call’ between 1999 and
2002 significantly decreased the return level and frequency of
high O3 pollution events, particularly after 2002.
Finally, we extend the analysis illustrated for the three
sites in figure 1 to our entire dataset, grouping MDA8 O3
6
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Figure 3. Return levels of summertime (JJA) maximum daily 8-hour average (MDA8) ozone (O3 ) for the 23 sites selected from the eastern
United States Clean Air Status and Trends Network (CASTNet): (a) 1-yr return levels in 1988–1998, (b) as (a) but for 5-yr return levels, (c),
(d) as (a), (b) but for 1999–2009, (e), (f) as (a), (b) but for 2003–2009.

7

Environ. Res. Lett. 8 (2013) 014012

H E Rieder et al

return levels into 5 ppb bins, spanning from 75 to 125 ppb.
Figure 3 shows the corresponding 1-yr and 5-yr return levels
at each station for 1988–1998 (panels (a)–(b)), 1999–2009
(panels (c)–(d)) and 2003–2009 (panels (e)–(f)). The 1-yr
return levels dropped between 2 and 16 ppb from 1988–1998
to 1999–2009 at the individual sites (see figures 3(a), (c)).
Almost all stations (except for BEL116 (MA) and WSP144
(NE)) show 1-yr return levels well below 100 ppb for the
1999–2009 period. At the regional scale, we find an average
decline of the 1-yr return level of about 8 ppb for the MA
and GL regions while the strongest reductions occur at the NE
stations where the return levels dropped on average by about
13 ppb.
The changes in the probabilistic 5-yr return levels (figures
3(b), (d)) essentially mirror those of the 1-yr return levels.
At the individual stations the 5-yr MDA8 O3 return levels
dropped by a similar range as the 1-yr return levels. At some
sites (ARE128, MKG113) the 5-yr return levels dropped by up
to 18 ppb, and almost all stations (except for BEL116 (MA)
and WSP144 (NE)) have 5-yr return levels well below 110
ppb for the 1999–2009 period.
The improvements achieved with the ‘NOx SIP Call’
for eastern US O3 pollution are even more obvious when
we compare the probabilistic return levels of the entire
1999–2009 time period (figures 3(c), (d)) with the 2003–2009
subset (figures 3(e), (f)). 1-yr return levels estimated over
2003–2009 are on average about 9 ppb in the NE region, 8 ppb
in the MA region and 6 ppb in the GL region lower compared
to those of the entire 1999–2009 time period. For the 5-yr
return levels these changes are 10 ppb (NE), 7 ppb (MA)
and 12 ppb (GL), respectively. However, the uncertainty in
these estimates is larger than for return levels calculated over
1988–1998 and 1999–2009 due to the smaller number of days
with MDA8 O3 above the NAAQS.
In summary, both 1- and 5-yr return levels decreased over
the eastern United States between 1988–1998 and 1999–2009,
with the strongest decreases occurring during the latest years
(2003–2009) of the record. The largest reductions in high
O3 concentrations occurred in the NE region, although the
ambient concentrations and return levels are still slightly
higher than those in the GL or MA regions.

for air quality planning and for communicating the success of
emission controls.
We show that both the frequency and magnitude of high
O3 pollution events have significantly declined in recent years.
On a regional basis, the number of days above the NAAQS
of 75 ppb (MDA8 O3 > 75) declined by about a factor of 2
from 1988–1998 to 1999–2009 throughout the three regions
analyzed (Northeast (NE), Great Lakes (GL), Mid-Atlantic
(MA)).
Application of methods from extreme value theory (EVT)
shows that the generalized Pareto distribution (GPD) better
fits the high tail of MDA8 O3 than a Gaussian distribution.
Further, fitting a GPD allows direct calculation of probabilistic
return levels for high O3 pollution events. Our analysis of
1-yr and 5-yr return levels at individual stations illustrates
the strong impact of changes in the NAAQS and subsequent
control measures (the ‘NOx SIP Call’) on air quality in the
eastern US, as the 5-yr return levels for 1999–2009 correspond
roughly to the 1-yr return levels of 1988–1998. This confirms
earlier modeling work that simulated improved O3 air quality
due to NOx emission controls (e.g., Hogrefe and Rao 2001).
The decreases in extreme O3 pollution events achieved by the
‘NOx SIP Call’ over the eastern US are even more pronounced
when we compare the return levels of the 2003–2009 subset
with those of the entire 1999–2009 time period. The 1-yr
return levels estimated over the last years of the record
(2003–2009) are on average about 9 ppb in the NE region,
8 ppb in the MA region and 6 ppb in the GL region lower
than those estimated over 1999–2009. The changes in 5-yr
return levels are 10 ppb (NE), 7 ppb (MA) and 12 ppb (GL),
respectively.
The potential sensitivity of air pollution to climate change
is receiving attention, including how the frequency, duration
and intensity of air pollution events will evolve during
the course of the 21st century (e.g., the recent reviews of
Fiore et al 2012, Isaksen et al 2009, Jacob and Winner
2009, Weaver et al 2009). Our results and methodology
may serve as a possible benchmark for the evaluation and
assessment of future changes in extreme O3 pollution events
as projected by chemistry-climate and chemistry-transport
model simulations.
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