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A Brief Overview of Ground-level Ozone Pollution



Ozone (O3) in the atmosphere



90% of the Earth’s O3 is located in the stratosphere

+ →

Why the stratosphere? 
Relatively abundant O2,  
few sinks (hopefully)



Stratospheric O3 represents an important UV shield for 
life on Earth

But what about O3 at the surface?



Tropospheric O3 is an EPA criteria pollutant with known 
links to respiratory and cardiovascular disease

epa.gov



High O3 levels can also damage plants and crop 
productivity

UDA-ARS Air Quality 
Program



O3 pollution is typically a summertime problem with 
clear regional differences

area sources.35 Regional emissions are aggregated from county-
level data in the NEI. Wildfires and biogenic emissions are
absent from these analyses due to their nonanthropogenic
origin and inconsistent emissions characterizations over the
time period analyzed. From 2002 to 2011, nationwide
anthropogenic NOx emissions declined from 46.2 to 28 million
tons per year and nationwide VOC emissions declined from
33.7 to 29 million tons per year. These emissions reductions
have not occurred uniformly across the country or throughout
the year. As noted previously, the NOx SIP Call dramatically
reduced summertime NOx emissions from power plants and
other large industrial sources in the Eastern U.S. In addition,
some urban areas which have had historically high ozone
concentrations, like Houston and Los Angeles, have made
specific efforts to reduce local sources of NOx as an approach
to reduce ozone levels. Houston reduced NOx emissions from
industrial point sources by 67% between 2000 and 2006.36,37

Reductions in emissions from mobile source sectors have
occurred more uniformly across the country due to tighter
vehicle emissions standards for new cars and trucks. Other
researchers have reported that these NOx reductions have led
to decreasing satellite-measured tropospheric column NO2 over
this period for all regions of the U.S., although larger reductions
were observed in the East.25 Decreasing NO2 measurements
were observed even in areas of the Western U.S., likely due to
tighter vehicle emission standards, despite substantial pop-
ulation growth. Some studies have shown that VOC emission
trends in local areas differ from those in the NEI. For instance,
VOC emissions have been found to be decreasing more quickly
than regional NEI trends in Los Angeles,38 Atlanta,39 and the
Southeast.40 One study has suggested that VOC emissions in
the Chicago area increased from 2005 to 2009,41 while the
East−North−Central NEI VOC trends are essentially flat. To
address the nonuniformity in NEI methodologies between

Figure 3.Measured 1998−2013 MDA8 ozone concentrations at U.S. monitoring sites. Summer (S: May−Sep) spatial patterns displayed in left-hand
plots, winter (W: Oct−Apr) spatial patterns displayed in right-hand plots. Panels from top to bottom display 5th percentile, 25th percentile, 50th

percentile, 75th percentile, and 95th percentile MDA8 ozone concentrations.
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Where does tropospheric O3 come from,  
and where does it go?



Sources

84%

16%

Transport Chemistry

Sinks

78%

22%

Dry Deposition Chemistry

Jacob, 1999

Tropospheric O3: global sources and sinks
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Ozone (O3) participates in a catalytic cycle 
involving O2 and NOx



Oxidized VOCs compete for NO, replenishing NO2 and 
elevating O3 concentrations
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A simple engine metaphor

NO

NO2

NOx = Engine VOCs = Clutch



Tropospheric O3: global sources and sinks
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Can increase with 
excess NOx/VOCs!



8892 P. S. Monks et al.: Tropospheric ozone and its precursors

Figure 3. Simplified mechanism for the photochemical oxidation of
CH4 in the troposphere (Lightfoot et al., 1992).

action with a third body (M being used to represent any third
co-reactant, i.e. N2):

NO2+ hv ! NO+O(3P), (R1)

O(3P) +O2+ M ! O3+ M. (R2)

The difficulty with understanding the production of O3
in the troposphere comes about through the manifold ways
in which NO and NO2 are interconverted. The rapid in-
terconversion between the two compounds allows them to
be treated as a chemical family – NOx . (NB: photolysis
of NO2 is fast, and approximately altitude-independent –
j1 ⇡ 10�2 s�1.) For example, the reactions

HO2+NO! NO2+OH, (R3)
O3+NO! NO2+O2, (R4)

both convert NO into NO2. Considering Reactions (R1), (R2)
and (R4) one can derive a ratio of [NO] / [NO2] that depends
on the local concentration of O3 and the rate coefficients
for Reaction (R4) and the photolysis frequency for Reac-
tion (R1) (at the surface the pseudo-first-order rate constant
k0
2 (k2 [̇O2]·[M]) is sufficiently fast that it is not a rate-limiting

Figure 4. O3 mixing ratios (ppb) as a function of VOC and NOx

emissions as computed using the UKCA model of atmospheric
chemistry (Archibald et al., 2011). Three main regions are identi-
fied. Top left corner (A): region of NOx saturation and O3 titration.
Bottom right corner (C): region of VOC saturation and O3 destruc-
tion. Diagonal elements (A–C, B–C): efficient conversion of NO–
NO2 and hence O3 production increasing with increasing VOC and
NOx emissions (NB: log10 scales for emissions).

step). This ratio is termed the Leighton ratio (Leighton, 1961)
and also allows for an expression to be derived for the equi-
librium concentration of O3. Whilst this chemistry is impor-
tant, particularly in urban areas, it does not represent a mech-
anism for the net production of O3 in the troposphere. With
the addition of volatile organic compounds, such as CO, viz

CO+OH(+O2) ! CO2+HO2, (R5)

it is possible to write a mechanism for the formation of
O3 that is propagated via VOCs (volatile organic compound)
and NOx (Reactions R5, R3, R2 and R1). In this series of
reactions, O3 is used as a source of the hydroxyl radical (OH)
through

O3+ hv ! O(1D) +O2, (R6)

O(1D) +H2O! OH+OH, (R7)

where O(1D) is the electronic excited state atomic oxygen
formed through photolysis at wavelengths< 320 nm. How-
ever, the presence of VOC (CO) and NOx allows OH to be
regenerated (R3) and promote formation of O3 through NO2
photolysis. The production of O3 in the troposphere, medi-
ated through the reactions involving VOC (CH4) and NOx ,
is shown schematically in Fig. 3 and in relationship to chang-
ing precursor concentrations in Fig. 4.
Figure 4 highlights the non-linearity of the O3–VOC–NOx

system. The O3 mixing ratios presented in Fig. 4 are gen-
erated from photochemical modelling output generated us-
ing the UKCA model (O’Connor et al., 2014; Archibald et
al., 2011). Regions in Fig. 4 where there is net O3 destruc-
tion (top left (a) and bottom right corners (c)) are typically
referred to as the VOC-limited and NOx-limited regimes.
VOC-limited refers to the fact that the production of O3 is

Atmos. Chem. Phys., 15, 8889–8973, 2015 www.atmos-chem-phys.net/15/8889/2015/

Modeled O3 mixing ratio (ppb) vs. VOC and NOx 
emissions

Monks et al., 2015

NOx saturated

VOC saturated



NOx = NO + NO2

Sources
1%

7%
7%

13%

26%

46%

Fossil Fuels Biomass Burning
Soils Lightning
NH3 Oxidation Aircraft

Dominant Sink: 
Oxidation to HNO3


Lifetime is relatively short — 
around one day

Jacob, 1999



NOx “reservoir species” can lead to  
longer-range transport

PAN 
Forms from reaction with VOC oxidation products and NO2


Lifetime can range from hours to months, depending on temperature

Effective transport mechanism for NOx in middle/upper troposphere

NO2 NO2PAN



Non-methane VOCs
Sinks

73%

3%

24%

Deposition (Gas)
Deposition (Particle)
Chemistry (CO2)

Sources

6%

82%

4%
8%

Fossil Fuels Biomass Burning
Vegetation Oceans

Safieddine et al., 2017



Typical urban O3/precursor diurnal cycle

5.5 Air Pollution 181

Thus, in this case, the oxidation of CH4 results in
the oxidation of NO to NO2 without consuming O3.
Reaction (5.41) produces formaldehyde (HCHO),
which is an eye irritant and a source of HOx [see
(5.26) and (5.27)].

Similarly, the acetyl radical (CH3CO) from (5.39)
is involved in a series of reactions leading to the
methyl radical CH3 and the peroxyacetyl radical
(CH3COO2). The methyl radical oxidizes NO by
reactions (5.40), and the peroxyacetyl radical reacts
with nitrogen dioxide

(5.42)

The chemical species on the right-hand side of (5.42)
is the vapor of a colorless and dangerously explosive
liquid called peroxyacetyl nitrate (PAN), which is
an important component of photochemical smogs
and another major eye irritant. Other alkenes oxidize
NO to NO2 without consuming O3 and regenerate
OH and can do so faster than the aforementioned
reactions.

Shown in Fig. 5.12 are typical variations through
the course of a day in the concentrations of some of
the major components of photochemical smogs in
Los Angeles. Ozone precursors (NOx and hydrocar-
bons) build up during the morning rush hour, and
aldehydes, O3, and PAN peak in the early afternoon.

The role of polycyclic aromatic hydrocarbons
(PAHs) in air pollution and public health was first
realized in the early 1940s following the discovery that
organic extracts of particles from polluted air (e.g.,

CH3COO2 ! NO2 : CH3COO2NO2

benzo[a]pyrene) produce cancer in laboratory exper-
iments on animals. PAHs are emitted by diesel and
gasoline engines, coal-fired electric power-generating
plants, biomass burning, and cigarettes. They are pres-
ent in air as volatile particulates and gases. Reactions
initiated by OH in the day and NO3 at night convert
gaseous PAHs to nitro-PAH derivatives, which are
responsible for !50% of the mutagenic activity of
respirable airborne particles in southern California.

5.5.3 Regional and Global Pollution

The effects of anthropogenic pollution now extend
to regional and global scales. Europe, Russia, the
northeastern United States, India, and large areas of
southeastern Asia are regularly covered by enormous
palls of polluted air that reduce visibility significantly,
produce acid deposition, soil and erode buildings
and other materials, and have deleterious effects on
human health, animals, and plants.

The fact that pollutants can be transported over
large distances is well illustrated by air pollution
episodes in the Arctic, known as arctic haze, which
can be as severe as those in cities. The pollutants
originate from fossil-fuel combustion, smelting, and
other industrial processes in northern Europe and
Russia. The pollutants are transported to the Arctic
by synoptic-scale flow patterns, primarily from
December to April. Because the arctic atmosphere
is generally stably stratified during this time of
the year, vertical mixing is limited; also, precipitation
is rare so that wet removal processes are weak.
Consequently, the pollutants can be transported over
large distances with relatively little dilution. A major
contributor to arctic haze is SO2, which is converted
to sulfate particles over the long transport distances.

Glacial records show that air pollution in the
Arctic has increased markedly since the 1950s, paral-
leling the increases in SO2 and NOx emissions in
Europe. Interestingly, ice cores from Greenland show
unusually high lead concentrations from !500 B.C.
to 300 A.D. This is attributed to Greek and Roman
lead and silver mining and smelting activities, which
apparently polluted large regions of the northern
hemisphere. However, cumulative lead deposits in
the Greenland ice during these eight centuries were
only !15% of those caused by the widespread use
of lead additives in gasoline from !1930 to 1995.
Lead additives to gasoline were eliminated in the
United States in 1986, more than 60 years after their
introduction.
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Fig. 5.12 Typical variations during the course of a day of
some important pollutants in photochemical smogs in Los
Angeles. [Adapted from P. A. Leighton, Photochemistry of Air
Pollution, Academic Press, New York, 1961, p. 273, with
permission of Elsevier.]

P732951-Ch05.qxd  12/09/2005  09:05 PM  Page 181

Wallace and Hobbs, 2006



The role of atmospheric dynamics



Daily O3 has a known positive correlation with  
daily temperature

Bloomer et al., 2009



Higher temperatures → more isoprene

Harley 1997



Higher temperature → more soil NOx

Williams et al., 1992



Higher temperature → shorter PAN lifetime

Wunderli & Gehrig, 1991



Stratospheric intrusions can pull O3 down to 
surface, especially at higher elevations

Lin et al., 2012



O3 lifetime is sufficient for long-range transport 
under certain conditions

Verstraeten et al., 2015
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Figure 1 | Summertime tropospheric O3 and NO2 distributions for 2005–2006 and 2009–2010 observed by TES and OMI. a, Averaged TES partial O3
column (3–9 km) for May–August 2005–2006 (clear-sky conditions: cloud top pressure >750 hPa, e�ective optical depth <50). b, Same as a but for
2009–2010. c, Di�erence between 2010 and 2005 TES observations. d–f, Corresponding results from OMI tropospheric NO2 columns (mostly clear-sky
situations: cloud radiance fraction <0.5). TES (OMI) observations have been aggregated over 3� ⇥2� (0.25� ⇥0.25�) longitude ⇥ latitude grid cells.
Dashed lines: Eastern China: 105�–129� E, 18�–42� N and western US: 130�–105� W, 20�–50� N (typically including ⇠70 TES data points per month).

precursors because both regions are NOX -limited throughout the
photochemically active seasons, and top-down scaling suggests that
lower troposphericO3 concentrations are 5–15 times less sensitive to
changes in anthropogenic volatile organic compounds (VOCs) and
CO than to changes in NOX (ref. 20; Supplementary Information 2).
We use TM5 to evaluate the contributions of these di�erent drivers
to the observed 2005–2010 O3 changes (Methods). TM5 with
the OMI-based NOX emissions generally captures the absolute
magnitude and temporal evolution of the TES O3 observations over
China (Fig. 2a). Over the western US, TM5 also reproduces the
monthly observations, but with slightly larger deviations from TES
during the summer months, which we attribute primarily to errors
in modelling local influences rather than long-range transport
(Supplementary Information 3).

Deseasonalized TES observations (Methods and Fig. 2b,f) show
a large, statistically significant (P=0.002, 95% confidence interval,
two-tailed) increase in tropospheric O3 over eastern China of
1.08% yr�1 (0.23 DUyr�1) for the period 2005–2010, and a smaller,
insignificant increase (P = 0.16) over the western US (0.56% yr�1,

0.13 DU yr�1) (Table 1). Local soundings over Beijing3 show
an increase in O3 of ⇠5% yr�1 (2002–2011) at 3–9 km altitude;
co-located TES and TM5 grid cells show an increase of ⇠3 and
⇠4% yr�1, respectively.

To investigate the STE contribution to the observed O3
short-term trends, we examine TM5 simulations with tagged
stratospheric O3 (inflow driven by ECMWF cross-tropopause
fluxes of satellite-constrained stratospheric O3 distributions22).
These show a substantial positive short-term trend (P < 0.001)
in the stratospheric contribution, with STE accounting for an
increase of ⇠0.80% yr�1 (0.78–0.84) (P < 0.001) in the 3–9 km
tropospheric O3 over both regions (Fig. 2c,g, Table 1 and
Supplementary Information 4). MLS observations of the Northern
Hemisphere mid-latitudes, however, suggest only a small positive
trend in the stratospheric contribution to tropospheric O3 for
the period 2005–2010, driven almost entirely by the 2009/2010
El Niño/Easterly shear quasi-biennial oscillation (ref. 16). The
large model STE trend seems to arise from an unrealistically
large trend in lower stratospheric O3 as compared to MLS

2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience
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Figure 1 | Summertime tropospheric O3 and NO2 distributions for 2005–2006 and 2009–2010 observed by TES and OMI. a, Averaged TES partial O3
column (3–9 km) for May–August 2005–2006 (clear-sky conditions: cloud top pressure >750 hPa, e�ective optical depth <50). b, Same as a but for
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Dashed lines: Eastern China: 105�–129� E, 18�–42� N and western US: 130�–105� W, 20�–50� N (typically including ⇠70 TES data points per month).
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co-located TES and TM5 grid cells show an increase of ⇠3 and
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To investigate the STE contribution to the observed O3
short-term trends, we examine TM5 simulations with tagged
stratospheric O3 (inflow driven by ECMWF cross-tropopause
fluxes of satellite-constrained stratospheric O3 distributions22).
These show a substantial positive short-term trend (P < 0.001)
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increase of ⇠0.80% yr�1 (0.78–0.84) (P < 0.001) in the 3–9 km
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precursors because both regions are NOX -limited throughout the
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lower troposphericO3 concentrations are 5–15 times less sensitive to
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CO than to changes in NOX (ref. 20; Supplementary Information 2).
We use TM5 to evaluate the contributions of these di�erent drivers
to the observed 2005–2010 O3 changes (Methods). TM5 with
the OMI-based NOX emissions generally captures the absolute
magnitude and temporal evolution of the TES O3 observations over
China (Fig. 2a). Over the western US, TM5 also reproduces the
monthly observations, but with slightly larger deviations from TES
during the summer months, which we attribute primarily to errors
in modelling local influences rather than long-range transport
(Supplementary Information 3).

Deseasonalized TES observations (Methods and Fig. 2b,f) show
a large, statistically significant (P=0.002, 95% confidence interval,
two-tailed) increase in tropospheric O3 over eastern China of
1.08% yr�1 (0.23 DUyr�1) for the period 2005–2010, and a smaller,
insignificant increase (P = 0.16) over the western US (0.56% yr�1,

0.13 DU yr�1) (Table 1). Local soundings over Beijing3 show
an increase in O3 of ⇠5% yr�1 (2002–2011) at 3–9 km altitude;
co-located TES and TM5 grid cells show an increase of ⇠3 and
⇠4% yr�1, respectively.

To investigate the STE contribution to the observed O3
short-term trends, we examine TM5 simulations with tagged
stratospheric O3 (inflow driven by ECMWF cross-tropopause
fluxes of satellite-constrained stratospheric O3 distributions22).
These show a substantial positive short-term trend (P < 0.001)
in the stratospheric contribution, with STE accounting for an
increase of ⇠0.80% yr�1 (0.78–0.84) (P < 0.001) in the 3–9 km
tropospheric O3 over both regions (Fig. 2c,g, Table 1 and
Supplementary Information 4). MLS observations of the Northern
Hemisphere mid-latitudes, however, suggest only a small positive
trend in the stratospheric contribution to tropospheric O3 for
the period 2005–2010, driven almost entirely by the 2009/2010
El Niño/Easterly shear quasi-biennial oscillation (ref. 16). The
large model STE trend seems to arise from an unrealistically
large trend in lower stratospheric O3 as compared to MLS
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Figure 1 | Summertime tropospheric O3 and NO2 distributions for 2005–2006 and 2009–2010 observed by TES and OMI. a, Averaged TES partial O3
column (3–9 km) for May–August 2005–2006 (clear-sky conditions: cloud top pressure >750 hPa, e�ective optical depth <50). b, Same as a but for
2009–2010. c, Di�erence between 2010 and 2005 TES observations. d–f, Corresponding results from OMI tropospheric NO2 columns (mostly clear-sky
situations: cloud radiance fraction <0.5). TES (OMI) observations have been aggregated over 3� ⇥2� (0.25� ⇥0.25�) longitude ⇥ latitude grid cells.
Dashed lines: Eastern China: 105�–129� E, 18�–42� N and western US: 130�–105� W, 20�–50� N (typically including ⇠70 TES data points per month).
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in the stratospheric contribution, with STE accounting for an
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the period 2005–2010, driven almost entirely by the 2009/2010
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Overall trend at most polluted regions has been 
moving in the right direction
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Tuscan Buttes, CA 

Calaveras County, CA 

Imperial County, CA 

San Luis Obispo (Eastern San Luis 
Obispo), CA 
Kern County (Eastern Kern), CA 

Mariposa County, CA 

Morongo Band of Mission Indians 

San Francisco Bay Area, CA 

Nevada County (Western part), CA 

Phoenix-Mesa, AZ 

Riverside County (Coachella Valley), 
CA 
Sacramento Metro, CA 

San Diego County, CA 

Ventura County, CA 

Los Angeles-San Bernardino Counties 
(West Mojave Desert), CA 
San Joaquin Valley, CA 

Los Angeles-South Coast Air Basin, CA 

NAAQS  

Source: US EPA's Air Quality Systems (AQS) database (July 11, 2012 and June 28, 2013; last updated July 7, 2013). 
The 2008 national ambient air quality standard (NAAQS) for 8-hour ozone is 0.075 parts per million (ppm), or 75 parts per billion (ppb). The design value is a calculation of each 
year's 4th-highest day's recorded values, averaged over a 3-year period at an air quality monitor. The San Joaquin Valley, CA 2011 value represents the highest 3-year average of the 
annual fourth-highest daily maximum 8-hour average ozone concentrations using currently available data from regulatory monitors in this area, but does not officially represent the 
design value due to potential network issues.The air quality monitor that has the highest design value for each year in a nonattainment area is shown here; nearby monitors are used 
to represent local air quality until a monitor with three years' worth of valid data is available in this designated nonattainment area. X-axis labels represent the last year of a monitor's 
3 year time period. All exceptional event data (e.g., high winds and wildfires) that EPA has concurred on have been excluded from design value calculations. 
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Observed trends show significant improvements in the 
reduction of extreme summertime values (1998-2013)

■ OZONE CONCENTRATIONS AND TRENDS
Figure 3 displays 5th, 25th, 50th, 75th, and 95th percentile MDA8
ozone concentrations for summer and winter aggregated across
years (1998−2013). The fifth percentile values in the summer
range from 10 to 30 ppb except in the intermountain West
where they range from 30 to 50 ppb. The summertime
interquartile range covers a large span (30−60 ppb) at most
sites, with Gulf and Pacific coast sites being about 10 ppb lower
than most other locations, and some sites in the Southeast,
Ohio Valley, central California, and the Southwest being about
10 ppb higher. Summertime 95th percentile values were about
70−90 ppb in most areas, with values up to 100 ppb in parts of
California, and values in the 50−70 ppb range in the Northwest
and West−North−Central regions. Cool season percentiles
were about 10 ppb lower than warm season values for low and
midrange portions of the ozone distribution, and 20−30 ppb
lower than warm season values at high ozone concentrations.
We use AQS data from 1998 to 2013 to determine ozone

trends for each individual monitor for the 5th, 25th, 50th, 75th,
and 95th percentiles and mean of MDA8 ozone values, and
aggregate results by region, degree of urbanization, and season.
We determine direction and significance of multiyear ozone
trends using the Spearman rank-order correlation coefficient,
which is considered significant for p-values less than 0.05.
Figure 4 displays the percent of sites in each region, season, and
degree of urbanization classification that exhibit statistically
significant increasing and decreasing trends. Figure 5 shows the
same information aggregated nationally instead of by region.
Results look similar when the figures are recreated with the
subset of monitors that operate year round (SI Figures S-3 and
S-4). Numbers corresponding to each stacked barplot in
Figures 4 and 5 denote the total number of monitors that met
each classification criteria. Throughout the country, there are

many more monitoring sites classified as rural than urban or
suburban. This is true in every climate region except the West,
which has slightly more urban than rural monitors. All regions
contained at least 75 monitoring sites in this analysis except the
Northwest (21 monitors) and the West North Central (17
monitors).
Figures 4 and 5 show that 25−75% of monitoring sites,

depending on the region and season, show no statistically
significant trend. It is possible that trends have been occurring
at these sites, but that they are not statistically significant at the
95% confidence level. This could occur if interannual
meteorological variability were substantial enough to obscure
longer-term trends due to emissions changes. It is also possible
that the heterogeneity of emissions reductions means that some
monitor locations are affected more strongly than others.
Among the sites that do show statistically significant trends,

there are several consistent features. First, across all ozone
metrics and all classifications, increasing trends are much more
frequent in the winter, while decreasing trends are much more
frequent in the summer. Previous analysis using indicator ratios
from ambient measurements43 and satellite data44 has shown
that locations in the U.S. can transition from NOx-limited in
the summer to VOC-limited in the winter. Similarly, some
modeling work45 has also reported that across-the-board NOx
cuts would result in more widespread increases in wintertime
ozone than summertime ozone which suggests that increases
are in part due to the elimination of NOx titration. Second,
increasing trends were more common at more urbanized
locations, while decreasing trends were more common at less
urbanized sites. This clear linkage between degree of urban-
ization and direction of the ozone trends also indicates that
these trends may be directly related to changes in NOx
emissions. It is important to note that in many cities, the

Figure 5. Percentage of sites nationally in each seasonal and degree of urbanization classification which experienced statistically significant negative
(decreasing) MDA8 ozone trends or statistically significant positive (increasing) MDA8 ozone trends. S and W labels refer to trends in summer and
winter months, respectively. The difference between the top of each bar and 100% is the percentage of monitors that did not have statistically
significant trends. The total number of monitors which were included in each classification is shown above each bar.
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Future improvements will depend on comprehensive 
and region-specific understanding of local drivers
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