
 
____________________________________________________ 
 

 
 

Conceptual Models of Ozone Formation in the 

Great Lakes Region 

Technical Report 

 

 

 
 
Prepared by:  
Angela F. Dickens 
Lake Michigan Air Directors Consortium 
4415 W Harrison Ave, Suite 548 
Hillside, IL 60162 
 
Please direct questions/comments to dickens@ladco.org 
 
 
 
 
February 2023 
 
 
____________________________________________________  



 

 

  2 
 

 

 

 

 

 

 

This page is intentionally left blank  



 

 

  3 
 

Table of Contents 
Executive Summary ......................................................................................................................... 6 

1 Introduction ............................................................................................................................ 9 

2 Drivers of ozone formation: Meteorology, transport, ozone precursors, and ozone 

formation chemistry ..................................................................................................................... 13 

2.1 Meteorological impacts on ozone formation ................................................................ 13 

2.1.1 Meteorological drivers of ozone formation ........................................................... 14 

2.1.2 Synoptic weather patterns on ozone episode days ................................................ 17 

2.1.3 Lake breeze role in ozone formation and transport ............................................... 22 

2.2 Transport of ozone in the LADCO region ....................................................................... 36 

2.3 Trends in ozone precursor emissions ............................................................................. 46 

2.4 Trends in monitored ozone precursor concentrations .................................................. 52 

2.5 Ozone formation chemistry in the LADCO region .......................................................... 57 

2.6 Conclusions..................................................................................................................... 63 

3 Ozone concentrations and trends ........................................................................................ 65 

3.1 Distribution of ozone in the region ................................................................................ 65 

3.2 Trends in monitored ozone concentrations ................................................................... 66 

3.3 Meteorological adjustment of ozone trends ................................................................. 69 

3.4 Conclusions: The roles of meteorology, transport, precursor levels, and chemistry in 

creating ozone patterns and trends ......................................................................................... 73 

4 Synthesis: Conceptual models of O3 formation in each nonattainment or maintenance area

 75 

4.1 Conceptual model for the Chicago area ........................................................................ 75 

4.1.1 Meteorology and Transport .................................................................................... 75 

4.1.2 Ozone precursor emission and concentration trends ............................................ 78 



 

 

  4 
 

4.1.3 Ozone formation chemistry .................................................................................... 80 

4.1.4 Trends in ozone concentrations ............................................................................. 81 

4.1.5 Origins of ozone trends ........................................................................................... 82 

4.2 Conceptual model for the Detroit area .......................................................................... 84 

4.2.1 Meteorology and Transport .................................................................................... 84 

4.2.2 Ozone precursor emission and concentration trends ............................................ 86 

4.2.3 Ozone formation chemistry .................................................................................... 88 

4.2.4 Trends in ozone concentrations ............................................................................. 89 

4.2.5 Origins of ozone trends ........................................................................................... 91 

4.3 Conceptual model for the Cleveland area ..................................................................... 92 

4.3.1 Meteorology and Transport .................................................................................... 92 

4.3.2 Ozone precursor emission and concentration trends ............................................ 93 

4.3.3 Ozone formation chemistry .................................................................................... 94 

4.3.4 Trends in ozone concentrations ............................................................................. 94 

4.3.5 Origins of ozone trends ........................................................................................... 96 

4.4 Conceptual model for the St. Louis area ........................................................................ 97 

4.4.1 Meteorology and Transport .................................................................................... 97 

4.4.2 Ozone precursor emission and concentration trends ............................................ 99 

4.4.3 Ozone formation chemistry .................................................................................. 100 

4.4.4 Trends in ozone concentrations ........................................................................... 101 

4.4.5 Origins of ozone trends ......................................................................................... 103 

4.5 Conceptual model for the Louisville area .................................................................... 104 

4.5.1 Meteorology and Transport .................................................................................. 104 

4.5.2 Ozone precursor emission and concentration trends .......................................... 105 



 

 

  5 
 

4.5.3 Ozone formation chemistry .................................................................................. 105 

4.5.4 Trends in ozone concentrations ........................................................................... 106 

4.5.5 Origins of ozone trends ......................................................................................... 108 

4.6 Conceptual model for the Cincinnati area ................................................................... 109 

4.6.1 Meteorology and Transport .................................................................................. 109 

4.6.2 Ozone precursor emission and concentration trends .......................................... 110 

4.6.3 Ozone formation chemistry .................................................................................. 110 

4.6.4 Trends in ozone concentrations ........................................................................... 112 

4.6.5 Origins of ozone trends ......................................................................................... 113 

4.7 Conceptual model for the Wisconsin lakeshore .......................................................... 114 

4.7.1 Meteorology and Transport .................................................................................. 114 

4.7.2 Ozone precursor emission and concentration trends .......................................... 118 

4.7.3 Ozone formation chemistry .................................................................................. 120 

4.7.4 Trends in ozone concentrations ........................................................................... 120 

4.7.5 Origins of ozone trends ......................................................................................... 122 

4.8 Conceptual model for western Michigan ..................................................................... 123 

4.8.1 Meteorology and Transport .................................................................................. 123 

4.8.2 Ozone precursor emission and concentration trends .......................................... 126 

4.8.3 Ozone formation chemistry .................................................................................. 126 

4.8.4 Trends in ozone concentrations ........................................................................... 126 

4.8.5 Origins of ozone trends ......................................................................................... 128 

5 Acknowledgements ............................................................................................................. 130 

6 References .......................................................................................................................... 131 

Appendix ..................................................................................................................................... 136 



 

 

  6 
 

 

Executive Summary 

This report presents conceptual models for ozone (O3) formation around the LADCO region, 

focusing on areas that are currently designated by U.S. EPA as nonattainment or maintenance 

for the 2015 O3 National Ambient Air Quality Standard. This report compiles previously released 

and published information, along with some new analyses by LADCO, to provide an overview of 

O3 formation and distribution mechanisms in the LADCO region. 

Chapter 2 examines the drivers of  O3 formation in the region, exploring how each factor affects  

O3 concentrations and how the drivers have been changing over time. This chapter first 

examines the crucial impacts of different meteorological factors and synoptic weather patterns 

on O3. Temperature, relative humidity, and transport-related parameters have the greatest 

impact on monitored O3 concentrations in the LADCO region, with each factor being relatively 

more important in different parts of the region. Stagnation events can lead to high O3 

concentrations in urban areas, and lake breeze events drive peak O3 levels around the Great 

Lakes, particularly around Lake Michigan. A related driver, transport of O3, plays some role 

around the whole region but is particularly important at coastal Lake Michigan sites in 

Wisconsin and Michigan.  

Chapter 2 examines how emissions of the O3 precursors, NOx and VOCs, have changed over 

time, as well as how they are anticipated to change in the future, and describes the historical 

trends in monitored concentrations of NOx and VOCs. Emissions estimates show large 

reductions in emissions of both O3 precursors over the last few decades. The inventories 

suggest that emissions will continue to decrease through at least 2028. Monitored 

concentrations of NO2 show similar magnitudes of reductions as the emissions estimates but 

also suggest that reductions have been slowing in the last decade or so. Monitored VOC 

concentrations are sparse, but where available, they show concentration reductions of a 

smaller magnitude than the emissions estimates. VOC monitoring also suggests that 
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concentrations of some types of VOCs in some areas have flattened out or may be increasing, in 

contrast to the emissions estimates. However, this may reflect the sparsity of measurements 

and of compounds measured. 

Chapter 2 ends with a discussion about O3 formation chemistry in different parts of the LADCO 

region and how the chemistry is impacting O3 trends.  Ozone formation in most of the region is 

NOx-sensitive, with the central parts of most urban areas being sensitive to both NOx and VOC 

emissions (i.e., having “transitional” chemistry). The Chicago area is the only area with residual 

VOC-sensitivity; much of central Chicago appears to be on the edge between VOC-sensitive and 

transitional chemistry. All areas are becoming less VOC-sensitive and more NOx-sensitive over 

time, meaning that O3 concentrations will become even more responsive to NOx emissions 

reductions. 

Chapter 3 evaluates the distribution of high O3 concentrations around the LADCO region and 

how ambient O3 concentrations have changed over time. In particular, we examine how the O3 

formation drivers discussed in Chapter 2 contribute to the distribution and trends in O3 around 

the region. Monitored O3 concentrations have decreased in response to decreasing emissions 

and concentrations of NOx and VOCs, however these O3 reductions are of a smaller magnitude 

than those of the O3 precursors. Meteorological adjustment of O3 trends clearly shows that 

these reductions have slowed in the last decade. This slowdown in O3 concentration reductions 

may have occurred in response to slowing in reductions of O3 precursors, as discussed above. 

Overall, Chapter 3 shows that the meteorology on individual days is a major driver of day-to-

day variability in O3 concentrations. Transport of O3 and O3 precursors, along with the location 

of emissions sources, drive the geographic distribution of O3. Emission sources of NOx and 

anthropogenic VOCs are largely concentrated in cities, increasing local O3 concentrations. 

Additionally, transport of O3 and O3 precursors from urban areas over the Lakes Michigan and 

Erie followed by an onshore lake breeze lead to the high concentrations of O3 along these 

lakeshores. Long-term trends in O3 concentrations are primarily driven by a combination of 

emissions and O3 formation chemistry. Over the past decades, reductions in NOx and VOC 

emissions have generally led to reductions in O3 concentrations. However, the O3 formation 
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chemistry modulates these changes, leading to steeper or slower decreases or even 

concentration increases under VOC-sensitive-to-transitional chemical regimes. In addition to 

these factors, climate change likely is impacting or will impact trends in O3 concentrations (e.g., 

Fiore et al., 2015), most likely increasing O3 concentrations as temperatures increase. 

Chapter 4 of the report synthesizes this information into conceptual models for each O3 

nonattainment and maintenance area in the LADCO region. These conceptual models examine 

the roles of meteorology and transport in each area, along with trends in O3 precursor 

emissions and concentrations. These conceptual models then discuss the O3 formation 

chemistry and the trends in O3 concentrations in the area. Each conceptual model discusses 

how the different factors together created the trends and distribution of O3 in that particular 

area.  
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1 Introduction 

Ozone (O3) is an air pollutant that can cause serious health impacts, including difficulty 

breathing, inflammation of and damage to the airways, and aggravation of lung diseases such 

as asthma and emphysema. Ozone pollution also causes damage to vegetation and ecosystems. 

Because of these impacts, O3 is one of six pollutants regulated by the U.S. Environmental 

Protection Agency (U.S. EPA) via the National Ambient Air Quality Standards (NAAQS) program.  

Ozone concentrations at surface monitors in parts of the LADCO region have consistently 

violated O3 NAAQS over the last 40 years. The monitors with the highest O3 concentrations are 

often located tens to hundreds of miles downwind of major emissions source regions (Figure 

1.1 and Figure 1.2), indicating that long-range transport of emissions contributes to the 

elevated O3 concentrations. Emissions of the O3 precursors, nitrogen oxides (NOx) and volatile 

organic compounds (VOC), have decreased dramatically since the 1990s, with emissions of 

anthropogenic sources of both precursors being cut in half from 2002 to 2014 alone (Figure 

2.20 and Figure 2.21).  Monitored O3 concentrations have also declined but not to the same 

magnitude as the reductions in O3 precursor emissions. As a result, many areas in the region 

have been designated as nonattainment for multiple O3 standards (Figure 1.1 and Figure 1.2).  

As of November 2022, 9 areas in the LADCO region were designated nonattainment for the 

2015 O3 NAAQS (Figure 1.1 and Figure 1.2). Six of these areas border Lake Michigan and three 

are urban areas in other parts of the LADCO region. Five other areas were originally designated 

nonattainment for the 2015 O3 NAAQS but have since been redesignated to maintenance status 

(Figure 1.1). Six areas have been redesignated to maintenance status for the 2008 O3 NAAQS, 

including, the Chicago area. 



 

 

  10 
 

 

 

Figure 1.1. Draft 2020-2022 O3 (left) fourth high daily maximum 8-hour average (MDA8) 
values and (right) design values for the entire LADCO region. Nonattainment and 
maintenance areas for the 2008 and 2015 ozone NAAQS are shown for comparison. 

O3 concentrations are influenced by a complex array of factors. These factors include the 

magnitude of emissions of NOx and VOCs; whether O3 formation chemistry is sensitive to NOx, 

VOCs, or both; a wide array of meteorological factors; and how air masses are transported into 

and within the region. These different factors often interact, and it can be difficult to 

understand how each of these factors influence ozone individually and in concert to drive O3 

formation, concentrations, and distribution. 
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Figure 1.2. Draft 2020-2022 O3 design values for the nonattainment and maintenance areas 
(labeled) in the LADCO region. Note that the Indiana and Ohio portions of the Louisville and 
Cincinnati areas have been redesignated to maintenance whereas the Kentucky portions have 
not. The nonattainment status of areas is given as of February 2023. 

This report presents conceptual models for O3 formation around the LADCO region, focusing on 

areas that are currently designated by U.S. EPA as nonattainment or maintenance for the 2015 

O3 NAAQS. Section 2 examines how each of the drivers of O3 formation have been impacting O3 

concentrations in the LADCO region. These drivers include meteorology, meteorologically 

driven transport, emissions and concentrations of the O3 precursors, NOx and VOCs, and O3 

formation chemistry. Section 3 explores the distribution and trends in O3 concentrations in the 

region and discusses how the different O3 formation drivers together led to these distributions 

and trends. Section 4 synthesizes this information into conceptual models for each 
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nonattainment and maintenance area in the LADCO region. This report compiles previously 

released and published information, along with some new analyses by LADCO, to provide an 

overview of O3 formation and distribution mechanisms in the LADCO region.  
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2 Drivers of ozone formation: Meteorology, transport, 

ozone precursors, and ozone formation chemistry  

Ozone is formed via complex, nonlinear reactions of NOx with VOCs in the presence of sunlight 

(Sillman, 1999; Pusede and Cohen, 2012). The amount of O3 formed and present in the 

atmosphere is strongly influenced by a number of factors. The local and regional meteorological 

conditions are among the most important determinants of how much O3 will be formed and 

where that O3 will be transported. Similarly, the weather patterns over an ozone season (e.g., 

the number of hot days or days with winds from a certain direction) strongly influence the 

number of high-O3 days in a season and the concentrations on those high-O3 days. Any 

attempts to understand O3 concentration trends must include an examination of changes in 

emissions of the O3 precursors over time.  Ozone formation chemistry also plays an important 

role, affecting how much O3 will be formed under given meteorological conditions with given 

concentrations of precursors, as well as how O3 concentrations will respond to reductions in 

NOx and/or VOC emissions. To predict future O3 concentrations, it is important to understand 

how precursor emissions and O3 formation chemistry are anticipated to change in the future.  

This section examines the roles and impacts of each of these sets of factors on O3 formation in 

the region. Separate sub-sections examine the roles of meteorology, meteorologically driven 

transport, emissions of O3 precursors, monitored concentrations of O3 precursors, and O3 

formation chemistry. The next section in the report explores how O3 concentrations vary 

around the region and how they have changed over time and discusses how the factors 

discussed in this section likely worked together to influence the trends and distribution. 

2.1 Meteorological impacts on ozone formation 

Ozone concentrations are greatly influenced by meteorological factors. Generally, O3 episodes 

in the region are associated with hot weather, clear skies, low wind speeds, high solar radiation, 

low relative humidity (RH), and winds with a southerly component. These conditions are often 
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associated with slow-moving high-pressure systems to the east of the region. In some parts of 

the LADCO region, lake breeze conditions play a particularly important role in facilitating the 

buildup of high levels of O3. This section examines how different meteorological factors affect 

O3 formation and studies the synoptic-scale weather conditions that can trigger high-O3 

episodes. This section also explores the particular role of lake breeze meteorology in driving 

high O3 concentrations in lakeshore areas in the LADCO region. 

2.1.1 Meteorological drivers of ozone formation 

A number of meteorological factors impact O3 formation. Figure 2.1 shows how O3 

concentrations responded to changes in several meteorological factors in the Cleveland, OH 

area, as determined using a generalized linear model (GLM) and data from 1997 through 2005 

by Camalier et al. (2007). The y-axis shows the partial response of surface O3 concentrations to 

the meteorological parameter, where negative values mean the parameter lowers O3 relative 

to the mean and positive values indicate an increase in O3 relative to the mean. Figure 2.1 

shows that while O3 initially decreases as temperature increases at very low temperatures, at 

higher temperatures, O3 concentrations increase steadily in response to increasing 

temperatures in this area. Ozone concentrations are highest at low relative humidity (RH, less 

than 40%) and decrease consistently as RH increases. This analysis also found that O3 was 

highest when the air parcels were transported short distances; these are conditions with 

relatively gentle winds and more stagnant air. Ozone was highest in the Cleveland area when 

air masses were transported from the south, southwest and west (wind directions from roughly 

180° to 270°). While this figure shows the responses for Cleveland monitors, the shapes of 

many of the curves are likely similar for other locations, particularly those for temperature and 

relative humidity. The importance of transport, air mass stagnation, and/or the transport origin 

vary dramatically among different locations, so these relationships are likely to be location-

specific. 

 



 

 

  15 
 

 

Figure 2.1. Response of O3 to selected meteorological parameters in Cleveland, OH 
determined from a generalized linear model (GLM). Dashed lines show the 95% confidence 
level. From Camalier et al. (2007). 

The relative importance of the different meteorological drivers of O3 formation and 

concentrations varies across the region, as shown in Camalier et al. (2007) and Wells et al. 

(2021). Another LADCO study also found similar results. Figure 2.2 maps out the top-two most 

important meteorological variables impacting O3 concentrations based on U.S. EPA’s GLM 

analysis from Wells et al. (2021)1 and LADCO’s Classification and Regression Tree (CART) 

analysis (LADCO, 2021). Maximum daily or afternoon temperature was the most important 

factor across most of the region according to both analyses. If temperature was not the most 

important factor, it generally was the second-most important factor. Midday relative humidity 

dominated in the southern parts of the region. Transport-related factors (transport direction, 

southerly winds, and southerly transport) were most important in locations around Lake 

Michigan north of Chicago.  

                                                      
1 Table A1 lists the top five meteorological variables impacting O3 from U.S. EPA’s GLM analysis for each 
nonattainment and maintenance area. 
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Figure 2.2. Maps of the (left) most important and (right) second most important 
meteorological variables2 impacting O3 formation in the region based on (top) EPA’s 
generalized linear model (GLM) analysis of mean O3 and (bottom) LADCO’s Classification and 
Regression Tree (CART) analysis. U.S. EPA’s GLM analysis is discussed in Wells et al. (2021) 
and at https://www.epa.gov/air-trends/trends-ozone-adjusted-weather-conditions; data 
were provided by Ben Wells at U.S. EPA. LADCO’s CART analysis is available at 
https://www.ladco.org/wp-content/uploads/Projects/Ozone/LADCO_O3_CART-
Analysis_27Oct2021-FINAL-with-Appendices.pdf. 

                                                      
2 tdir24/12 = 24- or 12-hour transport direction, wdavgpm = average afternoon wind direction, avg_S_pm/win = 
average afternoon or daily south wind vector, tdis24 = 24-hour transport distance, transouth = southerly 
component of 24-hour transport vector, tmax = daily maximum surface temperature, tavgpm = average afternoon 
temperature, dt500 = surface-500 mb temperature difference, devt850/925 = 850 or 925 mb temperature 
anomaly, dptmid = midday average dewpoint temperature, rhavg(mid) = average daily or midday relative humidity, 
solrad = daily sum of downward shortwave radiation flux. 

https://www.epa.gov/air-trends/trends-ozone-adjusted-weather-conditions
https://www.ladco.org/wp-content/uploads/Projects/Ozone/LADCO_O3_CART-Analysis_27Oct2021-FINAL-with-Appendices.pdf
https://www.ladco.org/wp-content/uploads/Projects/Ozone/LADCO_O3_CART-Analysis_27Oct2021-FINAL-with-Appendices.pdf
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2.1.2 Synoptic weather patterns on ozone episode days 

The previous section discussed the importance of high temperatures, low relative humidity, and 

in many locations, southerly transport on O3 formation. While the weather on O3 episode days 

can vary substantially, meteorology on high-O3 days often shares many common features. Here, 

we discuss two common types of synoptic weather patterns on O3 episode days in the LADCO 

region. 

The first common type of synoptic weather pattern results from stagnant conditions. Under 

these conditions, emissions of O3 precursors tend to stay near where they were produced and 

can build up to high levels, particularly in or near urban areas (e.g., Schnell and Prather, 2017; 

Sun et al., 2017). These stagnation events can last for many days, with O3 concentrations 

building over this time. These events often occur when an anticyclone slowly propagates across 

the eastern U.S. These conditions lead to subsidence, creating stable air masses, clear skies, and 

a clockwise flow that transports warm, moist air from the south northward on weak surface 

winds. Figure 2.3 shows a surface weather map and a map of MDA8 O3 concentrations on the 

last day of a four-day O3 episode with a slow-moving anticyclone located over Pennsylvania. 

Over these four days, all of the urban areas in the Great Lakes region had exceedances of the 

2015 O3 NAAQS, with MDA8 O3 concentrations up to 88 ppb in inland Chicago on July 6th. There 

were no exceedances around Lake Michigan north of Milwaukee or along the Michigan 

shoreline during this episode. 
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Figure 2.3. (left) Surface weather map from July 9, 2020, at 6:00am CST, and (right) MDA8 
ozone on July 9, 2020. Weather map from https://www.wpc.ncep.noaa.gov/dailywxmap/.  
Ozone map from AirNow Tech: https://www.airnowtech.org/navigator/index.cfm# 

The second common synoptic weather pattern leading to high O3 episodes has impacts that are 

confined to a smaller region. These episodes drive formation and transport of large amounts of 

O3 over Lake Michigan and most affect lakeshore monitors. Such lake-driven episodes have 

been studied and described extensively (e.g., Dye et al., 1995; Hanna and Chang, 1995; Ragland 

and Samson, 1977). These episodes usually occur with high pressure systems over the eastern 

U.S. that bring ozone and ozone precursors from the south and east into the region along the 

western side of the weather systems. Emissions from urban areas along Lake Michigan (i.e., 

Chicago and Milwaukee) mix with the regional pollution and are carried northward over the 

lake. These precursors react to form O3 in the stable marine boundary layer, and these O3-rich 

air masses are pulled onshore, usually by the lake breeze. The lake breeze is particularly 

important along the Wisconsin lakeshore, where synoptic westerly winds generally push air 

offshore so a lake breeze is required to bring over-lake air onshore. Along the western Michigan 

lakeshore, either synoptic westerly winds or a lake breeze may pull the ozone-rich air from over 

the lake onshore. Ozone concentrations on a particular day may peak on the Wisconsin 
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lakeshore, on the western Michigan lakeshore, or in both areas, depending on the winds.  

Haney et al. (1989) estimated that lake-breeze driven episodes accounted for half of the 

Wisconsin lakeshore’s O3 exceedance days in the 1980s. 

Figure 2.4 shows the surface weather map and a map of MDA8 O3 concentrations on a lake 

breeze episode day with peak exceedances along the Wisconsin and Michigan shorelines. On 

this day, there was a high pressure system located to the east of the Lake Michigan region in 

northeastern Ohio. Southeasterly to southerly winds on the western side of this system carried 

pollutants northward to the Lake Michigan area, where local emissions from Chicago and 

Milwaukee were added in. A lake breeze formed during the mid- to late morning, pulling O3-rich 

air onto the Wisconsin shoreline. This resulted in a common pattern of relatively low O3 

concentrations in Chicago and peak MDA8 O3 concentrations of 86 ppb farther north 

(downwind) at the Sheboygan Kohler Andrae monitor. Hourly O3 concentrations peaked earlier 

in the day at southern lakeshore monitors and later at northern monitors, showing the 

northward transport of the O3 plume. Hourly ozone peaked at 13:00 CST at the Chiwaukee 

Prairie monitor at the Wisconsin/Illinois border, at 15:00 and 17:00 CST at Kohler Andrae 

midway up the coast, and at 19:00-20:00 CST at Newport at the tip of Wisconsin’s Door 

Peninsula. 
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Figure 2.4. (left) Surface weather map from July 25, 2020, at 6:00am CST, and (right) MDA8 
ozone on July 25, 2020. Weather map from https://www.wpc.ncep.noaa.gov/dailywxmap/.  
Ozone map from AirNow Tech: https://www.airnowtech.org/navigator/index.cfm# 

Researchers have developed a system to classify days based on the synoptic weather patterns 

at a given location (e.g., Sheridan 2002). These Spatial Synoptic Classifications (SSC) are made 

based on surface observations of temperature, dew point, winds, pressure, and cloud cover 

(Sheridan 2022). The characteristics of different classifications vary between sites; for example, 

a “moist tropical” air mass is defined as being hotter and more humid in the south than in the 

north. Figure 2.5 shows the distribution of the different weather types on ozone exceedance 

days around the LADCO region. Moist (humid) weather accounted for 40 to 70 percent of the 

exceedance days around the region. Humid weather was less important for O3 formation in the 

southern and eastern parts of the region, such as Cincinnati; drier air masses were more O3 -

conducive in these areas. This is consistent with the observations from Figure 2.2 that low 

relative humidity is often the most important factor affecting O3 formation in these areas. 

Moist tropical plus air masses with high apparent temperature are especially important along 

the northern Wisconsin lakeshore. In contrast, dry moderate air masses were especially 

important in Michigan and in the southern areas of Cincinnati, Louisville, and St. Louis, 



 

 

  21 
 

suggesting that very hot temperatures aren’t crucial to generate O3 in these areas. This is 

consistent with the GLM/CART analyses showing that temperature was not the most influential 

factor in the southern areas, although this was not observed for sites in Michigan (Figure 2.2).  

 

Figure 2.5. Distribution of weather type classifications using Spatial Synoptic Classifications 
(SSC) on O3 exceedance days from 2017 through 2021 in the different O3 nonattainment and 
maintenance areas in the LADCO region. Data were downloaded from 
http://sheridan.geog.kent.edu/ssc3.html, where the classifications are defined.3 

                                                      
3 “Dry” versus “moist” refers to the humidity of the air parcel, whereas “moderate” versus “tropical” describes its 
temperature. Days classified as “transition” had a change in the weather types during the day. Moist tropical 
“plus” or “double plus” days were especially hot and humid. All Wisconsin lakeshore sites used SSC classifications 
for Milwaukee. Muskegon and Allegan used Muskegon classifications, and Berrien used South Bend, IN 
classifications. Chicago classifications were made using meteorology at the Chicago Midway airport rather than at 
Chicago O’Hare. Note that the Twin Cities only had three exceedance days during this time period so the 
distribution for this area is likely not meaningful. 

http://sheridan.geog.kent.edu/ssc3.html
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2.1.3 Lake breeze role in ozone formation and transport 

Lake breeze circulations play a crucial role in delivering O3-rich air to coastal areas around the 

Great Lakes. Figure 2.6 shows a schematic diagram of the structure of land and lake breezes. 

Both patterns are driven by differences in the temperature over the land and water. Overnight, 

the lake is often warmer than the land, leading to updrafts over the lake that help pull air from 

over land to over the lake, creating a land breeze. If these land breezes occur during the 

morning rush hour at coastal cities, they can deliver large amounts of O3 precursors to the air 

masses over the lake. These O3 precursors are then confined to the marine boundary layer over 

the lake and can react to form high concentrations of O3 in this shallow layer (Dye et al., 1995). 

As the land heats up during the day, it can create updrafts over the land and a reversal of flow, 

pulling air from over the lake onshore, creating a lake breeze. If the over-lake air has significant 

levels of O3, the concentrations of O3 at nearshore monitors can be extremely high. Such lake 

breezes are typically characterized by a wind direction shift from offshore to onshore flow, by 

divergence of air masses over the lake, and by convergence fronts onshore (“lake breeze 

fronts”) (Lyons and Cole, 1976; Sills et al., 2011).  

 

Figure 2.6. Conceptual model of land/lake breeze circulations responsible for enhanced O3 
production along the shores of the Great Lakes (modified from Foley et al., 2011; from Pierce 
et al., 2016). 

Lake breezes have been studied extensively in the Lake Michigan region, being a focus of 

several field campaigns, including the Lake Michigan Ozone Study (LMOS) in 1991 (e.g., Dye et 

al., 1995) and the 2017 Lake Michigan Ozone Study (LMOS 2017; Stanier et al., 2021). The 
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Canadian Border Air Quality and Meteorological Study (BAQS-Met) campaign studied the 

impacts of lake breezes on the Lakes Erie, St. Clair, and Huron region, which includes Detroit 

and Cleveland (Brook et al., 2013). Lake breezes were also a focus of the recent Michigan-

Ontario Ozone Source Experiment (MOOSE) in the Detroit region, although these results are 

still being analyzed. 

Lake breezes in the Lake Michigan area 

Figure 2.7 shows the impacts of a lake breeze around Lake Michigan on winds and 

temperatures at ground monitors near the lake on one example day. At the monitors in 

Kenosha County on the Wisconsin lakeshore, the onset of the lake breeze is accompanied by a 

shift in wind direction from offshore flow (southwesterly) characteristic of the synoptic winds to 

onshore flow (southeasterly at the inland WT site and south-southeasterly at the lakeshore CP 

site). This shift occurred on this day at 9:00 CST at the lakeshore CP site and a few hours later at 

12:00 CST at the inland WT site. The lakeshore site also shows a sharp drop in ambient 

temperature and a (temporary) drop in O3 when the lake breeze begins. The temperature drop 

is much smaller at the inland site, and there is no drop in O3 at this site. While O3 

concentrations had begun to increase before the onset of the lake breeze, they reached their 

peak concentrations in the afternoon before dropping in the evening. The presence of a 

convergence front where onshore flow from the lake breeze meets synoptic flow is apparent in 

the radar image as a line of reflectance running parallel to and inland of the lakeshore and in 

the model winds where the two sets of winds meet (Figure 2.7). This lake breeze front is not 

apparent this day from the MODIS satellite because of the absence of cloud cover. The model 

winds also show divergence over the lake.  

In contrast, at the Holland site on the Michigan lakeshore, both the synoptic flow and the lake 

breeze come from the southwest to west, so it is harder to distinguish the onset of the lake 

breeze. Winds came from the west (260° to 290°) during the hours of peak ozone. No lake 

breeze front is apparent along the western Michigan lakeshore from the satellite, radar, or 

model winds. However, the model winds show that this area was impacted by winds that 

diverged over the lake. However, it appears that onshore flow from the lake breeze combines 
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with the synoptic winds to continue to flow eastward without converging with any opposing 

winds. 

 

Figure 2.7. (top) Ground monitoring data at (left) monitors on the Wisconsin lakeshore (CP) 
and 3.5 miles inland (WT) in Kenosha County and (right) at the Holland, MI monitor, and 
(bottom) (left) the MODIS satellite image, (middle) radar images, and (right) model winds 
during the early afternoon on June 2, 2017.  Ground monitoring data includes O3 
concentrations (ppb), wind direction (°), temperature (°F), and wind speed (miles/hr). 
Monitor locations are indicated by the red circles in the satellite image. MODIS satellite 
images are from https://worldview.earthdata.nasa.gov/. Radar images are from 
https://weather.us/radar-us. Model winds use the GFS model and are from 
https://earth.nullschool.net/. Times are given in CST for the Kenosha monitors and in EST for 
the Holland monitor. 

https://worldview.earthdata.nasa.gov/
https://weather.us/radar-us
https://earth.nullschool.net/
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The patterns shown on this day are reasonably typical of lake breezes along the western shore 

of Lake Michigan. The wind directions during peak O3 at the Kenosha CP (~160°) and Kenosha 

WT (~140°) sites are typical for high-ozone hours (Figure 2.8). The lake breezes sometimes 

impact only the nearshore monitors and may not show up on radar (Cleary et al., 2022). These 

lake breezes frequently show up in MODIS satellite images as areas with light, cumulous cloud 

cover inland and clear skies towards and over the lake (Cleary et al., 2022; Sills et al., 2011). The 

wind directions at Michigan’s Holland monitor on this day are more westerly and west-

northwesterly than is usual at this site (Figure 2.8), likely because of the synoptic wind patterns 

on this day. The model suggests that winds from divergence over the lake moved northward 

and eastward before bending towards the south near the lakeshore in a somewhat unusual 

pattern. Lake breeze winds at this site more typically come from the southwest, the dominant 

wind direction during high O3 hours (Figure 2.8). Overall, convergence fronts are more common 

along the Wisconsin lakeshore than the Michigan lakeshore. This is likely because the synoptic 

westerly winds tend to oppose the lake breezes along the Wisconsin lakeshore but not the 

Michigan lakeshore. When a lake breeze occurs in western Michigan, it frequently penetrates 

farther inland than along the Wisconsin lakeshore, presumably because synoptic winds 

enhance rather than oppose the lake breeze along this shoreline. 

 

Figure 2.8. Pollution roses for the (left) Chiwaukee Prairie (CP) and (middle) Kenosha Water 
Tower (WT) sites in Kenosha, WI and (right) the Holland, MI monitor for hours with O3 greater 
than 70 ppb for the years 2017 through 2021. 

Lake breezes in the Lake Erie region (Cleveland and Toledo) 

The geography of Lake Erie is considerably different than that of Lake Michigan, leading to 

different lake breeze features and impacts on O3 in this region. The long axis of Lake Erie runs 
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from the south-southwest to the north-northeast, almost at a right angle to the north-south 

orientation of Lake Michigan (Figure 1.1). This different orientation will lead to different types 

of interactions with synoptic winds, which are primarily westerly or southwesterly. Additionally, 

the major local emissions source in Lake Michigan, Chicago, is located at the base of the lake, 

where synoptic westerly winds and land breezes in the morning will carry emissions over the 

lake, and southerly transport on most lake breeze days carries these emissions northward along 

the lake. While Toledo is located at the far western point of Lake Erie, the larger city of 

Cleveland is located partway down the lake. Given the lake orientation, synoptic westerly winds 

may not transport Cleveland emissions over the lake, making it less likely that a large O3 plume 

would be transported from Cleveland to downwind sites along the lakeshore, as happens in 

Lake Michigan. Additionally, both Cleveland and Toledo are much smaller cities than Chicago 

with fewer emissions, which would also decrease the relative magnitude of any Lake Erie 

plumes. 

Another important difference between Lakes Michigan and Erie is their size and depth, with 

Lake Michigan being considerably larger and deeper than Lake Erie.4 As a result of these 

differences, Lake Erie heats up much faster than Lake Michigan in the spring, with late 

May/early June surface water temperatures that are around 10 °F warmer than in Lake 

Michigan (Figure A1). At peak temperatures in August, Lake Erie is on average 5 °F warmer than 

Lake Michigan. These warmer temperatures should decrease the daytime temperature 

differentials between the land and the water surfaces that fuel lake breezes. This would likely 

contribute to weaker lake breezes in Lake Erie than in Lake Michigan. 

During hours with high O3, winds at Cleveland’s GT Craig monitor (the only site that monitored 

both wind and O3) primarily came from over the lake to the north, as shown in Figure 2.9. 

Because O3 concentrations at the GT Craig monitor frequently appear suppressed due to 

titration by high local NOx from the local highways, we also combined wind data from the 

Cleveland Burke Lakefront Airport (KBKL) with O3 data from the nearby District 6 monitor 

                                                      
4 Lake Michigan is 4.5 times as deep on average as Lake Erie, has 2.2 times the water surface area, and holds more 
than 10 times the volume of water. https://coastwatch.glerl.noaa.gov/statistic/physical.html  

https://coastwatch.glerl.noaa.gov/statistic/physical.html
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(Figure 2.10). The pollution rose from this second analysis (Figure 2.9) is likely more 

representative of wind conditions during high-O3 hours. The winds during high-O3 hours at KBKL 

primarily came from the west-northwest over the lake, although O3-rich air also arrived from 

the north, the north-northeast, and the southwest. 

 

Figure 2.9. Pollution roses (left) using data from the GT Craig monitor and (right) combining 
wind data from the Cleveland Burke Lakefront airport (KBKL) and O3 data from the District 6 
monitor for hours with O3 greater than 70 ppb. 

 

Figure 2.10. Map showing the locations of the GT Craig O3 and meteorology monitor, the 
District 6 O3 monitor, and the KBKL meteorology monitor. The KBKL and District 6 monitors 
are 12.3 km away from each other. 
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We conducted an analysis of high-O3 days in the Cleveland area similar to that shown for Lake 

Michigan. We examined all days in 2016 with 1-hour O3 above 70 ppb, as well as the four days 

with the highest MDA8 values each year in 2021 and 2022. This analysis found that many O3 

episode days had lake breezes, but that synoptic winds were also important on high-O3 days in 

this area. The relative importance of the different types of wind patterns varied between the 

years: 9 of 12 high-O3 days in 2016 had lake breezes (Figure A2), whereas half of the top-four O3 

days in both 2021 and 2022 had lake breezes (Figures A3 and A4). Lake breeze days were 

divided roughly evenly between days when the lake breeze came from the west-northwest and 

those when the lake breeze came from the north to northeast. The top row of Figure 2.11 

shows one of the lake breeze days, with the hours of the lake breeze enclosed in a pink box. 

Winds on this day shifted from the south-southwest to the west-northwest with the lake breeze 

onset, and temperatures remained relatively stable during the lake breeze hours. The satellite 

showed a clear lake breeze front in the Cleveland area, and the model winds show divergence 

over Lake Erie, with winds flowing onshore from the west-northwest in Cleveland. The radar did 

not show lake breeze fronts on any days so is not shown. On the three high-O3 days in 2016 

without lake breezes, synoptic winds arrived from the southwest, west, or north-northwest. 

The bottom of Figure 2.11 shows an example day with synoptic flow. On this day, the winds 

shifted throughout the day between the south and the west and came from the southwest 

during the hours of peak ozone. Temperatures at the lakeshore airport continued to increase 

through early evening. The model winds show divergence over the lake farther east of 

Cleveland but not upwind of Cleveland. The satellite may show a lake breeze front east of 

Cleveland, although it is hard to identify due to the high clouds. 
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Figure 2.11. (left) Ground monitoring data at Cleveland monitors, (middle) MODIS satellite 
images, and (right) model winds on two days in 2016. Ground monitoring data includes O3 
concentrations (ppb) from the District 6 monitor and wind direction (°), temperature (°F), and 
wind speed (miles/hr) from the KBKL airport. Cleveland’s location is indicated by the red 
circle in the top satellite image, and the hours of the suspected lake breeze are indicated by 
the pink box. Data sources are as listed in Figure 2.7.  

Figure 2.12 shows the locations of the lake breeze fronts identified in the Lake Erie region on 

two days by Makar et al. (2010). This analysis5 found lake breeze fronts that stayed relatively 

close to and parallel to the shoreline near Cleveland and pushed in from the north. On one of 

these days, the lake breeze reached farther inland to the northeast of Cleveland; this finding is 

consistent with our observation that divergence over Lake Erie often increases to the east of 

Cleveland when the lake breeze comes from the west. Generally, the locations of these lake 

breeze fronts are consistent with those we observed from the satellite analysis. 

                                                      
5 This analysis was based on measured winds, satellite images and radar imaging, as described in Sills et al. (2011) 
and is similar to the approach presented above for Lake Michigan. 
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Figure 2.12. Maps showing the location of lake breeze fronts on two days during the BAQS-
Met campaign from Makar et al. (2010). The mauve lines show the lake breeze fronts, which 
were identified using an analysis of surface winds, satellite images, and radar similar to that 
shown in Figure 3.7 for the Lake Michigan region. The red stars in the left figure show the 
locations of Detroit (top), Toledo (left) and Cleveland (right). 

Unfortunately, ground monitoring of winds is not available for the Toledo area near the 

lakeshore, so we could not conduct a complete lake breeze analysis for this area. Instead, we 

examined the MODIS satellite images and the model winds on the four days with the highest 

MDA8 values each year in 2021 and 2022 in Toledo. Of these eight days, only one clearly had a 

lake breeze, which came from the north-northwest; the other days seemed to be primarily 

impacted by synoptic winds from the southwest, south, and southeast (Figure A5). Makar et al. 

(2010) found that one of the days they examined had a lake breeze that reached far inland to 

the southeast of Toledo, but there was no front identified in this area on the other day (Figure 

2.12). 

Overall, it seems that O3 episodes in Cleveland are driven by both lake breezes and synoptic 

winds. In Toledo, synoptic winds appear to play a larger role than lake breezes, but lake breezes 

also contribute. 

Lake breezes in the Detroit area 

The Detroit nonattainment area is located along the Detroit and St. Clair rivers and Lake St. Clair 

(Figure 1.1), which is a much smaller lake than either Lake Michigan or Lake Erie. This area is 
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also located nearby Lakes Erie and Huron, so that parts of the nonattainment area may be 

impacted by lake breeze-related transport from these larger lakes. The complexity of this 

geography appears to lead to significant complexity in the lake breeze fronts and in ozone 

formation and transport in the area. 

Winds during high-O3 hours come from different directions in different parts of the area (Figure 

2.13). High-O3 winds come from the south to west-southwest at the northern Port Huron 

monitor, meaning that they were traveling either straight northward along the St. Clair River 

from Lake St. Clair or from Detroit to the southwest. At the Detroit E 7 Mile site, high-O3 winds 

come from the southwest to south-southeast, with southwesterly winds being most important. 

These winds come directly from downtown Detroit; beyond Detroit, they may have come from 

the Detroit River and Lake Erie. At the Allen Park monitor, O3-rich winds come from a narrow 

band of angles, from the south to south-southeast, which likely indicates transport from over 

Lake Erie. 

 

Figure 2.13. Pollution roses for three Detroit-area monitors for hours with O3 greater than 70 
ppb for 2017 through 2021, with a map showing the location of the monitors and the extent 
of the Detroit nonattainment area in pink. 
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We examined the monitored and modeled winds, as well as MODIS satellite images, for all days 

in 2021 with 1-hour ozone values over 70 ppb. Figure 2.14 shows this analysis for one example 

day with a clear lake breeze in some parts of the Detroit area. On this day, winds at the 

southern Allen Park monitor were slow and variable until the apparent onset of the lake breeze 

just after noon. At this point, the wind speeds picked up, wind direction stabilized to come from 

the south-southeast, and temperatures also flattened out. Hourly O3 peaked shortly after the 

onset of the lake breeze. Both the satellite and the model winds show the Allen Park area being 

impacted by a lake breeze from Lake Erie. The E 7 Mile monitor appears to also be impacted by 

a lake breeze from Lake Erie based on the satellite and model winds, as well as the monitored 

winds, which show relatively stable winds from the south-southwest during the afternoon. 

However, the lake breeze didn’t seem to last as long at this site as at Allen Park. Winds at the 

northern Port Huron monitor were variable for most of the day and did not show evidence of 

lake breeze impacts. However, late in the evening, winds stabilized to come from the south and 

temperatures dropped at this site. This may reflect the onset of a lake breeze from the south, 

likely from Lake St. Clair, as shown in the satellite image, although this may also reflect shifts in 

the synoptic winds.  

The whole Detroit area seemed to be impacted by divergence and convergence related to lake 

circulation on this day. Divergence over Lake Erie pushed winds to the northwest in the far 

western part of the lake. The satellite shows clear convergence fronts around Lakes Erie and St. 

Clair. The model missed the Lake St. Clair lake breeze fronts, likely because of the small size of 

the lake relative to the size of the model grid cells. However, on most days with evident lake 

breezes, lake breeze winds only appeared to impact the Allen Park monitor, with the other 

monitors appearing to be primarily impacted by synoptic winds. The analysis by Makar et al. 

(2010) found a lake breeze front located inland (west) of the Allen Park and E 7 Mile monitors 

on one of the two days they examined (Figure 2.12), consistent with our findings. Often, the 

lake effects were subtler than those shown in Figure 2.14, resulting in shifts in the wind 

direction in western Lake Erie and the Detroit area rather than clear divergence and 

convergence. Figure 2.15 shows an example of this on a day when there was divergence in 
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eastern Lake Erie but only subtle shifts in the wind direction over western Lake Erie. The 

circulation on these days may not be true lake breezes in this area but is lake-influenced. 

As a result of the different transport pathways and lake breeze influences at the three Detroit 

monitors, O3 at the monitors are impacted by different distributions of geographic sources 

(Figure 2.16). The Allen Park monitor receives about twice as much O3 from Ohio as the other 

two monitors, reflecting the greater role of transport from over Lake Erie to this monitor. In 

contrast, E 7 Mile receives more O3 from Michigan, likely as a result of its location just 

downwind of Detroit on high O3 days. 

Overall, meteorology and O3 transport are complex in the Detroit area due to the complex 

geography. Lake breezes play a role in delivering O3 on O3 episode days, but their influence 

varies around the Detroit area. On many high-O3 days, winds are influenced by the presence of 

the lakes but may not develop true lake breeze circulation systems. 
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Figure 2.14. (left) Ground monitoring data at Detroit monitors, (top right) model winds at 1 
pm, (middle right) MODIS satellite image, and (bottom right) a map of the Detroit area 
showing the monitors’ locations. The hours of the suspected lake breeze are indicated by the 
red boxes, and the dashed box indicates a possible lake breeze. Data sources are as listed in 
Figure 2.7. 
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Figure 2.15. Model winds for June 17, 2021 at 1:00. Model winds use the GFS model and are 
from https://earth.nullschool.net/. 

 

 

Figure 2.16. Geographic sector source apportionment modeling results for three Detroit 
monitors in 2023 using a 2011 base year.6 Only sectors contributing at least 1 ppb of O3 are 
listed individually; other sectors are grouped together in the “other” category. Modeling is 
described in LADCO (2018). 

                                                      
6 SE = southeastern states, WRAP = western states, CNMX = Canada and Mexico, BIOG = biogenic, ICBC = 
intercontinental boundary conditions. 

https://earth.nullschool.net/
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2.2 Transport of ozone in the LADCO region 

Depending on the wind patterns, air masses containing O3 and O3 precursors can be 

transported far distances or can stay relatively close to the source region. Such transport is a 

major factor driving O3 exceedances in many parts of the LADCO region and in other areas of 

the country. As discussed in Section 2.1.1, southerly transport is the most important factor 

driving O3 concentrations in northern areas around Lake Michigan, and transport can play an 

important role in other areas as well.  

This section examines the role of transport to monitors the nonattainment and maintenance 

areas. We do so using three different types of information. First, we examine the wind 

directions from which O3-rich air is delivered to monitors using ground monitoring data. These 

wind directions, shown as pollution roses for hours with O3 greater than 70 ppb, provide insight 

about the general direction of transport of high-O3 air in an area (Figure 2.17). 

The second approach relied upon use of the Hybrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT) model to develop back-trajectories to trace high-O3 air parcels backwards 

in time. We examine these trajectories in two ways. The first is through visual examination of 

an array of back-trajectories reaching monitors in the region, as developed and published by 

U.S. EPA (Figure 2.17). The second involved LADCO developing incremental probability plots 

based on running a large number of back-trajectories.7 High incremental probability means that 

it’s relatively likely that an air mass passing over that location would have high O3; it does not 

indicate the frequency of O3-rich air passing over that location. Note that the trajectories were 

                                                      
7 LADCO ran 72-hour back-trajectories for all days from April through September during the years 2011 through 
2017 and compared the results for all days with the results for high-O3 days (defined as days with MDA8 O3 ≥ 70 
ppb). Each trajectory calculation results in 72 latitude/longitude coordinates (“endpoints”) that mark the position 
of the air mass in the 72 hours preceding its arrival at the monitor. Because all trajectories start at the monitoring 
site and disperse from there, the density of endpoints is highest at the site and decreases with distance from the 
monitor. To more clearly show the differences between areas upwind on high and low ozone days, we removed 
this central tendency by subtracting endpoints for all days from the endpoints on high-O3 days, creating an 
incremental probability plot. The model was run using EDAS data at 40 km resolution, calculating 9 trajectories per 
day, with trajectory starting heights at 100, 250, and 500 m altitude and starting times at noon, 4 pm, and 8 pm. 
Back trajectories were calculated to start at the location of O3 monitors in each of the areas; the monitors used in 
each analysis are listed in Table A2. 
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run using a 40-km model that will lack the resolution needed to resolve the lake breeze and 

other fine-scale features. Incremental probability plots for six of the areas of interest in the 

LADCO region are shown in Figure 2.18. The areas that are most likely to be upwind on high-O3 

days are shown in darker blue while the areas that are least likely to be upwind on high-O3 days 

are shown in white. 

Finally, LADCO ran source apportionment modeling using the CAMx Anthropogenic Precursor 

Culpability Assessment (APCA) tool. This modeling estimated the magnitude of contribution of 

emissions from different geographic areas to O3 at different monitors. We present APCA 

modeling using two different base years (2011 and 2016) and two different set of geographic 

tags (Figure 2.19). The 2011 base modeling tracks emissions from whole states and groups of 

states (LADCO 2018). In contrast, the 2016 base modeling separates many of the LADCO states 

into county groups and tracks the emissions from these smaller areas separately (LADCO 

2022a). The source apportionment modeling provides a modeled estimate of the amount of O3 

that came from emissions in each area, and the HYSPLIT back-trajectories provide estimates 

from a different model of how air masses were transported to those areas. The ground 

modeling pollution roses provide a reality check based on measurements of these other 

modeled estimates. Taken together, these approaches should provide a good estimate of the 

relative importance of transport in driving O3 concentrations at different sites around the 

LADCO region. 

Transport in the Lake Michigan area 

In this section, we examine the evidence for transport of O3 and O3 precursors along the 

Wisconsin lakeshore, western Michigan, and in Chicago. High-O3 air masses reaching the 

Wisconsin and Michigan lakeshore monitors arrived almost exclusively from the south or 

southwest, respectively, over Lake Michigan, with the exact angle depending on the geography 

of the shoreline at each location (Figure 2.17). The HYSPLIT model estimated that the lowest-

altitude back-trajectories (ending at 100 m, shown in red) generally passed over Chicago before 



 

 

  38 
 

traveling northward over the lake to the receptor monitor on O3 exceedance days.8 As 

discussed in Section 2.1.3, the O3 precursors in these air masses were often confined to the 

narrow marine boundary layer, where they could react to form high O3 concentrations, which 

were moved northward over the lake by the southerly winds. A lake breeze then frequently 

pulled this O3-rich air onshore. The incremental probability plot based on HYSPLIT back-

trajectories for the Sheboygan area shows that air masses on high-O3 days were most likely to 

travel through an area to the south that includes Chicago and surrounding areas (Figure 2.18). 

Source apportionment modeling for all Wisconsin and Michigan lakeshore monitors shows that 

Illinois and Indiana were the greatest contributors to ozone at these sites, with the bulk of this 

contribution coming from the Chicago metro area and suburbs (Figure 2.19). All of these 

analyses confirm the crucial role of southerly transport over Lake Michigan to the Wisconsin 

and Michigan lakeshores, with emissions from the Chicago region being the most important 

source.  

                                                      
8 Note that the trajectories ending at 500 and 1000 m are at too high of an altitude to reflect lake breeze 
circulation and other important meteorological patterns at these sites. 
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Figure 2.17. (Left) Pollution roses for hours with O3 greater than 70 ppb from 2017 to 2021 
and (right) 24-hour back-trajectories from the HYSPLIT model for O3 exceedance days in 2014 
to 2016 for monitors in nonattainment or maintenance areas in Sheboygan, WI, Muskegon, 
MI, Chicago and Detroit.9 The locations of the monitors are circled in black on the map. The 
back trajectories end at 100, 500, and 1000 m, as labeled, and come from EPA’s TSDs for 
designations for the 2015 O3 NAAQS (see links in Section 4). 

                                                      
9 Pollution roses for the other monitors in these areas are shown in Section 4 and in Figure A6. 
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Figure 2.17 (cont’d). (Left) Pollution roses for hours with O3 greater than 70 ppb from 2017 to 
2021 and (right) 24-hour back-trajectories from the HYSPLIT model for O3 exceedance days in 
2014 to 2016 for monitors in nonattainment or maintenance areas in Cleveland, Cincinnati, 
Louisville, and St. Louis, as described above. Note that the Cleveland trajectories are for the 
Eastlake monitor (red point) whereas the pollution rose uses 2016 met from the KBKL airport 
(black circle) and O3 from the District 6 monitor, as discussed in Section 2.1.3. 
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Figure 2.18. Incremental probability of high O3 in different nonattainment and maintenance 
areas based on 72-hour HYSPLIT back-trajectories for days in 2011 through 2017. 
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Figure 2.19. Source apportionment modeling results for high-O3 days in (top) 2023 using the 
2011 base year and (bottom) 2016 using the 2016 base year with a different set of geographic 
tags. Bars are grouped by area, including nonattainment and maintenance areas and the 
Minneapolis-St. Paul (“Minn.) area.10 The 2011 base modeling is described in LADCO (2018), 
and the 2016 base modeling is described in LADCO (2022). 

                                                      
10 Door, Manitowoc (“Manit.”), Sheboygan (“Sheb.”), and Milwaukee are along the Wisconsin lakeshore, and 
Berrien (“Berr.”), Allegan (“Alleg.”), and Muskegon (“Musk.”) are along western Michigan. CNMX and CanMex = 
Canada and Mexico; BIOG = biogenic; ICBC = intercontinental boundary conditions; other includes all geographic 
source sectors that contributed less than 1 ppb of O3 to the monitor. 
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In Chicago, the Northbrook monitor at the northern edge of Cook County has winds coming 

from over the lake carrying Chicago emissions during most high-O3 hours (Figure 2.17). The lake 

breeze circulations discussed above play important roles in O3 transport at these northern 

Chicago lakeshore sites. The incremental probability analysis for Chicago (Figure 2.18) relied 

upon trajectories starting at the Evanston monitor on the north side of Chicago near 

Northbrook. Ozone-rich air masses reaching this monitor primarily passed over an area to the 

southeast centered on Indiana. However, these air masses would likely travel over downtown 

Chicago to reach the Evanston monitor, so the contributing emissions may have originated 

closer to the monitor than suggested by this figure. Source apportionment modeling for the 

Chicago monitors confirmed that Illinois, and the Chicago metro/suburban area in particular, is 

the largest contributor to high-O3 at Chicago area sites. However, emissions from Indiana 

sources, particularly those in northern Indiana, are still important and even dominant at the 

Ogden Dunes site in the Indiana portion of the Chicago area. The modeling results suggest that 

high O3 in the Chicago area primarily comes from O3 precursor emissions within the Chicago 

area. However, it is clear that sites in the northern parts of the area rely upon southerly 

transport from more central Chicago to deliver the highest concentrations of O3. 

Transport in the Lakes St. Clair and Erie areas (Detroit and Cleveland) 

The Detroit E 7 Mile pollution rose shows that winds and transport came from the south-

southwest during peak O3 hours, as discussed above (Figure 2.17). The HYSPLIT back-

trajectories ending at 100 m (shown in red) for the E 7 Mile monitor generally passed over 

Detroit and many passed over western Lake Erie. Overall, southerly transport plays the largest 

role in delivering high-O3 air to the Detroit area monitors, although this southerly transport 

likely carries emissions from Detroit as well as more distant areas. The incremental probability 

analysis was run for monitors in Detroit as well as Toledo, OH and Cleveland, OH, so the results 

reflect transport to all of these monitors. The area of greatest incremental probability of high 

O3 includes parts of the Detroit area and much of Ohio (Figure 2.18). Source apportionment 

modeling shows that the largest geographic contribution by far came from Michigan sources, 

and sources in the Detroit metro area in particular (Figure 2.19). Ohio sources were also 
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important but contributed much less O3 than did local Detroit or Michigan sources. Overall, it 

seems that most of the O3 in the Detroit region derived from local sources, although southerly 

winds were required to transport O3 locally to monitors on the northern side of the area.  

HYSPLIT back-trajectories indicate that winds reaching Cleveland’s Eastlake monitor on high-O3 

days generally came from over land to the southwest (Figure 2.17). On several days, O3-rich air 

arrived from over the lake to the west or northwest. As discussed above, monitored winds 

during high-O3 hours arrived from over the lake to the west-northwest to north. These 

discrepancies may be due to the coarse grid cells used for the HYSPLIT modeling that make it 

difficult for the model to capture lake breeze impacts. The differences may also reflect the 

different locations of the wind monitoring (at the airport) and the HYSPLIT endpoints (at the 

Eastlake monitor); these different locations may be impacted by winds from different 

directions. The incremental probability analysis suggests that transport to Cleveland monitors 

comes from the Cleveland area and areas farther south (Figure 2.18). Source apportionment 

modeling supports this conclusion, finding that Ohio sources were the largest contributors to 

high O3 in this area, with the contributions from the Cleveland area being about twice as large 

as the contributions from other parts of Ohio (Figure 2.19). Overall, the modeling suggest that 

local emissions are the greatest contributors to high O3 at the Cleveland monitors. The ground-

based monitoring suggests that transport from over the lake may also be important. 

Transport in the southern areas (Cincinnati, Louisville, and St. Louis) 

Monitored high-O3 winds reaching Cincinnati’s Taft monitor primarily came from the 

southwest, with O3-rich winds also arriving from the northwest and southeast (Figure 2.17). The 

Taft monitor is located 3-4 km north-northeast of downtown Cincinnati and 4-5 km northeast of 

a large area of highway interchanges and of a large railroad hub. It is likely that the air masses 

from the southwest carried O3 produced from these emissions sources to the Taft monitor. In 

contrast, the HYSPLIT back-trajectories showed O3-rich air arriving from all directions, 

particularly from the southwest and southeast. The incremental probability plot built by LADCO 

from HYSPLIT trajectories (Figure 2.18) similarly showed that the area of greatest probability of 

high O3 included the area right around Cincinnati. The weaker wind direction preference at this 
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site, particularly compared with sites around Lake Michigan, likely indicates that transport is 

relatively less important as an O3 source at this site. The source apportionment modeling 

confirms this, estimating Ohio emissions sources as the greatest geographic contributors to O3 

in this area, and emissions from the Cincinnati, OH and Kentucky areas being most important 

(Figure 2.19). These analyses all support the conclusion that local emissions are the greatest 

contributors to O3 in the Cincinnati area.  

For Louisville’s Cannon’s Lane monitor, neither the monitored winds nor the HYSPLIT back-

trajectories show a strong preference for wind direction during high-O3 hours or days (Figure 

2.17). Both analyses show O3-rich air masses coming from almost all directions except the 

southeast. We do not have an incremental probability analysis for the Louisville area. Source 

apportionment modeling confirms Kentucky as the greatest contributor to O3 in this area, 

followed by Indiana (Figure 2.19). This evidence suggests that local emissions are generally 

more important than transported emissions, such that high O3 concentrations occur with winds 

from almost all directions. The Cannons Lane monitor is located in central Louisville, so it may 

be receiving O3 produced from emissions sources throughout the Louisville area. 

St. Louis’s West Alton monitor shows a strong prevalence of southeasterly winds during high-O3 

hours (Figure 2.17) based on the monitored winds. The HYSPLIT back-trajectories also show a 

strong pattern but the winds are shifted to come from the south rather than the southeast. The 

West Alton monitor is located roughly 30 km straight north of downtown St. Louis. The 

dominance of southeasterly winds during high-O3 hours suggests emissions from East St. Louis 

may be an important source.  The incremental probability plot shows that high-O3 air masses 

reaching the East St. Louis monitors were most likely to pass over areas near the city stretching 

from the southwest to the southeast and east (Figure 2.18). The highest probability was located 

to the southeast of the city, from the same direction as the dominant winds in the pollution 

roses shown and discussed above. However, the source apportionment modeling shows 

Missouri as the greatest source of O3 to St. Louis area monitors, with Illinois, particularly East St. 

Louis, as the second most important source (Figure 2.19). Sources in Indiana and Kentucky to 
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the east are only minor contributors. It appears most likely that local emissions are the greatest 

contributors to O3 in the St. Louis area.  

In general, transport of O3 and O3 precursors is most important in areas around Lake Michigan, 

including the north side of Chicago. Local emissions appear to be the greatest single geographic 

contributor in all of the major urban areas in the LADCO region, including central Chicago. 

However, even in these urban locations, a smaller but still significant proportion of the O3 

derives from more distant areas and is transported to the sites. 

2.3 Trends in ozone precursor emissions 

Emissions of O3 precursors have decreased dramatically over the last 20 years, as shown in 

Figure 2.20 and Figure 2.21. From 2002 to 2020, total statewide emissions of NOx decreased by 

68 to 76%, with the smallest reductions in Minnesota and the largest in Ohio (Figure 2.20). NOx 

emissions from the largest sector, electricity generating units (EGUs), decreased by 86 to 89% 

during this time. NOx emissions from highway vehicles decreased 78 to 85%, and off-highway 

emissions decreased 55 to 67%, with these being the second and third largest sectors. VOC 

emissions decreased by smaller amounts during this time period, with the smallest reductions 

(41%) from Minnesota and the largest (67%) from Wisconsin from 2002 to 2020 (Figure 2.21). 

Half of the LADCO states had VOC emissions reductions between 53% and 55%. Emissions 

reductions from solvent utilization ranged between 43% and 57% for all states except 

Minnesota, where they only decreased by 6.5%. Off-highway VOC emissions decreased by 57 to 

75%, and highway vehicle emissions decreased by 73 to 80% during this time.  

Figure 2.22 shows that these emissions reductions occurred at the same time as the economy 

grew dramatically, people drove more miles, and population grew. If the rate at which 

pollutants were emitted had remained the same over this time period, the increases in these 

factors would have led to increased emissions. The fact that emissions decreased dramatically 

as economic indicators increased demonstrates that the emissions reductions were due to 

emission control programs and evolving technologies in electricity generation and 

transportation, rather than decreases in economic activity. 
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Figure 2.20. Trends in total statewide emissions of NOx for the LADCO states. Only source 
sectors that comprised at least 2.5% of total emissions are shown independently; smaller 
sectors are grouped together into the “other” category. Data are from 
https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data for 
National Emissions Inventory (NEI) years. 

 

https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data
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Figure 2.21. Trends in total statewide emissions of VOCs for the LADCO states. Only source 
sectors that comprised at least 2.5% of total emissions are shown independently; smaller 
sectors are grouped together into the “other” category. Data are from 
https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data for 
National Emissions Inventory (NEI) years. 

 

https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data
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Figure 2.22. Trends in air pollution and emissions-related parameters.11 Total Emissions = 
annual total of CO, NOx, VOC, NH3, PM10, and SO2 emissions; ozone = O3 design values at all 
monitors in the LADCO states operating since 1997; PM2.5 = annual mean concentrations at all 
monitors operating since 2001; haziest days = average of 20% worst days at Boundary 
Waters, Isle Royale, Voyageurs, and Seney. 

NOx emissions are concentrated in urban areas as well as following major highways due to 

onroad emissions from vehicles (Figure 2.23). The patterns in emissions of total VOCs reflect a 

combination of emissions patterns for anthropogenic and biogenic VOCs (Figure 2.23). 

Anthropogenic VOC emissions are concentrated in urban areas, similar to NOx emissions. In 

contract, emissions of biogenic VOCs are greatest in heavily forested areas of the region, 

particularly in the most southern areas such as the Ozarks in southeastern Missouri, as well as 

eastern Kentucky and western West Virginia.  

                                                      
11 Data sources are: 
• Population: https://www.census.gov/data/tables/time-series/demo/popest/intercensal-2000-2010-

state.html; https://www.census.gov/population/estimates/state/st-99-1.txt ; 
https://www.census.gov/population/estimates/state/st-99-3.txt 

• VMT: https://www.fhwa.dot.gov/policyinformation/statistics/2016/vm2.cfm; 
https://www.bts.gov/archive/publications/state_transportation_statistics/state_transportation_statistics_200
8/table_05_03 

• GDP:  BEA.gov 
• Emissions: https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data 

https://www.census.gov/data/tables/time-series/demo/popest/intercensal-2000-2010-state.html
https://www.census.gov/data/tables/time-series/demo/popest/intercensal-2000-2010-state.html
https://www.census.gov/population/estimates/state/st-99-1.txt
https://www.census.gov/population/estimates/state/st-99-3.txt
https://www.fhwa.dot.gov/policyinformation/statistics/2016/vm2.cfm
https://www.bts.gov/archive/publications/state_transportation_statistics/state_transportation_statistics_2008/table_05_03
https://www.bts.gov/archive/publications/state_transportation_statistics/state_transportation_statistics_2008/table_05_03
https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data
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Figure 2.23. Maps of total emissions of (left) NOx and (right) VOCs for July 2016 (modeling 
described in LADCO 2022a). Note that the NOx map does not include point sources. 

Emissions of NOx and VOCs are projected to continue to decrease through at least 2028 (Figure 

2.24 and Figure 2.25). NOx emissions reductions in the LADCO states are projected to range 

between 28 and 38% from 2016 to 2028, primarily driven by declining onroad and EGU 

emissions (Figure 2.24). Future reductions in total VOC emissions are projected to be smaller, 

on the order of 5% from 2016 to 2028 (Figure 2.25). These emissions reductions are relatively 

larger when calculated as a percentage of total anthropogenic emissions but are still smaller 

than the anticipated NOx emissions reductions. Emissions from the largest anthropogenic VOC 

sector, nonpoint, are not projected to decrease much over this time period; this sector includes 

solvents and coatings.  
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Figure 2.24. Projected future emissions of NOx in the LADCO states shown by source sector, 
determined using the Inventory Collaborative 2016v1 emissions platform 
(http://views.cira.colostate.edu/wiki/wiki/10202).12 

                                                      
12 Ag = agriculture, beis = biogenics, cmv_c1c2 = commercial marine vehicles (C1&2), cmv_c3 = commercial marine 
vehicles (C3), nonpt = area/nonpoint, np_oilgas = nonpoint oil & gas, onroad = on-road mobile, pt_oilgas = point oil 
& gas, ptagfire = agricultural fires, ptegu = electricity generating units (EGUs), ptfire = wild and prescribed fires, 
ptnonipm = non-EGU point, rwc = residential wood combustion. 
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Figure 2.25. Projected future emissions of VOCs in the LADCO states shown by source sector, 
determined using the Inventory Collaborative 2016v1 emissions platform 
(http://views.cira.colostate.edu/wiki/wiki/10202).12 

2.4 Trends in monitored ozone precursor concentrations 

Monitored NO2 concentrations show similar reduction trends as NOx emissions. NO2 

concentrations at monitors that operated from 1995 through 2021 showed reductions of 58 to 

71% (Figure 2.26). NO2 concentrations decreased at similar rates during the first and second 

half of the period. Reductions were especially large in the mid- to late-2000s at many sites as a 

result of the implementation of an array of NOx emissions control programs, including the NOx 

SIP Call and Tier 2 vehicle emissions standards. NO2 concentrations appear to be decreasing 

more slowly in the last decade, but concentrations at almost all monitors are still on a 

downward trend. The small uptick in concentrations in 2021 at some monitors very likely 

resulted from the recovery from low emissions levels in 2020 due to the COVID-19 pandemic. 
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NO2 concentrations at near-road monitors are consistently higher than those at other monitors. 

(Note that the Cleveland monitor, 390350060, is near several highways so would be impacted 

similarly to near-road monitors, even though it’s not formally classified as a near-road monitor.) 

 

Figure 2.26. Trends in mean summertime (May-September) NO2 concentrations at monitors 
in different areas of the LADCO region. Values are the annual mean of daily mean values, in 
ppb. Only monitors that operated at least five years are shown. Values for near-road 
monitors are shown as dashed lines; all other monitors are shown as solid lines. 

VOCs are a diverse class of compounds with varying chemical and physical properties. 

Regulatory agencies typically monitor two classes of VOCs: hydrocarbons and carbonyls. 

Hydrocarbons include compounds such as ethane, octane, benzene, toluene, and many other 

compounds. Monitoring of VOC compounds is much sparser, both spatially and temporally, 

compared with monitoring of NO2 (which itself is relatively sparse spatially). Many large urban 

areas only had one site where hydrocarbon VOCs were measured. Additionally, most sites only 

collect 24-hour average samples for analysis of hydrocarbons and for carbonyls once every 3, 6, 
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or 12 days, and many monitors only operate from June through August. This means that the 

number of samples collected in a given ozone season may be very small at any given site, 

leading to a large amount of variability that can conceal trends. To reduce this variability, we 

averaged VOC concentrations over 5-year periods. Agencies monitor anywhere from a few 

hydrocarbons to a suite of more than 50 hydrocarbons, and the number of compounds 

measured at a given site may change over time. This further complicates attempts to track 

trends in monitored hydrocarbon VOCs over time. In Figure 2.27, we are indicating the number 

of compounds monitored at that site using the thickness of the line; total hydrocarbon 

concentrations based on different numbers of compounds cannot be directly compared. 

Figure 2.27 shows that most monitors recorded decreasing concentrations of hydrocarbons 

from the early 1990s to the late 2000s. Since then, concentrations at many monitors have 

leveled off, while concentrations at some monitors are still decreasing, and concentrations at a 

few are increasing. Reductions in hydrocarbons at monitors with relatively complete and 

continuous datasets ranged from 8% at Chicago’s Northbrook monitor (170314201) to 65% at 

Chicago’s Gary IITRI monitor (180890022). However, trends at these monitors were not 

consistent, nor were the time periods considered. For example, Milwaukee’s SER monitor 

(550790026) decreased relatively consistently over its monitoring period, whereas 

concentrations at Northbrook decreased, then increased, then decreased again. The less 

complete monitors mostly showed declines in hydrocarbon concentrations.  While it is hard to 

determine one number to describe reductions in hydrocarbon concentrations, it does appear 

that monitored reductions in anthropogenic VOCs are much less than the estimated reductions 

in emissions of anthropogenic VOCs. However, VOC inventories include many compounds 

beyond those monitored, so it is possible that concentrations of these other compounds 

decreased more than hydrocarbons. These differences may also indicate that some VOC 

compounds are missing from the inventories, as was suggested by McDonald et al. (2018). 
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Figure 2.27. Trends in the sum of summertime (June-August) hydrocarbon VOC 
concentrations at monitors in different areas of the LADCO region. Values are the 5-year 
mean of the daily sums of hydrocarbon concentrations, in ppb, excluding isoprene. Only 
monitors that operated at least five years are shown. The thickness of the lines and points 
indicates the number of compounds measured in that set of years; very thin lines connect 
points with different numbers of compounds. 

Figure 2.28 shows trends in the monitored concentrations of one hydrocarbon formed from 

biogenic sources: isoprene. The highest concentrations were observed at monitors in Lake 

County, IL, downwind of Chicago. Lake County’s Zion monitor (170311007) is in a heavily 

vegetated state park that would be expected to have relatively high biogenic VOC emissions. 

The other monitors are located in more urbanized portions of cities. There are no obvious 

trends in isoprene concentration. There is some variability within individual monitors but no 

clear trends across monitors. There is a possible small increase in isoprene over the last 15 

years in Milwaukee and at the Northbrook monitor (170314201), however, these changes are 

small, and isoprene was relatively flat at the Gary IITRI monitor (18089002). 
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Figure 2.28. Trends in the sum of summertime (June-August) concentrations of isoprene, a 
biogenic hydrocarbon VOC, at monitors in different areas of the LADCO region. Values are the 
annual mean of the daily concentrations, in ppb. Only monitors that operated at least five 
years are shown. 

Carbonyl VOCs have several sources in the atmosphere: they can form from oxidation of both 

anthropogenic and biogenic VOCs as well as be released via primary emissions. Carbonyls 

include formaldehyde and acetaldehyde, along with many other compounds; here, we only 

consider these two molecules. Carbonyl concentrations decreased through the early to late 

2000s at most monitors (Figure 2.29). Since then, concentrations have apparently increased in 

Chicago and Detroit and flattened out in Milwaukee and St. Louis. The origin of the increases in 

Chicago and Detroit is not clear. One possibility is that concentrations of other VOCs are 

increasing, leading to increased oxidation and increased formation of carbonyls. This is 

consistent with apparent increases in hydrocarbons at some Chicago monitors (Figure 2.27). It 

is also possible that biogenic VOC emissions are increasing, likely due to increased 

temperatures due to climate change, which would increase the VOCs available for oxidation to 

carbonyls. This would be consistent with the small increases in isoprene observed in Milwaukee 

and at one Chicago monitor. It is also possible that there are some unknown changes in 

chemistry or meteorology that led to increased oxidation of VOCs. 
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Figure 2.29. Trends in the sum of summertime (June-August) carbonyl VOC concentrations at 
monitors in different areas of the LADCO region. Values are the annual mean of the daily 
sums of carbonyl concentrations, in ppb. Only monitors that operated at least five years are 
shown. The thickness of the lines and points indicates the number of compounds measured in 
that set of years; very thin lines connect points with different numbers of compounds.13 

Overall, we observed large reductions in NOx emissions and NO2 concentrations, with both 

decreasing by about 60-70% over the last twenty or so years. Monitored concentrations of 

hydrocarbon VOCs decreased less than the reported emissions of anthropogenic VOCs. This 

mismatch may result because monitors don’t measure all compounds or because emissions 

estimates may be missing a component whose concentrations have remained stable. 

Concentrations of one biogenic VOC have been flat to very slightly increasing over the last few 

decades, and carbonyl concentrations initially decreased and have since flattened out or are 

increasing. 

2.5 Ozone formation chemistry in the LADCO region 

Ozone is formed through complex, nonlinear reactions of NOx with VOC in the presence of 

sunlight (Sillman, 1999; Pusede and Cohen, 2012). The term “ozone-NOx-VOC sensitivity” is a 

                                                      
13 We removed hourly formaldehyde measurements at Northbrook, POC 6 measurements at Schiller Park in 2006, 
and Gary IITRI measurements for 2003-2008 because of apparent data quality issues. 



 

 

  58 
 

shorthand term describing whether O3 formation in an area is responsive to changes in NOx 

emissions (“NOx-sensitive”), VOC emissions (“VOC sensitive”), or both (“transitional”). Under 

NOx-sensitive conditions, reductions in NOx will lead to larger decreases in O3 than would a 

similar reduction in VOCs; under these conditions, reductions in VOC emissions may have little 

to no impact on O3 formation. Under VOC-sensitive conditions, also known as “NOx-saturated” 

conditions, O3 concentrations are more responsive to changes in VOC emissions. The situation 

with NOx emissions under VOC-sensitivity conditions is complex because reductions in NOx 

emissions may actually increase O3 formation. These O3 increases could occur via a reduction in 

the process known as “NOx titration”, which occurs when fresh nitric oxide reacts with O3 to 

form NO2. Reductions in NOx emissions, particularly in urban areas, could reduce the amount of 

NOx titration that occurs, leading to increases in O3 in these urban areas. This reaction is 

reversed as the air mass travels downwind to reform the O3. Under “transitional” conditions, O3 

concentrations are responsive to changes in both NOx and VOCs. In order to develop the most 

effective O3 control strategies, it is crucial to understand the ozone-NOx-VOC sensitivity.  

Freshly emitted pollutant plumes typically start off as more VOC-sensitive and become more 

NOx-sensitive as the plume ages (Sillman, 1999). This change in chemistry occurs in relatively 

isolated plumes transported over water bodies, such as the Great Lakes (e.g., Vermeuel et al., 

2019), as well as those transported over land. As a result, O3 formation tends to be the most 

VOC-sensitive in urban areas with large amounts of fresh NOx emissions and more NOx-

sensitive in more rural areas with lower levels of fresh NOx emissions (Sillman, 1999).  

As NOx emissions and VOC emissions have decreased over the last several decades as a result 

of a number of regulatory control programs, the ozone-NOx-VOC chemistry around the country 

has changed. Ozone formation has generally shifted away from VOC sensitivity and towards 

NOx sensitivity. The areas of VOC sensitivity within urban areas have shrunk in extent, moving 

inwards towards the city centers, as the surrounding NOx-sensitive areas have expanded 

(Pusede and Cohen, 2012; Jin et al., 2020; Koplitz et al., 2022). Ozone formation in the U.S. is 

generally considered to be NOx-sensitive, and most recent control programs (e.g., the Revised 

Cross State Air Pollution Rule Update and the proposed Clean Trucks Rule) have focused on 
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reducing NOx emissions. However, the ozone-NOx-VOC sensitivity may vary dramatically from 

location to location, such that different areas would most benefit from different combinations 

of emissions control programs. 

LADCO recently released a report describing extensive analyses of the ozone-NOx-VOC 

chemistry in the LADCO region (LADCO 2022b). This report applies a suite of analytical tools to 

air quality data in the Great Lakes region to determine whether ozone formation in the region is 

most sensitive to NOx or VOC emissions changes. This study also examines how the ozone-NOx-

VOC chemistry has changed over the past decades. This section summarizes the work in that 

report; the reader is referred to the report for important additional information about this 

work. 

The LADCO ozone chemistry study applied five new analyses to determine the ozone-NOx-VOC 

chemistry of the LADCO area and how it has changed over time. The first three approaches 

involved the use of molecular ratios as indicators of the ozone formation chemistry, with 

certain ranges of ratio values indicating NOx-sensitive, transitional, or VOC-sensitive ozone 

chemistry. The second two approaches used patterns in ozone concentrations to infer the 

ozone formation chemistry. All analyses focused on the ozone formation chemistry on high-

ozone days. The five approaches are described below. In this report, LADCO also described the 

findings of recent studies by other authors addressing this question and synthesizes the results 

of these studies with LADCO’s own work. 

Ground-based formaldehyde-to-NO2 (HCHO/NO2) indicator ratios. This study examined these 

ratios at nine monitoring sites in the region over the last 30 years. The sparsity of ground-based 

HCHO/NO2 data both spatially and temporally limits the usefulness of this ratio for determining 

O3-NOx-VOC sensitivity in most parts of the LADCO region. Nevertheless, these measurements 

demonstrate that O3 formation in the urban areas of the Great Lakes states has become less 

VOC-sensitive over the last few decades, with O3 formation at these urban monitors shifting 

from primarily VOC-sensitive in the 1990s to primarily transitional in the 2010s. Ground-based 

HCHO/NO2 measurements may be especially useful in combination with other estimates of O3 

https://www.ladco.org/public-issues/ozone/ozone-science/
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formation chemistry, such as from satellites, models, and spatial and temporal patterns in O3 

concentrations.  

Satellite-based HCHO/NO2 indicator ratios. This study applied these ratios to satellite data from 

2018 and 2019. This analysis of TROPOMI satellite data finds the highest NO2 columns in the 

Chicago area, followed by Detroit, with similar levels on days with O3 exceeding the 2015 O3 

NAAQS and over the O3 season as a whole. The highest HCHO columns were observed in the 

southern areas of the region, particularly St. Louis and Louisville on O3 exceedance days in 

those areas. Application of ratio thresholds from Jin et al. (2020) to observed HCHO/NO2 ratios 

estimated that O3 formation chemistry in most nonattainment areas in the LADCO region was 

sensitive to NOx emissions. According to this analysis, all of the Western Michigan areas, 

Cleveland and St. Louis and almost all of the Wisconsin lakeshore, Louisville and Cincinnati were 

NOx-sensitive on O3 exceedance days. Chicago and Detroit were the only areas with any VOC-

sensitive areas, and the VOC-sensitive area was larger in Chicago than in Detroit. However, 

approximately half or more of the grid cells in these areas remained NOx-sensitive on 

exceedance days, primarily in the outlying parts of the nonattainment areas. These patterns are 

driven by a combination of high NO2 columns in Chicago and Detroit from urban plumes and 

high HCHO columns from biogenic emissions in the southern areas. NO2 emissions from coal-

fired power plants also impacted the O3-NOx-VOC sensitivity, particularly near the largest plants 

in the Ohio River Valley. 

Model-based HCHO/NO2 and hydrogen peroxide-to-nitric acid (H2O2/HNO3) indicator 

ratios.  This study examined modeling for the years 2016, 2020, and 2028 and is the only 

approach that directly predicted future changes in ozone. Results projected that concentrations 

of O3 and precursor compounds will continue to decrease throughout the region. Analysis of 

model-derived ozone chemistry indicator ratios show that ozone formation is shifting away 

from VOC-sensitivity and towards more NOx-sensitivity throughout the region. The Chicago 

area is consistently the most VOC-sensitive area, and southern areas, particularly St. Louis, are 

the most NOx-sensitive. The HCHO/NO2 ratio suggests the presence of some areas of VOC 

sensitivity in all of the nonattainment areas in 2016, although the majority of the grid cells in 



 

 

  61 
 

most of the nonattainment areas are NOx-sensitive. In contrast, the H2O2/HNO3 ratios suggest 

that at least 80 to 90% of the grid cells in all of the nonattainment areas were NOx-sensitive in 

2016, with much smaller areas of VOC-sensitivity and transitional chemistry. The differences 

between the chemistry regime classifications based on the two indicator ratios may indicate an 

issue with the ratio threshold estimates, most likely for the H2O2/HNO3 ratios. 

Analysis of weekday-weekend differences in ozone concentrations. This study takes advantage 

of the difference in weekday-weekend NOx concentrations to examine how ozone responds to 

these NOx changes. This analysis of ozone-conducive days in the LADCO region shows that 

ozone concentrations have decreased in almost all areas over the past 20 years. As ozone has 

decreased, almost all areas have shifted towards more NOx-sensitive ozone formation. Ozone 

formation in southern areas (St. Louis, Louisville, and Cincinnati) was NOx-sensitive for most of 

this time period and became more so during this time. Ozone formation in Chicago and around 

Lake Michigan shifted from significantly VOC-sensitive to NOx-sensitive in most areas, and 

central Cleveland was the only VOC-sensitive part of the region in 2016-20. The reductions in 

ozone MDA8 concentrations appeared to have been driven by reductions in both NOx and VOC 

emissions. Importantly, reductions in reactive VOCs helped decrease ozone concentrations on 

ozone-conducive days even when ozone formation was heavily NOx-sensitive. This indicates 

that the greatest reductions in ozone will be achieved by a combination of NOx and VOC 

emissions. 

Analysis of trends in ozone concentrations over space and time. This study examines how ozone 

changes with distance from city centers and over time in response to decreasing NOx (and VOC) 

concentrations in these two dimensions. This analysis demonstrates that ozone concentrations 

have decreased over the last 30 years throughout the LADCO region. The patterns of ozone 

reductions relative to the city centers and over time reveals patterns in ozone formation 

chemistry in these areas. In the southern areas of St. Louis, Louisville, and Cincinnati, areas of 

VOC-sensitivity or transitional chemistry in the city centers shifted to NOx-sensitivity by the 

mid-2000s, and ozone has decreased steadily since then. The northern areas of Chicago, 

Detroit, and Cleveland had a dramatic drop in ozone concentrations accompanied by an 
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apparent shift in ozone chemistry in the mid-2000s. All of these city centers appear to have had 

VOC-sensitive chemistry early in the study period. Detroit and Cleveland appear to have mostly 

shifted to NOx-sensitive chemistry, with decreasing ozone concentrations, although some areas 

of transitional chemistry may remain in the city centers. In contrast, most of the Chicago area 

appears to have chemistry that is shifting from VOC-sensitive to transitional, resulting in ozone 

concentrations that are increasing over time. These three northern areas also had larger 

reductions in ozone concentrations in outlying areas relative to the city centers. Ozone 

concentrations along the Lake Michigan shoreline have decreased the most at areas far 

downwind (north) of Chicago, while locations closer in to the city have decreased at a slower 

rate. These trends likely result from the lower amounts of ozone precursors in the relatively 

isolated over-lake plumes transported from the Chicago area northward. As ozone precursor 

emissions have decreased over time, the precursors in the plumes appear to be “used up” 

faster, resulting in decreasing concentrations in downwind portions of the plumes. 

Each ozone chemistry characterization approach yielded somewhat different classifications for 

the different areas, with some approaches agreeing better than others. By evaluating and 

comparing the different approaches, LADCO determined our best estimate of the recent ozone 

formation chemistry in the different areas (Table 2.1). Most of the urban areas have transitional 

chemistry in their centers, but the only city that is clearly VOC-sensitive is Chicago. Chicago has 

a large area of VOC-sensitive chemistry, extending to roughly 60 km from the city center. 

However, ozone formation in this area appears to be shifting to transitional chemistry. The 

areas beyond the central part of Chicago appear to be on the NOx-sensitive side of transitional 

chemistry.  

Ozone formation in all parts of the LADCO region has become less VOC-sensitive and more NOx-

sensitive over the last 30 years. The central parts of most urban areas were VOC-sensitive in the 

early 1990s and shifted to transitional chemistry over the intervening 30 years. Ozone 

formation in the southern cities of Louisville and Cincinnati began as transitional, not VOC-

sensitive. The urban cores of these cities still appear to be transitional, although the extents of 

the transitional areas have shrunk as the surrounding NOx-sensitive areas have expanded. 
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While Chicago has continued as VOC-sensitive, ozone formation in this city has also shifted 

towards transitional and NOx-sensitive. 

Table 2.1. LADCO's best estimates of recent ozone formation chemistry regimes in the 
different LADCO nonattainment and maintenance areas. 

Area Recent ozone-NOx-VOC chemistry (best estimate) 

St. Louis NOx-sensitive with transitional chemistry downtown 

Louisville NOx-sensitive with possible transitional chemistry downtown 

Cincinnati NOx-sensitive with transitional chemistry downtown 

Detroit NOx-sensitive with transitional chemistry downtown and to northeast 

Cleveland NOx-sensitive with transitional chemistry downtown and along lakeshore 

Chicago VOC-sensitive/transitional in the central 60 km or so; transitional/NOx-
sensitive beyond. 

WI 
Lakeshore 

NOx-sensitive with transitional chemistry in downtown Milwaukee & along 
the southern lakeshore 

Western MI NOx-sensitive 

 

2.6 Conclusions 

Temperature, relative humidity, and transport-related parameters have the greatest impact on 

monitored O3 concentrations in the LADCO region, with different factors being relatively more 

important in different parts of the region. Stagnation events can lead to particularly high levels 

of O3 in urban areas, and lake breeze events drive peak O3 levels around the Great Lakes, 

particularly around Lake Michigan. Transport of O3 plays some role around the whole region 

but is particularly important at sites around Lake Michigan in Wisconsin and Michigan. 

Overall, emissions estimates show large reductions in emissions of both O3 precursors, NOx and 

VOCs, over the last few decades. These inventories suggest that emissions will continue to 

decrease through at least 2028. Monitored concentrations of NO2 show similar magnitudes of 
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reductions as the emissions estimates but also suggest that reductions have been slowing in the 

last decade or so. Monitored VOC concentrations are sparse, but where available, they show 

concentration reductions of a smaller magnitude than the emissions estimates. VOC monitoring 

also suggests that concentrations of some types of VOCs in some areas have flattened out or 

may be increasing, in contrast to the emissions estimates. However, this may reflect the 

sparsity of measurements and of compounds measured. 

Another LADCO report and several published studies suggest that O3 formation in most of the 

region is NOx-sensitive, with the central parts of most urban areas being sensitive to both NOx 

and VOC emissions (i.e., having “transitional” chemistry). The Chicago area is the only area with 

residual VOC-sensitivity; much of central Chicago appears to be on the edge between VOC-

sensitive and transitional chemistry. All areas are becoming less VOC-sensitive and more NOx-

sensitive over time, meaning that O3 concentrations will become even more responsive to NOx 

emissions reductions. 
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3 Ozone concentrations and trends 

This section evaluates the distribution of high O3 concentrations around the LADCO region and 

how ambient O3 concentrations have changed over time. In particular, we examine how the O3 

formation drivers discussed in Section 2 contribute to the distribution and trends in O3 around 

the region. These drivers include meteorology, transport, O3 precursors (NOx and VOCs), and O3 

formation chemistry. We also apply two approaches to adjust these trends for meteorology to 

more clearly examine O3 trends in response to changes in emissions of VOCs and NOx. 

3.1 Distribution of ozone in the region 

Ozone design values violating the 2015 O3 NAAQS are found in two types of locations in the 

LADCO region: in large urban areas and along the Lake Michigan lakeshore (Figure 1.1 and 

Figure 1.2). These patterns exist because of the interplay of the different O3 formation drivers, 

particularly meteorology, transport, and concentrations of O3 precursors (see Section 2).  

High O3 levels in the large cities are primarily driven by the concentration of emissions sources 

of NOx and VOCs in these areas. These urban areas have their biggest O3 episodes under 

stagnant meteorological conditions when concentrations of O3 precursors can build up to high 

levels, fueling production of large amounts of O3. Within these urban areas, O3 concentrations 

may be lowest in the city centers due to the combination of high levels of NOx and NOx-

suppressed/VOC-sensitive O3 formation chemistry. VOC-sensitive urban cores were more 

common in past decades before environmental regulations decreased NOx emissions to their 

current levels. Today, Chicago is the only city in the LADCO region with a large VOC-sensitive 

area in the urban core. 

In contrast, the very high O3 levels frequently observed around Lake Michigan are due primarily 

to transport of O3 and O3 precursors from urban and industrial areas around Lake Michigan, 

most notably Chicago. Lakeshore monitors in Wisconsin and Michigan receive high levels of O3 

almost exclusively on southerly or southwesterly winds that traveled over the lake from the 

Chicago area. These high O3 concentrations are frequently carried onshore by lake breezes, 
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whose strength impacts how far inland this O3-rich air is carried. Lake breezes are particularly 

important along the Wisconsin lakeshore. 

3.2 Trends in monitored ozone concentrations 

Ozone concentrations have decreased over the last several decades, although at a slower rate 

than have emissions of O3 precursors. Figure 3.1 shows the trends in annual fourth high MDA8 

concentrations and O3 design values from 2005 to 2022 at long-running monitors in the LADCO 

region. Median fourth high MDA8 concentrations decreased by 18% during this time, and 

median O3 design values decreased by 16%, going from 79 ppb to 66 ppb. The largest 

reductions occurred during the first half of this time period, while O3 design values decreased 

only slowly during the second half. O3 design values were near their all-time lowest values in 

the most recent design value year. Despite these decreases, 25% of the monitors had 2020-

2022 design values that exceeded the level of the 2015 O3 NAAQS (70 ppb).  
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Figure 3.1. Trends in (top) annual fourth-high daily maximum 8-hour average (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the LADCO 
states.14 Long-running monitors are monitors that operated at least 14 years between 2005 
and 2022. 2022 data are preliminary. O3 design values are the three-year average of the 
fourth-high MDA8 values. 

                                                      
14 In boxplots, the central line goes through the median value, the box encloses the middle 50% of values, and the 
“whiskers” include most values. 
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Since attainment of the NAAQS is determined based on the highest monitored O3 

concentrations in an area, Figure 3.2 shows the trends at these “controlling” monitors in each 

area. This figure shows that O3 concentrations in the different areas often move in tandem, 

with all areas having particularly high concentrations in 2005 and 2012 (high average 

temperature years) and lower concentrations in 2009 and 2019 (low average temperature 

years). This figure shows that the relative severity of O3 violations has changed over this 18-year 

period. In the mid-2000s, Milwaukee and Chicago had some of the lowest O3 design values. 

However, by the early 2020s, design values in these areas were among the highest. In contrast, 

areas like Cincinnati and Columbus had among the highest design values in the mid-2000s and 

recently have had some of the lowest design values. Recent work by LADCO suggests that these 

differences are due in part to changes in O3 formation chemistry in urban areas and to the 

magnitude of O3 plumes over Lake Michigan (LADCO 2022b). O3 formation chemistry in areas 

like Cincinnati and Columbus has shifted to be primarily NOx-sensitive, leading to large 

reductions in O3 in response to the observed large reductions in NOx emissions and NO2 

concentrations. In contrast, much of Chicago remains VOC-sensitive, shifting towards 

transitional chemistry, making it less responsive to reductions in NOx emissions. In addition, as 

emissions of O3 precursors have decreased, concentrations in over-lake plumes have also 

decreased, meaning that these plumes can be exhausted before they travel all the way up the 

lakeshore. This appears to have led to greater reductions in O3 in locations farther north along 

the lake (such as Door County) than at locations such as Milwaukee. However, 2022 design 

values spiked at some northern lakeshore monitors, most notably at Michigan’s Muskegon 

monitor. The reason for these increases is unclear. As shown in Figure 1.1 and Figure 1.2, the 

highest design values in the LADCO region were around Lake Michigan for the 2020-2022 design 

value year, with the highest value in Muskegon. Detroit, Cleveland, and St. Louis also had design 

values that violated the 2015 O3 NAAQS, as did Toledo. All 2022 design values in Louisville and 

Cincinnati were attaining the 2015 O3 NAAQS. 
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Figure 3.2. Trends in (top) annual fourth-high daily maximum 8-hour average (MDA8) O3 
concentrations and (bottom) O3 design values at the controlling monitors in each 
nonattainment or maintenance area. Controlling monitors are the monitors with the highest 
value in each area in each year. 2022 data are preliminary. 

3.3 Meteorological adjustment of ozone trends 

As discussed in Section 2.1, meteorology plays a crucial role in driving O3 concentrations in a 

given year. As a result, interannual variability in meteorology creates variability in O3 

concentrations that can conceal long-term trends due to precursor emissions reductions. 

Several approaches have been used to attempt to minimize the impact of meteorologically 

driven variability on O3 concentrations to better examine emissions-driven trends. Figure 3.3 

shows meteorologically adjusted O3 trends from the U.S. EPA determined using a generalized 
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linear model (GLM) from 2000 to 2021. Examination of the adjusted 98th percentile trends, 

which are most comparable to annual fourth high values, shows large reductions in O3 in both 

areas. However, the 20-ppb reduction in the Central area (from 85 ppb to 65 ppb) was 

considerably larger than the 12-ppb reduction in the East North Central area (from 79 ppb to 67 

ppb). These results are generally consistent with those seen in Figure 3.2, which showed 

greater reductions in the southern areas such as Cincinnati and Columbus compared with more 

northern areas like Milwaukee and Chicago. The meteorologically adjusted trends show that 

the greatest reductions in O3 concentrations occurred during the 2000s and that O3 

concentrations appear to have decreased more slowly during the 2010s. This flattening out of 

O3 concentrations over time is apparent in both areas but is particularly pronounced in the East 

North Central region. This slowing in the reductions in high O3 concentrations has been widely 

observed15 and is apparent in the design value trends in the LADCO region (e.g., Figure 3.1 and 

Figure 3.2). This slowing trend in O3 reductions may result from the slower decreases in NO2 

concentrations evident from the monitoring data (e.g., Figure 2.26) and discussed in the 

scientific literature (Jiang et al., 2018), although not clear from the emissions inventories (e.g., 

Figure 2.20). It may also result from changing O3 formation chemistry, as discussed in LADCO’s 

report (LADCO 2022b). 

                                                      
15 See for example: https://www.epa.gov/air-trends/ozone-trends.  

https://www.epa.gov/air-trends/ozone-trends
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Figure 3.3. Meteorologically adjusted O3 concentrations in the (top) East North Central and 
(bottom) Central U.S. based on a generalized linear model (GLM) run by EPA.16 Mean, 90th 
percentile, and 98th percentile values are shown for the direct observations and after 
adjustment with the GLM. From https://www.epa.gov/air-trends/trends-ozone-adjusted-
weather-conditions. 

LADCO also conducted a Classification and Regression Tree (CART) analysis to examine O3 

trends on meteorologically similar days in different parts of the LADCO region (LADCO 2021). 

                                                      
16 The East North Central region includes MN, WI, MI, and IA, and the Central region includes IL, IN, OH, MO, KY, 
TN, and WV. 
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We conducted this analysis for all nonattainment and maintenance areas in the LADCO region. 

Figure 3.4 shows example plots for two of these areas. Trends for meteorologically similar days 

(“nodes”) with relatively high O3 concentration in almost all areas of the LADCO region 

resembled those shown for the Cleveland area. In these areas, mean O3 concentrations on high-

O3 days decreased from 2005 to 2020. The exception to this trend is the central Chicago area 

(Cook County, IL). In Cook County, mean O3 concentrations on most types of high-O3 days 

increased from 2005 to 2020. LADCO’s study of O3 formation chemistry suggests that these 

increases were due to changes in the O3 formation chemistry in the central Chicago region 

(LADCO 2022b). This area is VOC-sensitive, shifting to transitional chemistry, which means that 

O3 concentrations may increase in response to decreasing NOx concentrations as titration by 

NOx decreases. 
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Figure 3.4. Trends in average (mean) O3 in high-O3 nodes for monitors in (top) Cleveland and 
(bottom) Chicago’s Cook County, IL. Nodes are groups of days with similar meteorology, and 
high-O3 nodes are those with mean O3 concentrations over 50 ppb. 

3.4 Conclusions: The roles of meteorology, transport, precursor levels, 

and chemistry in creating ozone patterns and trends 

Monitored O3 concentrations have decreased in the LADCO region since the early 2000s in 

response to decreasing emissions and concentrations of NOx and VOCs, however these O3 

reductions are of a smaller magnitude than those of the O3 precursors. Meteorological 

adjustment of O3 trends clearly shows that these reductions have slowed in the last decade. 

This slowdown in O3 concentration reductions may have occurred in response to slowing in 

reductions of O3 precursors, as discussed above. 
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Overall, the meteorology on individual days is the major driver of day-to-day variability in O3 

concentrations. Transport of O3 and O3 precursors, along with the location of emissions 

sources, drive the geographic distribution of O3. Emission sources of NOx and VOCs are largely 

concentrated in cities, leading to elevated O3 concentrations close to the urban cores. 

Additionally, transport of O3 and O3 precursors from urban areas over the Lakes Michigan and 

Erie followed by an onshore lake breeze lead to the high concentrations of O3 along these 

lakeshores. Long-term trends in O3 concentrations are primarily driven by a combination of 

emissions and O3 formation chemistry. Over the past decades, reductions in NOx and VOC 

emissions have generally led to reductions in O3 concentrations. However, the O3 formation 

chemistry modulates these changes, leading to steeper or slower decreases or even 

concentration increases under VOC-sensitive-to-transitional chemical regimes. In addition to 

these factors, climate change likely is impacting or will impact trends in O3 concentrations (e.g., 

Fiore et al., 2015), most likely increasing O3 concentrations as temperatures increase. 
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4 Synthesis: Conceptual models of O3 formation in each 

nonattainment or maintenance area 

In this section, we synthesize the information presented above to create conceptual models for 

O3 formation in each nonattainment or maintenance area in the LADCO region17. In some cases, 

we reference figures presented earlier in the document. In other cases, we either combine 

different figures from above to create one figure for the area or present new figures. These 

conceptual models should be appropriate for states to use in state implementation plan 

documents. 

4.1 Conceptual model for the Chicago area 

The Chicago area encompasses all or part of 8 counties in Illinois, parts of two counties in 

Indiana, and part of one county in Wisconsin (Figure 1.2). The area is currently designated 

moderate nonattainment for the 2015 O3 NAAQS (87 FR 60897) and was recently redesignated 

to attainment/maintenance status for the 2008 O3 NAAQS (87 FR 30828).  

4.1.1 Meteorology and Transport 

The primary meteorological factors driving O3 formation in most of the Chicago area are the 

maximum temperature during the day or afternoon and the average midday relative humidity 

(Figure 2.2). This finding is based on independent analyses by the U.S. EPA using a generalized 

linear model (GLM) and by LADCO using a classification and regression tree (CART) analysis. 

Midday dewpoint and southerly transport are also important at the northern sites in the area. 

The Chicago area is impacted by both stagnation-driven O3 events (e.g., Figure 2.3) and events 

driven by lake impacts, particularly lake breeze events (e.g., Figure 2.4). Lake breeze events 

tend to have the greatest impact at lakeshore monitors. The synoptic weather systems affecting 

this area on O3 episode days are dominated by dry and moist tropical systems; dry moderate 

                                                      
17 The exception is the Columbus, Ohio maintenance area, which was redesignated to attainment/maintenance in 
2019 (84 FR 43508), a year after being designated nonattainment. O3 design values in this area have been 
consistently well below the level of the 2015 O3 NAAQS, so we do not consider it in depth in this report. 
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and moist tropical plus synoptic systems are also associated with some high O3 events (Figure 

2.5). 

Lake breezes play a large role on O3 episode days in the Chicago area, particularly at lakeshore 

monitors. Such events are crucial in driving high O3 at the northern monitors of Chiwaukee 

Prairie, WI, and Zion, IL. The Chiwaukee Prairie monitor in particular almost always has south-

southeasterly winds from over the lake during high-O3 hours (Figure 2.8). On these lake breeze 

days, the winds shift from offshore to onshore (from the SSE at Chiwaukee), often accompanied 

by a drop in temperature (Figure 2.7). A convergence front is often visible onshore in the 

satellite, radar, and from model winds, which also show divergence over the lake. 

Southerly transport of O3 and O3 precursors is an important factor at monitors on the northern 

side of the nonattainment area, particularly at the Chiwaukee Prairie and Zion monitors. 

LADCO’s CART analysis indicates that southerly transport is the second most important factor 

driving high O3 at these sites (Figure 2.2); only temperature is more important. Transport from 

metropolitan Chicago is particularly important, as indicated by a number of lines of evidence. 

The highest-O3 monitors in the Chicago nonattainment area have consistently been to the north 

of the city, with the Chiwaukee monitor in far southeastern Wisconsin being the controlling 

monitor in most recent years. Figure 4.1 shows that Chiwaukee only receives high-O3 air when 

winds are from the south-southeast, which corresponds to transport from the Chicago area 

over Lake Michigan. The lowest-level trajectories (red, ending at 100 m) support this finding, 

showing that these air masses passed over the Chicago area before traveling over the lake and 

then onshore at Chiwaukee on O3 exceedance days. Geographic source apportionment 

modeling indicates that most of the anthropogenic contributions to these northern monitors 

came from the Chicago Metro/Suburbs area (Figure 2.19); only a small portion came from 

Wisconsin sources. 
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Figure 4.1. (Left) Pollution roses for hours with O3 greater than 70 ppb from 2017 to 2021 and 
(right) 24-hour back-trajectories from the HYSPLIT model for exceedance days in 2014 to 2016 
for two monitors in the Chicago nonattainment area.9 The locations of the two monitors with 
pollution roses are circled in black on the map. The back trajectories end at 100, 500, and 
1000 m, as labeled, and come from EPA’s TSD for designations for the 2015 O3 NAAQS: 
https://www.epa.gov/sites/default/files/2018-05/documents/il_in_wi_chicago_final.pdf. 

In contrast to the northernmost monitors, transport is relatively less important at the central 

Chicago monitors, although lake breeze patterns are important, particularly for lakeshore 

monitors. The Northbrook monitor has winds coming from over the lake carrying Chicago 

emissions during most high-O3 hours, in this case, from a more easterly direction than at 

Chiwaukee (Figure 4.1). The incremental probability analysis for Chicago (Figure 2.18) relied 

upon trajectories starting at the Evanston monitor on the north side of Chicago near 

Northbrook. O3-rich air masses reaching this monitor primarily passed over an area to the 

southeast centered on Indiana. However, these air masses would likely travel over downtown 

Chicago to reach the Evanston monitor, so the contributing emissions may have originated 

closer to the monitor than suggested by this figure. Source apportionment modeling at central 

Chicago monitors indicates primarily local emissions sources from the Chicago Metro/Suburbs 

area (Figure 2.19, see the Chi_SWFP and Northbrk monitors). The primary contributors to 

Indiana’s Ogden Dunes monitor were local sources from northern Indiana, followed by 

https://www.epa.gov/sites/default/files/2018-05/documents/il_in_wi_chicago_final.pdf
https://www.epa.gov/sites/default/files/2018-05/documents/il_in_wi_chicago_final.pdf
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contributions from the Chicago Metro/Suburbs (Figure 2.19). This suggests that transport from 

central Chicago is important in this area as well, but that more local emissions are also 

important. 

Taken together, these results suggest that the high O3 in the central Chicago area primarily 

comes from O3 precursor emissions within the Chicago area. However, it is clear that sites in 

the northern parts of the area rely upon southerly transport from central Chicago to deliver the 

highest concentrations of O3. 

4.1.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Illinois, 

Indiana, and Wisconsin. From 2002 to 2020, NOx emissions from Illinois sources decreased by 

71% (Figure 2.20), and VOC emissions decreased by 53% (Figure 2.21). Emissions from Indiana 

and Wisconsin sources decreased by similar amounts. Emissions of NOx and anthropogenic 

VOCs for these states were concentrated in the urban areas, with the greatest emissions from 

the Chicago area and smaller amounts from the smaller cities (Figure 2.23). Biogenic VOC 

emissions were fairly low in the Chicago area, with greater emissions in southern parts of 

Illinois and Indiana and northern Wisconsin (not shown). Emissions in all three states are 

projected to continue to decrease through at least 2028, although at slower rates than in the 

past (Figure 2.24 and Figure 2.25). 

Monitored concentrations of O3 precursors have also generally decreased over the last few 

decades in Chicago (Figure 4.2). Monitored NO2 concentrations decreased most years from 

1995 through 2021, with the biggest decreases in the mid- to late-2000s. NO2 concentrations 

appear to be continuing to decrease, although the rate of the drop may be slowing. Trends in 

anthropogenic hydrocarbons18 are less clear than those of NO2. Anthropogenic hydrocarbon 

concentrations decreased during the 1990s to early 2000s (Figure 4.2). However, these 

                                                      
18 As discussed in Section 2.4, we averaged the hydrocarbon concentrations together over a 5-year period to 
account for the sparsity of data caused by the sporadic sampling (generally only 1 in 6 days during June through 
August). Note also that different monitors measured different numbers of compounds, making it harder to 
compare between monitors and sometimes between years. 
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concentrations have mostly been stable, with occasional increases or decreases, since then. 

Concentrations of isoprene, a biogenic hydrocarbon, have been mostly flat with some variability 

over the last 30 years. Concentrations seem to have increased slightly since the 2000s; this is 

likely due to natural variability, but it could also indicate increased biogenic emissions due to 

increasing temperatures.  Similar to anthropogenic hydrocarbons, concentrations of carbonyls 

decreased in the 1990s to the 2000s. However, these compounds have been increasing since 

the 2000s, possibly due to increased secondary formation of these compounds.19 

The trends in monitored NO2 concentrations agrees relatively well with the changes in 

emissions of NOx. However, the flat-to-increasing trends in monitored anthropogenic VOC 

concentrations sharply contrast with the continuous downward trends in the VOC emissions. 

Possible explanations for this mismatch are discussed in Section 2.4. 

                                                      
19 The two carbonyl compounds measured here are formaldehyde and acetaldehyde. We did not include acetone 
in these numbers because of its variety of sources in the atmosphere. 
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Figure 4.2. Trends in mean summertime (top left) NO2, (top right) hydrocarbons (excluding 
isoprene), (bottom left) isoprene, and (bottom right) carbonyls at monitors in the Chicago 
nonattainment area. Values are the annual mean of daily mean values for NO2 and the 5-year 
mean of daily mean values for the other compounds, in ppb. Only monitors that operated at 
least five years are shown. NO2 values for near-road monitors are shown as dashed lines; all 
other monitors are shown as solid lines. For the hydrocarbons and carbonyls, the thickness of 
the lines and points indicates the number of compounds measured in that set of years; very 
thin lines connect points with different numbers of compounds. 

4.1.3 Ozone formation chemistry 

O3 formation in the central 60 km of the Chicago area appears to have VOC-sensitive to 

transitional chemistry (Table 2.1, LADCO 2022b). This means that O3 concentrations will 

decrease in response to decreasing VOCs but may increase as NOx concentrations decrease. 

However, the chemistry in this area appears to be shifting away from VOC sensitivity and 

towards transitional and eventually NOx-sensitive chemistry. As a result, we anticipate that O3 

concentrations will soon peak and start to decline in response to both NOx and VOC emissions 
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reductions. In the areas outside central Chicago, O3 formation appears to have a mix of 

transitional and NOx-sensitive chemistry and be shifting towards more NOx-sensitive over time. 

4.1.4 Trends in ozone concentrations 

The highest O3 concentrations in the Chicago nonattainment area have consistently been at 

monitors on the northern edge of the metropolitan area. In particular, Wisconsin’s Chiwaukee 

Prairie monitor, located very close to the lakeshore just over the Wisconsin-Illinois border, has 

had the highest design value in almost all years over the last two decades. O3 design values at 

this peak monitor have remained fairly steady to slightly decreasing since the late 2000s, with 

some variability (Figure 4.3). During this time, concentrations at the lower-O3 monitors in Cook 

County have increased. This counterintuitive response occurred as a result of decreased 

suppression of O3 formation (due to titration and other factors) at these central monitors as 

NOx concentrations decreased. As a result, in the last five years, the design values at monitors 

on the northern and southern lakeshore edges of Cook County have been converging on the 

values at Chiwaukee Prairie (Figure 4.3). In particular, the design value at the Northbrook 

monitor on the northeastern edge of Cook County was the highest in the whole area in 2020. A 

separate analysis by LADCO shows that O3 on O3-conducive days has been decreasing along the 

northern edge of the nonattainment area and along the Indiana lakeshore but increasing in 

Cook County (Figure 4.4, LADCO, 2021). It appears that the areas of peak O3 concentrations are 

moving closer to the city center in Chicago, as they have in other parts of the region (LADCO, 

2022b). 
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Figure 4.3. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the Chicago 
nonattainment area. Pale gray lines are the values at individual monitors, the dark gray line 
shows the mean value, and the blue line shows the maximum value in the area. Long-running 
monitors are monitors that operated at least 14 years between 2005 and 2022. 2022 data are 
preliminary. O3 design values are the three-year average of the fourth-high MDA8 values. 

4.1.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of hot temperatures, low relative humidity, and southerly 

transport at northern monitors. However, the long-term O3 trends result primarily from 

changes in O3 precursor emissions and concentrations, as mediated by the local O3 formation 

chemistry regime. As NOx emissions decrease, there is less suppression of O3 formation by NOx 

in the city center where VOC-sensitive conditions prevail, which leads to increased O3 

concentrations. In contrast, concentrations are still decreasing, if slowly, at areas with 

transitional to NOx-sensitive chemistry. As a result, it appears likely that peak O3 concentrations 

will soon occur closer to the city center rather than at the northern edge of the nonattainment 

area. Eventually, O3 concentrations throughout the area should begin to decrease as the O3 

formation chemistry shifts towards NOx sensitivity. 
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Figure 4.4. Trends in average (mean) O3 in high-O3 nodes for monitors in (top) Chicago’s 
Kenosha (WI) and Lake (IL) counties and (bottom) Chicago’s Cook County, IL. Nodes are 
groups of days with similar meteorology, and high-O3 nodes are those with mean O3 
concentrations over 50 ppb. See LADCO (2021) for more details. 
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4.2 Conceptual model for the Detroit area 

The Detroit area encompasses 7 counties in southeast Michigan (Figure 1.2). The area is 

currently designated marginal nonattainment for the 2015 O3 NAAQS. U.S. EPA recently 

proposed a Clean Data Determination for the Detroit area (88 FR 7382). U.S. EPA had previously 

proposed to reclassify the Detroit area to moderate nonattainment status for this standard in 

April 2022 (87 FR 21842). However, when U.S. EPA finalized other reclassifications, they stated 

that they would act on the Detroit reclassification in a separate action (87 FR 60897).  

4.2.1 Meteorology and Transport 

The primary meteorological factor driving O3 formation throughout the Detroit area is the 

maximum temperature during the day or afternoon (Figure 2.2). This finding is based on 

independent analyses by the U.S. EPA using a generalized linear model (GLM) and by LADCO 

using a classification and regression tree (CART) analysis. The U.S. EPA’s GLM analysis suggested 

that the midday dewpoint was the second-most important factor, whereas LADCO’s CART 

analysis indicated that the southerly component of afternoon winds was the next-most 

important factor. The Detroit area is primarily impacted by stagnation-driven O3 events (e.g., 

Figure 2.3), although lake breezes also influence O3. Dry moderate synoptic weather systems 

are the most important on O3 episode days; dry tropical and moist tropical synoptic systems are 

also associated with high O3 events in this area (Figure 2.5). 

Lake breezes play a role on O3 episode days in the Detroit area. However, their influence varies 

around the Detroit area due to the complex geography (see Section 2.1.3). Lake breezes seem 

to have the greatest influence at the Allen Park monitor to the south of central Detroit, which is 

impacted by lake breezes coming from Lake Erie. On many high-O3 days, winds were influenced 

by the presence of the lakes, but true lake breeze circulation patterns did not appear to have 

developed. 

The Detroit area pollution roses show that winds and transport came from the south during 

peak O3 hours (Figure 4.5). LADCO’s CART analysis found that afternoon southerly winds were 

the second most important factor driving high O3 concentrations (Figure 2.2). The HYSPLIT back-
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trajectories ending at 100 m (shown in red) for the Port Huron monitor generally passed over 

Lake Erie, near Detroit, and over Lake St. Clair before reaching the monitor. The 100-m back-

trajectories for the E 7 Mile monitor generally passed over Detroit and many passed over 

western Lake Erie. Overall, southerly transport clearly plays the largest role in delivering high-O3 

air to the Detroit area monitors, although this southerly transport likely carries emissions from 

Detroit as well as more distant areas. The incremental probability analysis was run for monitors 

in Detroit as well as Toledo, OH and Cleveland, OH, so the results reflect transport to all of 

these monitors. The area of greatest incremental probability of high ozone includes parts of the 

Detroit area and much of Ohio (Figure 2.18). Source apportionment modeling shows that the 

largest geographic contribution comes from Michigan sources, and sources in the Detroit metro 

area in particular (Figure 2.19). Ohio sources were also important but contributed much less O3 

than did local Detroit or Michigan sources. Overall, it seems that most of the O3 in the Detroit 

region derived from local sources, although southerly winds were required to transport O3 

locally to monitors on the northern side of the area. The southern Allen Park monitor received 

relatively more emissions from Ohio sources due to the importance of transport from over Lake 

Erie. These results confirm the importance of stagnation events, which allow local emissions to 

build up to high levels, in this area. 
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Figure 4.5. (Left) Pollution roses for hours with O3 greater than 70 ppb from 2017 to 2021 and 
(right) 24-hour back-trajectories from the HYSPLIT model for exceedance days in 2014 to 2016 
for two monitors in the Detroit nonattainment area.9 The locations of the monitors with 
pollution roses are circled in black on the map. The back trajectories end at 100, 500, and 
1000 m, as labeled, and come from EPA’s TSD for designations for the 2015 O3 NAAQS: 
https://www.epa.gov/sites/default/files/2018-05/documents/mi_tsd_final_0.pdf. 

4.2.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Michigan and 

neighboring states. From 2002 to 2020, NOx emissions from Michigan sources decreased by 

74% (Figure 2.20), and VOC emissions decreased by 64% (Figure 2.21). Emissions of NOx and 

anthropogenic VOCs for Michigan were concentrated in the urban areas, with the greatest 

emissions from the Detroit area and smaller amounts from the smaller cities (Figure 2.23). 

Biogenic VOC emissions were fairly low in the Detroit area, with greater emissions from the 

forested areas to the northwest (Figure 2.23). Emissions of both NOx and VOCs are projected to 

continue to decrease in Michigan through at least 2028, although at slower rates than in the 

past (Figure 2.24 and Figure 2.25). 

Monitored concentrations of O3 precursors have also generally decreased over the last few 

decades in Detroit (Figure 4.6). Monitored NO2 concentrations decreased most years from 1995 

https://www.epa.gov/sites/default/files/2018-05/documents/mi_tsd_final_0.pdf
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through 2021, with the biggest decreases in the mid- to late-2000s. NO2 concentrations appear 

to be continuing to decrease, although the rate of the drop may be slowing. Trends in 

anthropogenic hydrocarbons18 are less clear than those of NO2, in part because no monitors 

have measured a complete suite of compounds for the last decade. Anthropogenic 

hydrocarbon concentrations decreased during the late 1990s to late 2000s at the one monitor 

measuring more than a few compounds (Figure 4.6). However, since then, the monitors only 

measured a small number of hydrocarbons. Concentrations of these compounds appeared 

roughly stable from the late 2000s to the early 2010s and then decreased slightly to the late 

2010s. Concentrations of isoprene, a biogenic hydrocarbon, were mostly flat with some 

variability in the late 1990s and 2000s but have not been measured since. Similar to 

anthropogenic hydrocarbons, concentrations of carbonyls decreased from the 1990s to the late 

2000s. However, these compounds have been increasing since the late 2000s, possibly due to 

increased secondary formation of these compounds.19 

The trends in monitored NO2 concentrations agrees relatively well with the changes in 

emissions of NOx. However, the flat-to-increasing trends in monitored anthropogenic VOC 

concentrations sharply contrast with the continuous downward trends in the VOC emissions. 

Possible explanations for this mismatch are discussed in Section 2.4. 
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Figure 4.6. Trends in mean summertime (top left) NO2, (top right) hydrocarbons (excluding 
isoprene), (bottom left) isoprene, and (bottom right) carbonyls at monitors in the Detroit 
nonattainment area. Values are the annual mean of daily mean values for NO2 and the 5-year 
mean of daily mean values for the other compounds, in ppb. Only monitors that operated at 
least five years are shown. NO2 values for near-road monitors are shown as dashed lines; all 
other monitors are shown as solid lines. For the hydrocarbons and carbonyls, the thickness of 
the lines and points indicates the number of compounds measured in that set of years; very 
thin lines connect points with different numbers of compounds. 

4.2.3 Ozone formation chemistry 

O3 formation in the Detroit area appears to be primarily NOx-sensitive with transitional 

chemistry in downtown Detroit and to the northeast of downtown (Table 2.1, LADCO 2022b). 

This means that O3 concentrations will respond best to reductions in NOx emissions, but 

combined NOx and VOC emissions reductions will be most effective in the downtown area. The 

chemistry in this area appears to be shifting away from VOC-sensitive chemistry towards more 
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NOx-sensitive chemistry, meaning that NOx emissions reductions will become even more 

effective in the future.  

4.2.4 Trends in ozone concentrations 

The highest O3 concentrations in the Detroit nonattainment area have consistently been at 

monitors to the northeast of downtown (Figure 1.2). In the 1990s, peak O3 concentrations were 

located to the north of Lake St. Clair (LADCO, 2022b), but more recently, these peak 

concentrations have been found closer to downtown. It appears that the areas of peak O3 

concentrations are moving closer to the city center in Detroit, as they have in other parts of the 

region (LADCO, 2022b). O3 design values at the peak monitors have decreased consistently 

since 2005, with the largest decreases before 2015 and somewhat slower reductions since then 

(Figure 4.7). The peak O3 design value was the lowest of this period in 2021, when the area 

attained the 2015 O3 NAAQS. The Detroit E 7 Mile monitor was just barely above this NAAQS in 

2022, with a draft design value of 71 ppb. The spread in the design values among the monitors 

has decreased dramatically since the mid-2000s, from 15 ppb in 2005 to just 3 ppb in 2022 

(Figure 4.7). This occurred because concentrations at lower-O3 monitors have decreased less 

than the high-O3 monitors and have even increased in some cases. A separate analysis by 

LADCO shows that O3 on O3-conducive days has been decreasing (Figure 4.8, LADCO, 2021).  
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Figure 4.7. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the Detroit 
nonattainment area. Pale gray lines are the values at individual monitors, the dark gray line 
shows the mean value, and the blue line shows the maximum value in the area. Long-running 
monitors are monitors that operated at least 14 years between 2005 and 2022. 2022 data are 
preliminary. O3 design values are the three-year average of the fourth-high MDA8 values. 
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Figure 4.8. Trends in average (mean) O3 in high-O3 nodes for monitors in the Detroit 
nonattainment area. Nodes are groups of days with similar meteorology, and high-O3 nodes 
are those with mean O3 concentrations over 50 ppb. See LADCO (2021) for more details. 

4.2.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of hot temperatures, low dew points, and southerly transport. 

However, the long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Since the area has 

NOx-sensitive or transitional chemistry, O3 concentrations have decreased primarily in response 

to reductions in NOx emissions, although the VOC emissions reductions have likely also 

contributed. Given the NOx-sensitive or transitional chemistry and the projected continued 

reductions in NOx emissions, O3 concentrations and design values in the Detroit area should 

continue to decrease in the future. 
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4.3 Conceptual model for the Cleveland area 

The Cleveland area encompasses 7 counties in northeastern Ohio. The area is currently 

designated moderate nonattainment for the 2015 O3 NAAQS (87 FR 60897).  

4.3.1 Meteorology and Transport 

The primary meteorological factors driving O3 formation throughout the Cleveland area were 

the maximum temperature during the day or afternoon and the midday dew point or relative 

humidity (Figure 2.2). This finding was based on independent analyses by the U.S. EPA using a 

generalized linear model (GLM) and by LADCO using a classification and regression tree (CART) 

analysis. The Cleveland area is primarily impacted by stagnation-driven O3 events (e.g., Figure 

2.3), although lake breezes also influence O3. Dry tropical synoptic weather systems are the 

most important on O3 episode days; moist tropical and dry moderate synoptic systems are also 

associated with high O3 in this region (Figure 2.5). 

Lake breezes play a role on some O3 episode days in the Cleveland area. Lake breezes arrive 

from either the west-northwest or the north to northeast (Figure 2.11). Unlike in the Lake 

Michigan area, many O3 episodes are driven by synoptic winds rather than by lake breezes. On 

these days, the synoptic winds may come from the southwest, the west, or the northwest (see 

Section 2.1.3).  

HYSPLIT back-trajectories model that winds reaching Cleveland’s Eastlake monitor on high-O3 

days generally came from over land to the southwest (Figure 2.17). On several days, O3-rich air 

arrived from over the lake to the west or northwest. Monitored winds at the nearby Cleveland 

Burke Lakefront airport during high-O3 hours at the Eastlake monitor primarily arrived from 

over the lake to the west-northwest to north. These discrepancies may have resulted because 

the coarse grid cells used for the HYSPLIT modeling make it difficult for the model to capture 

lake breeze impacts. The differences may also reflect the different locations of the wind 

monitoring (at the airport) and the HYSPLIT endpoints (at the Eastlake monitor); these different 

locations may be impacted by winds from different directions. The incremental probability 

analysis suggests that transport to Cleveland monitors comes from the Cleveland area and 
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areas farther south (Figure 2.18). Source apportionment modeling supports this conclusion, 

finding that Ohio sources were the largest contributors to high O3 in this area, with the 

contributions from the Cleveland area being about twice as large as the contributions from 

other parts of Ohio (Figure 2.19). Overall, the modeling suggests that local emissions are the 

greatest contributors to high O3 at the Cleveland monitors. These results confirm the 

importance of stagnation events, which allow local emissions to build up to high levels, in this 

area. The ground-based monitoring suggests that transport from over the lake may also be 

important.  

4.3.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Ohio and 

neighboring states. From 2002 to 2020, NOx emissions from Ohio sources decreased by 76% 

(Figure 2.20), and VOC emissions decreased by 54% (Figure 2.21). Emissions of NOx and 

anthropogenic VOCs for Ohio were concentrated in the urban areas, with the greatest 

emissions from the largest cities (Cleveland, Columbus, and Cincinnati-Dayton; Figure 2.23). 

Biogenic VOC emissions were fairly low in the Cleveland area, with greater emissions from the 

forested areas to the south (Figure 2.23). Emissions of both NOx and VOCs are projected to 

continue to decrease in Ohio through at least 2028, although at slower rates than in the past 

(Figure 2.24 and Figure 2.25). 

Monitored concentrations of O3 precursors have also generally decreased over the last few 

decades in Cleveland (Figure 4.9). Monitored NO2 concentrations decreased most years from 

1995 through 2021, with the biggest decreases in the mid- to late-2000s. NO2 concentrations 

appear to be continuing to decrease, although the rate of the drop may be slowing. These 

trends in monitored NO2 concentrations agree relatively well with the changes in emissions of 

NOx. Trends in anthropogenic hydrocarbons18 are less clear than those of NO2, in part because 

no monitors have long-term records and the monitors haven’t measured a complete suite of 

compounds. The studied anthropogenic hydrocarbons decreased in concentration at two 

monitors from the late 2000s to the early 2010s, and concentrations were steady at two 

monitors from the early to the late 2010s (Figure 4.9). However, given the patchy record, it is 
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hard to draw conclusions about hydrocarbon trends in this area. Unfortunately, there are no 

long-term records of the biogenic hydrocarbon isoprene or of carbonyls in this area. 

 

Figure 4.9. Trends in mean summertime (left) NO2 and (right) hydrocarbons (excluding 
isoprene) at monitors in the Cleveland nonattainment area. Values are the annual mean of 
daily mean values for NO2 and the 5-year mean of daily mean values for the other 
compounds, in ppb. Only monitors that operated at least five years are shown. NO2 values for 
near-road monitors are shown as dashed lines; all other monitors are shown as solid lines. 
For the hydrocarbons, the thickness of the lines and points indicates the number of 
compounds measured in that set of years; very thin lines connect points with different 
numbers of compounds. There were no data on isoprene or carbonyls. 

4.3.3 Ozone formation chemistry 

O3 formation in the Cleveland area appears to have be primarily NOx-sensitive with transitional 

chemistry in downtown Cleveland and to the northeast along the lakeshore (Table 2.1, LADCO 

2022b). This means that O3 concentrations will respond best to reductions in NOx emissions, 

but combined NOx and VOC emissions reductions will be most effective in the downtown and 

lakeshore areas. The chemistry in this area appears to be shifting away from VOC-sensitive 

chemistry towards more NOx-sensitive chemistry, meaning that NOx emissions reductions will 

become even more effective in the future.  

4.3.4 Trends in ozone concentrations 

The highest O3 concentrations in the Cleveland nonattainment area have consistently been at 

monitors to the northeast of downtown along the lakeshore, with the highest concentrations 
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generally at the Eastlake monitor (Figure 1.2). O3 design values at the peak monitors decreased 

from at least the mid-2000s through the mid-2010s and have remained steady since then 

(Figure 4.10). Unlike in Chicago and Detroit, the spread in monitored concentrations has 

remained wide and may have even increased over time. Relatedly, the design values at the 

lowest-concentration monitors has been roughly steady since the mid-2010s, with the design 

value at the lowest-O3 monitor decreasing in 2021 and 2022. A separate analysis by LADCO 

shows that O3 on O3-conducive days has been decreasing (Figure 4.11, LADCO, 2021).  

 

Figure 4.10. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the Cleveland 
nonattainment area. Pale gray lines are the values at individual monitors, the dark gray line 
shows the mean value, and the blue line shows the maximum value in the area. Long-running 
monitors are monitors that operated at least 14 years between 2005 and 2022. 2022 data are 
preliminary. O3 design values are the three-year average of the fourth-high MDA8 values. 
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Figure 4.11. Trends in average (mean) O3 in high-O3 nodes for monitors in the Cleveland 
nonattainment area. Nodes are groups of days with similar meteorology, and high-O3 nodes 
are those with mean O3 concentrations over 50 ppb. See LADCO (2021) for more details. 

4.3.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of hot temperatures and low dew points and relative humidity. 

However, the long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Since the area has 

NOx-sensitive or transitional chemistry, O3 concentrations decreased primarily in response to 

reductions in NOx emissions, although the VOC emissions reductions have likely also 

contributed. However, it is harder to explain the flat trend in O3 design values since the mid-

2010s given that we believe that both NOx and VOC emissions decreased during this time. This 

trend could result from changes in meteorology, either due to natural variability or to climate 

change. Increasing temperatures or changes in other meteorological parameters could increase 

the number and severity of O3-conducive days. Given the NOx-sensitive or transitional 

chemistry and the projected continued reductions in NOx emissions, we would anticipate that 

O3 concentrations and design values in the Cleveland area should continue to decrease in the 
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future. However, if the flattening out of O3 design values is due to climate change, this factor 

may counter the anticipated reductions due to emissions reductions. 

4.4 Conceptual model for the St. Louis area 

The St. Louis area encompasses all or part of four counties and St. Louis city in Missouri and 

three counties in Illinois (Figure 1.2). The area is currently designated moderate nonattainment 

for the 2015 O3 NAAQS (87 FR 60897).  

4.4.1 Meteorology and Transport 

The primary meteorological factor driving O3 formation throughout the St. Louis area was the 

midday relative humidity at most monitors (Figure 2.2). This finding was based on independent 

analyses by the U.S. EPA using a generalized linear model (GLM) and by LADCO using a 

classification and regression tree (CART) analysis. Both analyses found that maximum daily or 

afternoon temperature was also important, and EPA’s analysis found that midday dew point, 

transport distance, transport direction, and afternoon wind direction also played a role. The St. 

Louis area is primarily impacted by stagnation-driven O3 events (e.g., Figure 2.3). Moist tropical 

synoptic weather systems are the most important on O3 episode days, dry moderate and dry 

tropical systems are also associated with high O3 in this region (Figure 2.5). 

St. Louis’s West Alton monitor shows a strong prevalence of southeasterly winds during high-O3 

hours (Figure 4.12) based on the monitored winds. HYSPLIT back-trajectories also show a strong 

flow pattern on high O3 days but the winds come from the south rather than the southeast. The 

West Alton monitor is located roughly 30 km straight north of downtown St. Louis. The 

dominance of southeasterly winds during high-O3 hours suggests emissions from East St. Louis 

may be an important source.  Ground winds at St. Louis’s central Blair Street monitor show a 

somewhat broader range of values during high-O3 hours, with the greatest prevalence still 

coming from the southeast, also towards East St. Louis (Figure 4.12). The Arnold West monitor 

southwest of downtown receives O3-rich air from a wide range of directions, all with an easterly 

component, with the greatest contribution from the east-northeast, which points south of East 

St. Louis. All of these together suggest possible large contributions from sources southeast of 
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downtown St. Louis, possibly in the East St. Louis area or potentially transported from farther 

away. The incremental probability plot shows that high-O3 air masses reaching the East St. Louis 

monitors were most likely to pass over areas near the city stretching from the southwest to the 

southeast and east (Figure 2.18). The highest probability was located to the southeast of the 

city, from the same direction as the dominant winds in the pollution roses shown and discussed 

above. The area of greatest incremental probability seems to follow the Ohio River, suggesting 

that NOx emissions from the large power plants in this area may be important contributors to 

O3 in the St. Louis area. However, the source apportionment modeling shows Missouri20 as the 

greatest source of O3 to St. Louis area monitors, with Illinois, particularly East St. Louis, as the 

second most important source (Figure 2.19). Sources in Indiana and Kentucky are only minor 

contributors. This argues against Ohio River Valley sources as major contributors to St. Louis 

monitors. It appears most likely that local emissions are the greatest contributors to O3 in the 

St. Louis area. The pollution roses suggest that emissions from the East St. Louis area may be 

more important than estimated by the model, although this remains highly uncertain. These 

findings confirm the importance of stagnation events, which allow local emissions to build up to 

high levels, on O3 events in this area. 

                                                      
20 Missouri was modeled as a whole state, without isolating the influence of St. Louis in its own. 



 

 

  99 
 

 

Figure 4.12. Pollution roses for St. Louis area monitors with wind data with a map showing 
the location of the monitors.  

4.4.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Missouri and 

Illinois. From 2002 to 2020, NOx emissions from Missouri and Illinois sources decreased by 62% 

and 71%, respectively (Figure 2.20), and VOC emissions decreased by 56% and 53%, 

respectively (Figure 2.21). Emissions of NOx and anthropogenic VOCs in the states were 

concentrated in the urban areas, including St. Louis (Figure 2.23). Biogenic VOC emissions were 

very high to the southwest and south of St. Louis (Figure 2.23). Emissions of both NOx and VOCs 
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are projected to continue to decrease in the states through at least 2028, although at slower 

rates than in the past (Figure 2.24 and Figure 2.25). 

Monitored concentrations of O3 precursors have also generally decreased over the last few 

decades in St. Louis (Figure 4.13). Monitored NO2 concentrations decreased during most of the 

time period from 1995 through 2021, however, the rate of the drop appears to have slowed in 

the last decade. The trends in monitored NO2 concentrations agrees relatively well with the 

changes in emissions of NOx. There are unfortunately no continuous, long-term records of 

complete suites of anthropogenic hydrocarbons18. Based on one incomplete record in central 

St. Louis, anthropogenic hydrocarbon concentrations decreased during the 2000s and have 

been flat to slightly decreasing since then (Figure 4.13). The record of carbonyls is similarly 

patchy. The one monitor with a long-term record, located in central St. Louis, found that 

carbonyls have been decreasing since the early 2000s.19 

4.4.3 Ozone formation chemistry 

O3 formation in the St. Louis area appears to be primarily NOx-sensitive with transitional 

chemistry in downtown St. Louis (Table 2.1, LADCO 2022b). This means that O3 concentrations 

will respond best to reductions in NOx emissions, but combined NOx and VOC emissions 

reductions will be most effective in the downtown area. The chemistry in this area appears to 

be shifting away from VOC-sensitive chemistry towards more NOx-sensitive chemistry, meaning 

that NOx emissions reductions will become even more effective in the future.  
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Figure 4.13. Trends in mean summertime (top left) NO2, (top right) hydrocarbons (excluding 
isoprene), and (bottom left) carbonyls at monitors in the St. Louis nonattainment area. 
Values are the annual mean of daily mean values for NO2 and the 5-year mean of daily mean 
values for the other compounds, in ppb. Only monitors that operated at least five years are 
shown. NO2 values for near-road monitors are shown as dashed lines; all other monitors are 
shown as solid lines. For the hydrocarbons and carbonyls, the thickness of the lines and 
points indicates the number of compounds measured in that set of years. There were no data 
on isoprene. 

4.4.4 Trends in ozone concentrations 

The highest O3 concentrations in the St. Louis nonattainment area have been located in a 

variety of areas, most frequently to the north of downtown but also to the northeast, west-

northwest, or east-northeast of downtown (Figure 1.2; LADCO, 2022b). O3 design values at the 

peak monitors decreased from at least the mid-2000s through the mid-2010s, with slower 

decreases since then (Figure 4.14). The peak O3 design value was the lowest of this period in 

2021, when the area attained the 2015 O3 NAAQS. The Maryland Heights monitor was just 
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barely above this NAAQS in 2022, with a draft design value of 71 ppb. Unlike in Chicago and 

Detroit, the spread in monitored concentrations has remained relatively constant. Relatedly, 

the design values at the lowest-concentration monitors have followed similar trends to those at 

the peak O3 monitors. A separate analysis by LADCO shows that O3 on O3-conducive days has 

been decreasing (Figure 4.15, LADCO, 2021).  

 

 

Figure 4.14. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the St. Louis 
nonattainment area. Pale gray lines are the values at individual monitors, the dark gray line 
shows the mean value, and the blue line shows the maximum value in the area. Long-running 
monitors are monitors that operated at least 14 years between 2005 and 2022. 2022 data are 
preliminary. O3 design values are the three-year average of the fourth-high MDA8 values. 
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Figure 4.15. Trends in average (mean) O3 in high-O3 nodes for monitors in the St. Louis 
nonattainment area. Nodes are groups of days with similar meteorology, and high-O3 nodes 
are those with mean O3 concentrations over 50 ppb. See LADCO (2021) for more details. 

4.4.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of hot temperatures and low relative humidity. However, the 

long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Since the area has 

NOx-sensitive or transitional chemistry, O3 concentrations have decreased primarily in response 

to reductions in NOx emissions, although the VOC emissions reductions have likely also 

contributed. The slower pace of O3 reductions in the last decade may result from slower NOx 

emissions reductions. Given the NOx-sensitive or transitional chemistry and the projected 

continued reductions in NOx emissions, O3 concentrations and design values in the St. Louis 

area should continue to decrease in the future. 
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4.5 Conceptual model for the Louisville area 

The Louisville area encompasses three counties in Kentucky and two counties in Indiana (Figure 

1.2). The Indiana portion of the area was recently redesignated to attainment/maintenance 

status for the 2015 O3 NAAQS (87 FR 39750), whereas the Kentucky portion of the area is 

currently designated moderate nonattainment for the 2015 O3 NAAQS (87 FR 60897).  

4.5.1 Meteorology and Transport 

The primary meteorological factor driving O3 formation throughout the Louisville area was the 

midday relative humidity, followed by maximum daily or afternoon temperature (Figure 2.2). 

This finding was based on independent analyses by the U.S. EPA using a generalized linear 

model (GLM) and by LADCO using a classification and regression tree (CART) analysis. The 

Louisville area is primarily impacted by stagnation-driven O3 events (e.g., Figure 2.3). Moist 

tropical and dry moderate synoptic weather systems are the most important on O3 episode 

days; dry tropical and moist tropical plus synoptic systems are also associated with high O3 

conditions in this area (Figure 2.5). 

For Louisville’s Cannon’s Lane monitor, neither the monitored winds nor HYSPLIT back-

trajectories show a strong pattern in the wind direction during high-O3 hours or days (Figure 

2.17). Both analyses show O3-rich air masses coming from almost all directions except the 

southeast. Source apportionment modeling confirms Kentucky as the greatest contributor to O3 

in this area, followed by Indiana21  (Figure 2.19). This evidence suggests that local emissions are 

generally more important than transported emissions, such that high O3 concentrations occur 

during stagnant meteorological conditions. The Cannons Lane monitor is located in central 

Louisville, so it may be receiving O3 produced from emissions sources throughout the Louisville 

area. These findings confirm the importance of stagnation events, which allow local emissions 

to build up to high levels, on O3 events in this area. 

                                                      
21 Neither the Kentucky nor the Indiana portions of Louisville were tagged during the source apportionment 
modeling. Instead, emissions from these areas were grouped with other emissions from these states.  
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4.5.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Kentucky and 

Indiana. From 2002 to 2020, NOx emissions from Kentucky and Indiana sources decreased by 

73% in both states (Figure 2.20), and VOC emissions decreased by 29% and 55%, respectively 

(Figure 2.21). Emissions of NOx and anthropogenic VOCs in the states were concentrated in the 

urban areas, including Louisville (Figure 2.23). Biogenic VOC emissions were high in and around 

Louisville (Figure 2.23). Emissions of both NOx and VOCs are projected to continue to decrease 

in the states through at least 2028, although at slower rates than in the past (Figure 2.24 and 

Figure 2.25). 

Monitored concentrations of O3 precursors have also generally decreased over the last few 

decades in Louisville, although the monitoring records for both NOx and VOCs are relatively 

sparse (Figure 4.16). There is a four-year gap in the NO2 monitoring record in Louisville in the 

early 2010s, when no long-term NO2 monitors operated. Monitored NO2 concentrations 

decreased relatively steeply before this gap. Following resumption of NO2 monitoring in 2014, 

NO2 concentrations continued to decrease but at much slower rates. The trends in monitored 

NO2 concentrations agree relatively well with the changes in emissions of NOx. There are 

unfortunately no continuous, long-term records of complete suites of anthropogenic 

hydrocarbons18. Based on one record of a subset of compounds from the Indiana side of 

Louisville, anthropogenic hydrocarbon concentrations have been relatively flat since the late 

2000s (Figure 4.16). There are no long-term records of isoprene or carbonyls in the Louisville 

area. 

4.5.3 Ozone formation chemistry 

O3 formation in the Louisville area appears to be primarily NOx-sensitive with possible 

transitional chemistry in downtown Louisville (Table 2.1, LADCO 2022b). This means that O3 

concentrations will respond best to reductions in NOx emissions, but combined NOx and VOC 

emissions reductions will be most effective in the downtown area. The chemistry in this area 

appears to be shifting away from VOC-sensitive chemistry towards more NOx-sensitive 
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chemistry, meaning that NOx emissions reductions will become even more effective in the 

future.  

 

Figure 4.16. Trends in mean summertime (left) NO2 and (right) hydrocarbons (excluding 
isoprene) at monitors in the Louisville nonattainment area. Values are the annual mean of 
daily mean values for NO2 and the 5-year mean of daily mean values for the other 
compounds, in ppb. Only monitors that operated at least five years are shown. NO2 values for 
near-road monitors are shown as dashed lines; all other monitors are shown as solid lines. 
For the hydrocarbons, the thickness of the lines and points indicates the number of 
compounds measured in that set of years. There were no data on isoprene or carbonyls. 

4.5.4 Trends in ozone concentrations 

The highest O3 concentrations in the Louisville nonattainment area are currently located in 

central Louisville (Figure 1.2; LADCO, 2022b). The two monitors that record the peak 

concentrations have been operating for relatively short periods of time so are not included in 

Figure 4.17. Ozone design values at the peak long-term monitors decreased for the entire study 

period and appear to be continuing to decrease (Figure 4.17). Design values also appear to be 

continuing to decrease at the peak O3 monitor at Cannons Lane, which attained the O3 NAAQS 

in both 2021 and 2022. The spread in design values at the long-term monitors has decreased 

over time, from around 10 ppb in the mid-2000s to just a few ppb in 2022. However, this 

spread is much larger when considering the monitors at Cannons Lane and Carrithers, which 

have 2022 design values that are 5 and 4 ppb, respectively, higher than at the other monitors. A 

separate analysis by LADCO shows that O3 on O3-conducive days has been decreasing (Figure 

4.18, LADCO, 2021).  
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Figure 4.17. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the Louisville 
nonattainment area. Note that this figure does not include the highest-O3 monitors, which 
have not operated very long; the peak 2022 design value was 70 ppb. Pale gray lines are the 
values at individual monitors, the dark gray line shows the mean value, and the blue line 
shows the maximum value in the area. Long-running monitors are monitors that operated at 
least 14 years between 2005 and 2022. 2022 data are preliminary. O3 design values are the 
three-year average of the fourth-high MDA8 values. 
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Figure 4.18. Trends in average (mean) O3 in high-O3 nodes for monitors in the Louisville 
nonattainment area. Nodes are groups of days with similar meteorology, and high-O3 nodes 
are those with mean O3 concentrations over 50 ppb. See LADCO (2021) for more details. 

4.5.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of low relative humidity and hot temperatures. However, the 

long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Since the area has 

NOx-sensitive or transitional chemistry, O3 concentrations have decreased primarily in response 

to reductions in NOx emissions, although the VOC emissions reductions have likely also 

contributed. Given the NOx-sensitive or transitional chemistry and the projected continued 

reductions in NOx emissions, O3 concentrations and design values in the Louisville area should 

continue to decrease in the future. 
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4.6 Conceptual model for the Cincinnati area 

The Cincinnati area encompasses four counties in Ohio and parts of three counties in Kentucky 

(Figure 1.2). The Ohio portion of the area was recently redesignated to 

attainment/maintenance status for the 2015 O3 NAAQS (87 FR 35104), whereas the Kentucky 

portion of the area is currently designated moderate nonattainment for the 2015 O3 NAAQS (87 

FR 60897).  

4.6.1 Meteorology and Transport 

The primary meteorological factors driving O3 formation throughout the Cincinnati area are the 

midday relative humidity and daily or afternoon temperature (Figure 2.2). This finding was 

based on independent analyses by the U.S. EPA using a generalized linear model (GLM) and by 

LADCO using a classification and regression tree (CART) analysis. The Cincinnati area is primarily 

impacted by stagnation-driven O3 events (e.g., Figure 2.3). Moist tropical and dry moderate 

synoptic weather systems are the most important on O3 episode days; dry tropical synoptic 

systems are also associated with high O3 concentrations in the area (Figure 2.5). 

Monitored high-O3 winds reaching Cincinnati’s Taft monitor primarily came from the 

southwest, with O3-rich winds also arriving from the northwest and southeast (Figure 2.17). The 

Taft monitor is located 3-4 km north-northeast of downtown Cincinnati and 4-5 km northeast of 

a large area of highway interchanges and of a large railroad hub. It is likely that the air masses 

from the southwest carried O3 produced from these emissions sources to the Taft monitor. In 

contrast, HYSPLIT back-trajectories showed O3-rich air arriving from all directions, particularly 

from the southwest and southeast. The incremental probability plot built by LADCO from 

HYSPLIT trajectories (Figure 2.18) similarly showed that the area of greatest probability of high 

O3 included the area right around Cincinnati. The relatively weaker wind direction preference at 

this site likely indicates that transport is relatively less important as an O3 source at this site 

compared with other sites in the region. The source apportionment modeling confirms this, 

estimating Ohio emissions sources as the greatest geographic contributors to O3 in this area, 

and emissions from the Cincinnati, OH and Kentucky areas being most important (Figure 2.19). 
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These analyses all support the conclusion that local emissions are the greatest contributors to 

O3 in the Cincinnati area and confirms the importance of stagnation events, which allow local 

emissions to build up to high levels, on peak O3 in this area. 

4.6.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Ohio and 

Kentucky. From 2002 to 2020, NOx emissions from Ohio and Kentucky sources decreased by 

76% and 73%, respectively (Figure 2.20), and VOC emissions decreased by 54% and 29%, 

respectively (Figure 2.21). Emissions of NOx and anthropogenic VOCs in the states were 

concentrated in the urban areas, including Cincinnati (Figure 2.23). Biogenic VOC emissions 

were low in downtown Cincinnati but higher just to the south and east of the city (Figure 2.23). 

Emissions of both NOx and VOCs are projected to continue to decrease in the states through at 

least 2028, although at slower rates than in the past (Figure 2.24 and Figure 2.25). 

Monitored concentrations of O3 precursors have also generally decreased over the last few 

decades in Cincinnati, although the monitoring records for VOCs are relatively sparse (Figure 

4.19). Monitored NO2 concentrations decreased relatively steeply at all monitors through the 

early 2010s. For the last decade or so, NO2 concentrations continued to decrease at the central 

Taft and Cincinnati Near-Road monitors but were steady to slightly increasing at the more rural 

Northern Kentucky University site. The trends in monitored NO2 concentrations at the central 

sites agree relatively well with the changes in emissions of NOx. There are unfortunately no 

continuous, long-term records of complete suites of anthropogenic hydrocarbons in this area18. 

Based on the incomplete and/or discontinuous records that exist, anthropogenic hydrocarbon 

concentrations mostly decreased through the late 2000s to early 2010s and have been steady 

since then (Figure 4.19). There are no long-term records of isoprene or carbonyls in the 

Cincinnati area. 

4.6.3 Ozone formation chemistry 

O3 formation in the Cincinnati area appears to be primarily NOx-sensitive with transitional 

chemistry in downtown Cincinnati (Table 2.1, LADCO 2022b). This means that O3 concentrations 
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will respond best to reductions in NOx emissions, but combined NOx and VOC emissions 

reductions will be most effective in the downtown area. The chemistry in this area appears to 

be shifting away from VOC-sensitive chemistry towards more NOx-sensitive chemistry, meaning 

that NOx emissions reductions will become even more effective in the future.  

 

Figure 4.19. Trends in mean summertime (top left) NO2, (top right) hydrocarbons (excluding 
isoprene), and (bottom left) carbonyls at monitors in the Cincinnati nonattainment area. 
Values are the annual mean of daily mean values for NO2 and the 5-year mean of daily mean 
values for the other compounds, in ppb. Only monitors that operated at least five years are 
shown. NO2 values for near-road monitors are shown as dashed lines; all other monitors are 
shown as solid lines. For the hydrocarbons and carbonyls, the thickness of the lines and 
points indicates the number of compounds measured in that set of years; very thin lines 
connect points with different numbers of compounds. There were no data on isoprene. 
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4.6.4 Trends in ozone concentrations 

The highest O3 concentrations in the Cincinnati nonattainment area have consistently been 

located to the northeast of downtown, although the locations of the peak concentrations have 

moved closer to downtown over time (Figure 1.2; LADCO, 2022b). O3 design values at the peak 

monitors decreased through at least the mid-2000s (Figure 4.17). Peak design values increased 

in the late 2010s before decreasing again to their lowest levels in 2021 and 2022. The spread in 

design values at the long-term monitors has decreased somewhat over time, with the trend in 

mean concentration tracking that of the maximum values; however, concentrations at the 

lowest-O3 monitors have been roughly steady since the mid-2010s. A separate analysis by 

LADCO shows that O3 on O3-conducive days has been decreasing (Figure 4.18, LADCO, 2021).  

 

Figure 4.20. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the Cincinnati 
nonattainment area. Pale gray lines are the values at individual monitors, the dark gray line 
shows the mean value, and the blue line shows the maximum value in the area. Long-running 
monitors are monitors that operated at least 14 years between 2005 and 2022. 2022 data are 
preliminary. O3 design values are the three-year average of the fourth-high MDA8 values. 
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Figure 4.21. Trends in average (mean) O3 in high-O3 nodes for monitors in the Cincinnati 
nonattainment area. Nodes are groups of days with similar meteorology, and high-O3 nodes 
are those with mean O3 concentrations over 50 ppb. See LADCO (2021) for more details. 

4.6.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of low relative humidity and hot temperatures. However, the 

long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Since the area has 

NOx-sensitive or transitional chemistry, O3 concentrations have decreased primarily in response 

to reductions in NOx emissions, although the VOC emissions reductions have likely also 

contributed. Given the NOx-sensitive or transitional chemistry and the projected continued 

reductions in NOx emissions, O3 concentrations and design values in the Cincinnati area should 

continue to decrease in the future. 
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4.7 Conceptual model for the Wisconsin lakeshore 

The Wisconsin lakeshore includes the Milwaukee and Sheboygan County nonattainment areas 

and the Manitowoc County and Door County maintenance areas for the 2015 O3 NAAQS (Figure 

1.2). The Milwaukee nonattainment area includes all or part of five counties along and inland of 

Lake Michigan. The nonattainment or maintenance areas in Sheboygan, Manitowoc, and Door 

counties include the portions of each of these counties along the Lake Michigan lakeshore. The 

Milwaukee and Sheboygan County areas are currently designated moderate nonattainment for 

the 2015 O3 NAAQS (87 FR 60897). The Sheboygan County area was redesignated to 

attainment/maintenance status for the 2008 O3 NAAQS in 2020 (85 FR 41405). The Manitowoc 

County area was redesignated to attainment/maintenance status for the 2015 O3 NAAQS in 

2022 (87 FR 18702). The initial, small Door County nonattainment area was redesignated to 

attainment/maintenance status for the 2015 O3 NAAQS in 2020 (85 FR 35377), and the larger 

Door County-Revised nonattainment area was redesignated in 2022 (87 FR 25410). A portion of 

Kenosha County in the southernmost corner of the Wisconsin lakeshore is part of the Chicago 

nonattainment area for the 2015 O3 NAAQS; this area is discussed in the Chicago section. 

4.7.1 Meteorology and Transport 

Ozone formation along the Wisconsin lakeshore is impacted by a combination of southerly 

transport and the maximum temperature during the day or afternoon (Figure 2.2). This finding 

was based on independent analyses by the U.S. EPA using a generalized linear model (GLM) and 

by LADCO using a classification and regression tree (CART) analysis. The U.S. EPA’s GLM analysis 

indicated that temperature is most important along the southern lakeshore whereas the 

transport direction is most important along the northern lakeshore. In contrast, LADCO’s CART 

analysis found that southerly transport or southerly winds are the most important factor along 

the entire lakeshore. Lake breeze events (e.g., Figure 2.4) are the most important type of high-

O3 event along the Wisconsin lakeshore, although stagnation-driven O3 events may also play a 

role in the Milwaukee area (e.g., Figure 2.3). The Milwaukee and Door County areas are 

similarly impacted by all four major types of synoptic weather systems on O3 episode days (dry 
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moderate, dry tropical, moist moderate, and moist tropical, Figure 2.5). The Manitowoc and 

Sheboygan areas are most impacted by dry tropical and moist tropical plus weather systems. 

Lake breezes play a large role on O3 episode days along the Wisconsin lakeshore, particularly at 

lakeshore monitors. Such events are crucial in driving high O3 at monitors along the entire 

coast. Monitors along the lakeshore almost always have winds that travel from over the lake 

during high-O3 hours, although the exact angle from which these winds arrive varies depending 

on the angle of the coastline (Figure 2.17). On these lake breeze days, the winds shift from 

offshore to onshore, often accompanied by a drop in temperature (as shown for the southern 

Chiwaukee monitor; Figure 2.7). A convergence front is often visible onshore in the satellite, 

radar, and from model winds, which also show divergence over the lake. Some of the lake 

breezes are confined to areas near the lakeshore whereas others reach far inland (Cleary et al., 

2022). 

Southerly transport of O3 and O3 precursors is an important factor at monitors along the entire 

lakeshore. Southerly transport or winds are the first or second most important factor driving 

high O3 along the lakeshore according to both the U.S. EPA’s and LADCO’s analysis (Figure 2.2). 

Transport from metropolitan Chicago is particularly important, as indicated by a number of 

lines of evidence. High-O3 air masses reaching the Wisconsin lakeshore monitors arrived almost 

exclusively from the south over Lake Michigan, with the exact angle depending on the 

geography of the shoreline at each location (Figure 4.22). The HYSPLIT model estimated that 

the lowest-altitude back-trajectories (ending at 100 m, shown in red) generally passed over 

Chicago before traveling northward over the lake to the receptor monitor on O3 exceedance 

days.22 As discussed in Section 2.1.3, the O3 precursors in these air masses were often confined 

to the narrow marine boundary layer, where they could react to form high O3 concentrations, 

which were moved northward over the lake by the southerly winds. A lake breeze then 

frequently pulled this O3-rich air onshore. The incremental probability plot based on HYSPLIT 

back-trajectories for the Sheboygan area shows that air masses on high-O3 days were most 

                                                      
22 Note that the trajectories ending at 500 and 1000 m are at too high of an altitude to reflect lake breeze 
circulation and other important meteorological patterns at these sites. 
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likely to travel through an area to the south that includes Chicago and surrounding areas (Figure 

2.18). Source apportionment modeling for all Wisconsin lakeshore monitors shows that Illinois 

and Indiana contributed roughly 20 ppb of O3 to even the most northerly site in Door County 

for the 2011-base year modeling (Figure 2.19). Wisconsin sources contributed roughly 10 ppb 

O3 to these sites.23 The 2016-base year modeling refines the geographic source areas and 

estimates that the Chicago metro area and suburbs (in Illinois) contributed roughly 15 ppb of 

the O3 at these sites, by far the largest contributing region. Northern Indiana, the Chicago 

exurbs, and the remainders of Illinois and Indiana are also important sources. This modeling 

projects smaller contributions from Wisconsin sources, generally 5 ppb or smaller, even for the 

monitors located just downwind of Milwaukee. All of these analyses confirm the crucial role of 

southerly transport over Lake Michigan to the Wisconsin lakeshore, with emissions from the 

Chicago region being the most important source region. 

                                                      
23 Intercontinental boundary conditions, biogenics, and Canada/Mexico contribute large amounts of O3 at all 
monitors, but we do not discuss them here because these emissions sources are not reasonably controllable. 
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Figure 4.22. (Left) Pollution roses for hours with O3 greater than 70 ppb from 2017 to 2021 
and (right) 24-hour back-trajectories from the HYSPLIT model for O3 exceedance days in 2014 
to 2016 for monitors in nonattainment or maintenance areas along the Wisconsin lakeshore.9 
The locations of the monitors are circled in black on the map. The back trajectories end at 
100, 500, and 1000 m, as labeled, and come from EPA’s TSD for designations for the 2015 O3 
NAAQS: https://www.epa.gov/sites/default/files/2018-05/documents/wi_tsd_final.pdf. 

https://www.epa.gov/sites/default/files/2018-05/documents/wi_tsd_final.pdf
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4.7.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Illinois, 

Indiana, and Wisconsin. From 2002 to 2020, NOx emissions from Illinois sources decreased by 

71% (Figure 2.20), and VOC emissions decreased by 53% (Figure 2.21). Emissions from Indiana 

and Wisconsin sources decreased by similar amounts. Emissions of NOx and anthropogenic 

VOCs for these states were concentrated in the urban areas, with the greatest emissions from 

the Chicago area and smaller amounts from the smaller cities (Figure 2.23). Biogenic VOC 

emissions were fairly low in the Chicago area and along the Wisconsin lakeshore, with greater 

emissions in southern parts of Illinois and Indiana and northern Wisconsin (Figure 2.23). 

Emissions in all three states are projected to continue to decrease through at least 2028, 

although at slower rates than in the past (Figure 2.24 and Figure 2.25). 

Monitored concentrations of O3 precursors along the Wisconsin lakeshore are primarily 

available from the Milwaukee nonattainment area, although NO2 was also monitored in 

Manitowoc County (Figure 4.23). Precursor concentrations have generally decreased over the 

last few decades along the Wisconsin lakeshore. Monitored NO2 concentrations in Milwaukee 

decreased most years from 1995 through 2021, with the biggest decreases in the mid- to late-

2000s. Milwaukee NO2 concentrations appear to be continuing to decrease, although the rate 

of the drop may be slowing. The trends in monitored urban NO2 concentrations agrees 

relatively well with the changes in emissions of NOx. NO2 concentrations in Manitowoc were 

much lower than those in Milwaukee and decreased from the mid-2000s through the mid-

2010s, when they stabilized and may have increased slightly (Figure 4.23). Concentrations of 

anthropogenic hydrocarbons24 in the Milwaukee area decreased fairly steadily over the entire 

period (Figure 4.23). Concentrations of isoprene, a biogenic hydrocarbon, have been mostly flat 

with some variability over the last 30 years. Concentrations seem to have increased slightly 

since the 2000s; this is likely due to natural variability, but it could also indicate increased 

                                                      
24 As discussed in Section 2.4, we averaged the hydrocarbon concentrations together over a 5-year period to 
account for the sparsity of data caused by the sporadic sampling (generally only 1 in 6 days during June through 
August). Note also that different monitors measured different numbers of compounds, making it harder to 
compare between monitors and sometimes between years. 
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biogenic emissions due to increasing temperatures. Concentrations of carbonyls25 in Milwaukee 

decreased in the 1990s to the 2000s. However, these compounds have been steady since the 

2000s. 

 

                                                      
25 The two carbonyl compounds measured here are formaldehyde and acetaldehyde. We did not include acetone 
in these numbers because of its variety of sources in the atmosphere. 
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Figure 4.23. Trends in mean summertime (top left) NO2, (top right) hydrocarbons (excluding 
isoprene), (middle left) isoprene, and (middle right) carbonyls at monitors in the Milwaukee 
nonattainment area and (bottom left) NO2 in the Manitowoc maintenance area. Values are 
the annual mean of daily mean values for NO2 and the 5-year mean of daily mean values for 
the other compounds, in ppb. Only monitors that operated at least five years are shown. NO2 
values for near-road monitors are shown as dashed lines; all other monitors are shown as 
solid lines. For the hydrocarbons and carbonyls, the thickness of the lines and points indicates 
the number of compounds measured in that set of years; very thin lines connect points with 
different numbers of compounds. 

4.7.3 Ozone formation chemistry 

O3 formation along the Wisconsin lakeshore appears to be primarily NOx-sensitive with 

transitional chemistry in downtown Milwaukee and along the southern lakeshore (Table 2.1, 

LADCO 2022b). This means that O3 concentrations will respond best to reductions in NOx 

emissions, but combined NOx and VOC emissions reductions will be most effective in the 

downtown area and along the southern lakeshore. The chemistry in this area appears to be 

shifting away from VOC-sensitive chemistry towards more NOx-sensitive chemistry, meaning 

that NOx emissions reductions will become even more effective in the future.  

4.7.4 Trends in ozone concentrations 

The highest O3 concentrations measured along the Wisconsin lakeshore have consistently been 

at the monitors located closest to the lakeshore (Figure 4.24). Note that this figure combines 

trends for all nonattainment and maintenance areas; Figure A7 shows the trends separated by 

nonattainment or maintenance area. In particular, the highest concentrations have been 

measured at Sheboygan’s Kohler Andrae monitor, located just meters from the lakeshore, and 

at Kenosha’s Chiwaukee Prairie monitor in the Chicago area. Cleary et al. (2022) showed that O3 

concentrations can drop off sharply with distance from the lakeshore during O3 events. The 

lowest O3 concentrations along the lakeshore have been monitored in central Milwaukee, 

where high NOx can suppress O3 formation, and at the Kewaunee monitor, located north of the 

“bulge” of Manitowoc County, which deflects pollutant plumes away from the lakeshore to the 

north. O3 design values at the peak Wisconsin lakeshore monitor, usually Kohler Andrea, have 

been decreasing since at least the mid-2000s, with some variability (Figure 4.24). The steadiest 

reductions have been observed at the Sheboygan Kohler Andrae and Manitowoc monitors 
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(Figure A7). In contrast, peak concentrations in Milwaukee and concentrations at Door County’s 

Newport monitor have been relatively flat for the last 8 to 9 years. Mean concentrations and 

concentrations at the lowest-O3 monitors have been roughly steady since around 2010, and the 

range in design values has decreased dramatically since the mid-2000s. Finally, a separate 

analysis by LADCO shows that O3 on O3-conducive days has been decreasing in all 

nonattainment and maintenance areas along the Wisconsin lakeshore (Figure 4.25, LADCO, 

2021).  

 

Figure 4.24. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in nonattainment 
and maintenance areas along the Wisconsin lakeshore. Pale gray lines are the values at 
individual monitors, the dark gray line shows the mean value, and the blue line shows the 
maximum value in the area. Long-running monitors are monitors that operated at least 14 
years between 2005 and 2022. 2022 data are preliminary. O3 design values are the three-year 
average of the fourth-high MDA8 values. 
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Figure 4.25. Trends in average (mean) O3 in high-O3 nodes for monitors in the (top left) 
Milwaukee, (top right) Sheboygan County, (bottom left) Manitowoc County, and (bottom 
right) Door County nonattainment and maintenance areas. Nodes are groups of days with 
similar meteorology, and high-O3 nodes are those with mean O3 concentrations over 50 ppb. 
See LADCO (2021) for more details. 

4.7.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of southerly transport and winds and high temperatures. 

However, the long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Because of the 

importance of over-lake transport to the lakeshore monitors, O3 levels are also impacted by the 

magnitude of O3 and O3 precursor plumes over the lake. In earlier years, pollutants in these 

plumes were much more concentrated, meaning that the plumes could travel farther north 

before being depleted by loss processes such as deposition. With the current lower emissions 

of O3 precursors, these plumes are less concentrated, so loss processes can prevail sooner 

during transport, limiting the reach of these over-lake plumes. As a result, for the areas north of 
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Milwaukee that are NOx-sensitive and also farther from the emissions sources in Chicago, O3 is 

decreasing both in response to decreased NOx emissions and because the over-lake plumes 

don’t travel as far northward. In Milwaukee, the central areas and southern lakeshore areas 

have shifted from more VOC-sensitive to transitional or NOx-sensitive over time. This shift 

could have led to flat or slightly increasing or decreasing O3, with the exact trend depending on 

the balance of NOx and VOC emissions reductions. Since this area is closer to the main 

emissions source region of Chicago, it is likely that pollutant concentrations in plumes reaching 

these areas were less depleted than those traveling farther north. These factors likely combined 

to lead to the observed relatively flat O3 trends in Milwaukee. Given the NOx-sensitive or 

transitional chemistry and the projected continued reductions in NOx emissions, O3 

concentrations and design values along the Wisconsin lakeshore should continue to decrease in 

the future. 

4.8 Conceptual model for western Michigan 

Western Michigan includes three nonattainment areas for the 2015 O3 NAAQS: the lakeshore 

portions of Muskegon County, the lakeshore portions of Allegan County, and all of Berrien 

County (Figure 1.2). These areas are currently designated moderate nonattainment for the 

2015 O3 NAAQS (87 FR 60897).  

4.8.1 Meteorology and Transport 

Ozone formation in western Michigan is impacted by a combination of southerly transport and 

the maximum temperature during the day or afternoon (Figure 2.2). This finding was based on 

independent analyses by the U.S. EPA using a generalized linear model (GLM) and by LADCO 

using a classification and regression tree (CART) analysis. The U.S. EPA’s GLM analysis indicated 

that temperature is most important in the O3 nonattainment areas whereas the transport 

direction is most important to the north of these areas. In contrast, LADCO’s CART analysis 

found that southerly winds are the most important factor in the northern nonattainment areas 

(Muskegon and Allegan counties) and afternoon temperatures are most important in Berrien 

County to the south. Lake breeze events (e.g., Figure 2.4) are the most important type of high-



 

 

  124 
 

O3 event along western Michigan. The Muskegon and Allegan areas are most impacted by moist 

tropical synoptic weather systems on O3 episode days, whereas Berrien is impacted by dry 

moderate, dry tropical, and moist tropical systems (Figure 2.5).  

Lake breezes play a large role on O3 episode days in western Michigan, particularly at lakeshore 

monitors. Such events are crucial in driving high O3 at monitors along the entire coast. Monitors 

along the lakeshore almost always have winds that travel from over the lake during high-O3 

hours, although the exact angle from which these winds arrive varies depending on the angle of 

the coastline and the relative direction of Chicago (Figure 4.26). On these lake breeze days, the 

wind directions shift with lake breeze onset, although these shifts may be subtle because the 

synoptic winds are often onshore winds (Figure 2.7). A convergence front is sometimes visible 

onshore in the satellite, radar, and from model winds, which also show divergence over the 

lake. However, these convergence fronts are less frequently apparent than they are along the 

Wisconsin lakeshore, likely because the synoptic winds don’t always oppose the lake breeze 

winds. Lake breezes along the western Michigan lakeshore tend to penetrate far inland along 

this lakeshore because they are often not opposed by synoptic winds. 

Southerly transport of O3 and O3 precursors is an important factor at nonattainment monitors 

in western Michigan. Southerly transport or winds are the first or second most important factor 

driving high O3 in these areas according to both the U.S. EPA’s and LADCO’s analysis (Figure 

2.2). Transport from metropolitan Chicago is particularly important, as indicated by a number of 

lines of evidence. Pollution roses show that O3-rich winds almost exclusively arrived from over 

the lake, generally from the direction of Chicago (Figure 4.26). HYPSLIT back-trajectories show 

that these air masses generally passed over Chicago before traveling over Lake Michigan. Lake 

breezes are important along the western Michigan lakeshore, but synoptic southwesterly winds 

can also pull O3-enriched air onshore at these sites, as discussed in Section 2.1.3. Source 

apportionment modeling using a 2011 base year estimates that emissions from Illinois and 

Indiana are the largest contributors to O3 in Western Michigan (Figure 2.19). Modeling with a 

2016 base year finds that the Chicago metro area/suburbs and northern Indiana are the two 

largest geographic source contributors. These two areas contributed roughly equal proportions 
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at the southern Coloma monitor in Berrien County, while the metro Chicago area contributed 

more O3 at the northern monitors. Taken together, it is clear that transport of O3 and O3 

precursors from the Chicago area is the most important contributor to high O3 concentrations 

at the western Michigan monitors.  

 

Figure 4.26. (Left) pollution roses for hours with O3 greater than 70 ppb from 2017 to 2021 
and (right) 24-hour back-trajectories from the HYSPLIT model for exceedance days in 2014 to 
2016 for monitors in nonattainment along the western Michigan lakeshore. The locations of 
the monitors are circled in black on the map. The back trajectories end at 100, 500, and 1000 
m, as labeled, and come from EPA’s TSD for designations for the 2015 O3 NAAQS: 
https://www.epa.gov/sites/default/files/2018-05/documents/mi_tsd_final_0.pdf. 

https://www.epa.gov/sites/default/files/2018-05/documents/mi_tsd_final_0.pdf
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4.8.2 Ozone precursor emission and concentration trends 

Emissions of the O3 precursors NOx and VOCs have decreased dramatically from Illinois, 

Indiana, and Michigan. From 2002 to 2020, NOx emissions from Illinois sources decreased by 

71% (Figure 2.20), and VOC emissions decreased by 53% (Figure 2.21). Emissions from Indiana 

and Michigan sources decreased by similar amounts. Emissions of NOx and anthropogenic VOCs 

for these states were concentrated in the urban areas, with the greatest emissions from the 

Chicago area and smaller amounts from the smaller cities (Figure 2.23). There are small pockets 

of emissions in Muskegon, Holland (in Allegan County), and Benton Harbor (in Berrien County), 

but these emissions are dwarfed by those from Chicago. Biogenic VOC emissions were fairly low 

in the Chicago area and near the western Michigan nonattainment areas, with greater 

emissions to the northeast of the western Michigan areas (Figure 2.23). Emissions in all three 

states are projected to continue to decrease through at least 2028, although at slower rates 

than in the past (Figure 2.24 and Figure 2.25). 

There were no long-term records of monitored concentrations of O3 precursors in western 

Michigan. 

4.8.3 Ozone formation chemistry 

Ozone formation along western Michigan appears to be primarily NOx-sensitive (Table 2.1, 

LADCO 2022b). This means that O3 concentrations will respond best to reductions in NOx 

emissions in the dominant source regions for these areas, i.e., Chicago and northwest Indiana. 

The chemistry in this area appears to be shifting towards even more NOx-sensitive chemistry, 

meaning that NOx emissions reductions will become even more effective in the future.  

4.8.4 Trends in ozone concentrations 

The highest O3 concentrations measured along western Michigan were in Allegan County until 

the mid-2010s; since this time, the Muskegon monitor has generally had the highest O3 (Figure 

4.27). Concentrations in Berrien County have consistently been the lowest of the three areas. 

Note that this figure combines trends for all nonattainment and maintenance areas; Figure A8 

shows the trends separated by nonattainment area. O3 design values at the peak western 
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Michigan monitors have been decreasing since at least the mid-2000s, with some variability 

(Figure 4.27). The largest reductions occurred at the Allegan monitor, where concentrations 

were the highest. Concentrations have been relatively flat since the mid-2010s. Design values at 

the Berrien County monitor appear to be decreasing slightly, whereas those at the Muskegon 

County monitor appear to be increasing somewhat. Finally, a separate analysis by LADCO shows 

that O3 on O3-conducive days has been decreasing in all nonattainment and maintenance areas 

in western Michigan (Figure 4.28, LADCO, 2021).  

 

Figure 4.27. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in nonattainment 
areas in western Michigan. Pale gray lines are the values at individual monitors, the dark gray 
line shows the mean value, and the blue line shows the maximum value in the area. Long-
running monitors are monitors that operated at least 14 years between 2005 and 2022. 2022 
data are preliminary. O3 design values are the three-year average of the fourth-high MDA8 
values. 
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4.8.5 Origins of ozone trends 

Overall, annual O3 concentrations are strongly impacted by that year’s meteorology, 

particularly by the occurrence of southerly transport and winds and high temperatures. 

However, the long-term O3 trends result primarily from changes in O3 precursor emissions and 

concentrations, as mediated by the local O3 formation chemistry regime. Because of the 

importance of over-lake transport to the lakeshore monitors, O3 levels are also impacted by the 

magnitude of O3 and O3 precursor plumes over the lake. In earlier years, pollutants in these 

plumes were much more concentrated, meaning that the plumes could travel farther north 

before being depleted by loss processes such as deposition. With the current lower emissions 

of O3 precursors, these plumes are less concentrated, so loss processes can prevail sooner 

during transport, limiting the reach of these over-lake plumes. Overall, as a result of the 

combination of NOx-sensitivity and the distance from the emissions sources in Chicago, O3 has 

decreased both in response to decreased NOx emissions and because the over-lake plumes 

don’t travel as far northeastward. However, it is unclear why O3 reductions have decreased so 

much and why O3 design values may be increasing in Muskegon County. Overall, we anticipate 

that O3 concentrations and design values along western Michigan should continue to decrease 

in the future. 
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Figure 4.28. Trends in average (mean) O3 in high-O3 nodes for monitors in the (top) 
Muskegon, (middle) Allegan County, and (bottom) Berrien County nonattainment areas. 
Nodes are groups of days with similar meteorology, and high-O3 nodes are those with mean 
O3 concentrations over 50 ppb. See LADCO (2021) for more details. 
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Appendix 

This appendix includes tables and figures that supplement the analyses or discussion in the 
main report. 

 

Table A1. The five most important meteorological variables for each area in EPA’s generalized 
linear model (GLM) analysis. The variable importance for each monitor in an area was 
weighted to determine the weighted importance for each area. 

  Variable* Importance 
Area 1 2 3 4 5 
Door tdir24 solrad devt850 rhavgmid tmax 
Manitowoc tdir24 solrad tmax wdavgpm rhavgmid 
Sheboygan devt925 tdir12 solrad tmax wdavgpm 
Milwaukee tmax tdir24 dptmid rhavgmid wdavgpm 
Chicago tmax rhavgmid tdis24 tdir24 dptmid 
Berrien tmax dptmid tdir24 rhavgmid tdis24 
Allegan tmax tdir12 rhavgmid devt925 wdavgpm 
Muskegon tmax tdir12 rhavgmid devt850 wdavgpm 
Detroit tmax dptmid tdir24 tdis24 rhavgmid 
Cleveland tmax dptmid rhavgmid tdis24 wsavgam 
Columbus tmax rhavgmid dptmid tdis24 tdir24 
Cincinnati rhavgmid tmax tdis24 tdir12 dptmid 
Louisville rhavgmid tmax tdis24 dptmid tdir24 
St. Louis tmax rhavgmid tdis24 dptmid tdir24 
Twin Cities tmax rhavgmid tdir24 wdavgpm wsavgpm 

*tdir24/12 = 24- or 12-hour transport direction, wdavgpm = average afternoon wind direction, avg_S_pm/win = 
average afternoon or daily south wind vector, tdis24 = 24-hour transport distance, transouth = southerly 
component of 24-hour transport vector, tmax = daily maximum surface temperature, tavgpm = average afternoon 
temperature, dt500 = surface-500 mb temperature difference, devt850/925 = 850 or 925 mb temperature 
anomaly, dptmid = midday average dewpoint temperature, rhavg(mid) = average daily or midday relative humidity, 
solrad = daily sum of downward shortwave radiation flux. 
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Figure A1. Daily average surface water temperature (°F) for Lake Erie and Lake Michigan for 
1995-2021. Data were downloaded from https://coastwatch.glerl.noaa.gov/statistic/.  

 

Lake breezes in Cleveland and Toledo 

Figures A2 through A5 include the data used to evaluate the presence or absence of lake 
breezes in Cleveland and Toledo. 

The first part of this section includes O3 at the District 6 monitor and meteorology for the 
Cleveland Burke Lakeshore Airport (KBKL), model winds, and satellite images for high-O3 days in 
2016, 2021, and 2022. Meteorology at KBKL came from the METAR network via AMETv1.4 
collocation for 2016 and from Weather Underground 
(https://www.wunderground.com/history/daily/us/oh/cleveland/KBKL) for 2021 and 2022. O3 
data for 2021 and 2022 are not plotted, but the hour of peak O3 is listed. 

The second part of this section includes model winds and satellite images for high-O3 days in 
Toledo for 2021 and 2022. There are no ground meteorological data because there are no 
ground meteorology stations near the O3 monitor on the lakeshore. 

 

 

https://coastwatch.glerl.noaa.gov/statistic/
https://www.wunderground.com/history/daily/us/oh/cleveland/KBKL


 

 

Figure A2. (left) Ground monitoring data at the District 6 (O3) and KBKL (meteorology) monitors in Cleveland, (middle) model 
winds at 13:00, and (right) MODIS satellite images on high-ozone days in 2016. Hours with a suspected lake breeze are circled in 
pink, and the day classification is given on the right. Data sources and units as listed in Figure 2.7. 



 

 

  139 
 

 

Figure A2 cont’d. (left) Ground monitoring data at the District 6 (O3) and KBKL (meteorology) monitors in Cleveland, (middle) 
model winds at 13:00, and (right) MODIS satellite images on high-ozone days in 2016. Hours with a suspected lake breeze are 
circled in pink, and the day classification is given on the right. Data sources and units as listed in Figure 2.7. 
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Figure A2 cont’d. (left) Ground monitoring data at the District 6 (O3) and KBKL (meteorology) monitors in Cleveland, (middle) 
model winds at 13:00, and (right) MODIS satellite images on high-ozone days in 2016. Hours with a suspected lake breeze are 
circled in pink, and the day classification is given on the right. Data sources and units as listed in Figure 2.7. 
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Figure A2 cont’d. (left) Ground monitoring data at the District 6 (O3) and KBKL (meteorology) monitors in Cleveland, (middle) 
model winds at 13:00, and (right) MODIS satellite images on high-ozone days in 2016. Hours with a suspected lake breeze are 
circled in pink, and the day classification is given on the right. Data sources and units as listed in Figure 2.7. 
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Figure A3. (left) Model winds at 13:00, (middle) MODIS satellite images, and (right) ground wind (blue) and temperature (red) 
data at the KBKL monitor in Cleveland on the top-4 highest O3 days (at the District 6 monitor) in 2021. The hours of peak O3 at the 
District 6 monitor are listed and circled in the wind data, and the day classification is given on the right. Data sources for the 
model winds and satellite images as listed in Figure 2.7. Ground meteorological data from 
https://www.wunderground.com/history/daily/us/oh/cleveland/KBKL. Ground O3 data from https://www.airnowtech.org/. 

https://www.wunderground.com/history/daily/us/oh/cleveland/KBKL
https://www.airnowtech.org/
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Figure A4. (left) Model winds at 13:00, (middle) MODIS satellite images, and (right) ground wind (blue) and temperature (red) 
data at the KBKL monitor in Cleveland on the top-4 highest O3 days (at the District 6 monitor) in 2022. The hours of peak O3 at the 
District 6 monitor are listed and circled in the wind data, and the day classification is given on the right. Data sources for the 
model winds and satellite images as listed in Figure 2.7. Ground meteorological data from 
https://www.wunderground.com/history/daily/us/oh/cleveland/KBKL. Ground O3 data from https://www.airnowtech.org/. 

https://www.wunderground.com/history/daily/us/oh/cleveland/KBKL
https://www.airnowtech.org/
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Figure A5. (left) Model winds at 13:00 and (right) MODIS satellite images on the top-4 highest O3 days in Toledo in (left side) 2022) 
and (right side) 2021. Data sources for the model winds and satellite images as listed in Figure 2.7. The highest-O3 days were 
determined based on data from https://www.airnowtech.org/. 

https://www.airnowtech.org/


 

 

Figure A6. Pollution roses for hours with O3 greater than 70 ppb from 2017 to 2021 for all 
monitors in nonattainment or maintenance areas in the LADCO region with wind data. All 
monitors are shown that were not included in the main body of the document except for the 
Pacific monitor in St. Louis, which had too few hours with high O3 to make its pollution rose 
meaningful. 
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Table A2. List of the monitors whose HYSPLIT back-trajectories were used to construct the 
incremental probability plots in Figure 2.18. 

Chicago Sheboygan 
Evanston Kohler Andrae 
Cincinnati Cleveland 
Eastbend GT Craig 
Middletown Airport Eastlake 
Batavia Sheffield 
Taft Patterson Park 
Detroit East St. Louis 
New Haven Maryville 
Port Huron Wood WTP 
Allen Park Alhambra 
Cooley (Toledo) East St. Louis 
Eastlake (Cleveland)   
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Figure A7. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the (top left) 
Door County, (top right) Manitowoc, (bottom left) Sheboygan, and (bottom right) Milwaukee 
nonattainment or maintenance areas along the Wisconsin lakeshore. Pale gray lines are the 
values at individual monitors, the dark gray line shows the mean value, and the blue line 
shows the maximum value in the area. Long-running monitors are monitors that operated at 
least 14 years between 2005 and 2022. 2022 data are preliminary. O3 design values are the 
three-year average of the fourth-high MDA8 values. Note that the highest-O3 monitor in the 
Milwaukee area (Racine Payne & Dolan) is not shown because it has operated for fewer than 
14 years. 
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Figure A8. Trends in (top) annual fourth high daily maximum 8-hour (MDA8) O3 
concentrations and (bottom) O3 design values at all long-running monitors in the (top left) 
Muskegon County, (top right) Allegan County, and (bottom left) Berrien County 
nonattainment areas in Western Michigan. Pale gray lines are the values at individual 
monitors, the dark gray line shows the mean value, and the blue line shows the maximum 
value in the area. Long-running monitors are monitors that operated at least 14 years 
between 2005 and 2022. 2022 data are preliminary. O3 design values are the three-year 
average of the fourth-high MDA8 values.  
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