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2. OZONE DYNAMICS IN THE LAKE MICHIGAN REGION 

2.1.  Introduction 

Counties around Lake Michigan have a long history of recording ozone concentrations that 

exceed the level of the NAAQS. Since the promulgation of the original, 1979 ozone NAAQS, 

lakeshore counties in Wisconsin, Illinois, Indiana and Michigan have been designated 

nonattainment with each subsequent standard. While ozone concentrations have decreased 

dramatically due to implementation of an array of measures controlling emissions of ozone 

precursors, two Lake Michigan areas are currently designated nonattainment for the 2008 ozone 

NAAQS: the Chicago nonattainment area and Sheboygan County, WI (Figure 2.1).  

Figure 2.1. A map of the Lake Michigan region, with the Chicago and Sheboygan 

nonattainment areas for the 2008 ozone NAAQS indicated by hatching (from LADCO, 

Appendix 9).  
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Wisconsin’s lakeshore monitors most frequently measure ozone concentrations exceeding the 

2008 ozone NAAQS from late May through early August, with peak ozone exceedences in late 

June (Figure 2.2). A smaller number of exceedences occur in late August and early September, 

but ozone concentrations very rarely exceed the 2008 NAAQS before May 15 or after September 

15. Ozone concentrations peak in the late spring and early summer because of the abundance of 

sunlight and heat, both of which drive ozone formation. In addition, strong land-lake temperature 

gradients in late spring and early summer drive lake breeze circulations, which contribute to high 

ozone concentrations, as discussed below. 

Figure 2.2. Distribution of the number of occurrences of maximum daily 8-hour average 

ozone concentrations (MDA8) exceeding different thresholds at monitors along Wisconsin’s 

Lake Michigan lakeshore. Data are shown for the years 2005-2014. 

 

The region’s persistent ozone problems have been shown to be due to the unique meteorology of 

the Lake Michigan area. This meteorology causes transport of significant amounts of ozone from 

upwind sources to lakeshore counties in Wisconsin and neighboring states. Two types of 

meteorological patterns have been shown to affect ozone concentrations in the region: 

1) Synoptic scale meteorology
6
 transports high concentrations of ozone and ozone 

precursors northward from source regions to the south and southeast, and 

2) Mesoscale meteorology
6
 (via land-lake breeze circulation patterns) carries precursors 

over the lake, where they react to form ozone. Winds then shift to pull the high ozone air 

onshore. 

This chapter explores the meteorology of this region in greater depth and presents a conceptual 

model for ozone formation in this area. Subsequent chapters then address the regulatory 

requirements for this attainment plan, required because of the resultant high ozone 

concentrations in this region. 

                                                 
6
 Synoptic-scale meteorology refers to weather features of 24-48 hours’ duration, whereas mesoscale meteorology 

refers to weather features of shorter duration. 
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2.2. The Role of Synoptic-Scale Meteorology on High-Ozone Days 

Research has shown that high pressure systems can generate meteorological conditions favorable 

to elevated ozone as they move through the region from west to east during late May - early 

September. These systems are typified by hazy, sunny skies with generally weak, clockwise-

rotating winds and relatively shallow mixing such that pollution concentrations are not diluted by 

mixing. These weather conditions contribute to the buildup of considerable amounts of ozone 

precursors and facilitate formation of ozone via photochemical reactions. 

The location of surface high pressure systems is an important driver of ozone transport into the 

region. Research has shown that ozone episodes are generally associated with high pressure 

systems over the eastern United States that transport pollutants and precursors from the south and 

east into the region.
7,8

 One study
9
 estimated that 50% of Wisconsin's ozone exceedance days 

during 1980-1988 under the 1-hour ozone NAAQS occurred when the center of a high pressure 

system was situated southeast of the area (i.e., Ohio and east thereof). Under these 

circumstances, high ozone concentrations in the Lake Michigan region may result when polluted 

air from high emissions regions such as the Ohio River Valley is transported northward along the 

western side of a high pressure system.
10

 In addition, while emissions from the heavily 

industrialized Chicago and Milwaukee areas have decreased dramatically in recent decades (see, 

e.g., Sections 3 and 5.3), sources in these large metropolitan areas still generate significant ozone 

precursor emissions. Pollution from sources in these areas can add to the pool of pollution 

transported into the region.
7
 

Figure 2.3 shows the synoptic scale weather pattern for one such episode, along with the 

resulting patterns in ozone concentrations. On this day, a high pressure system was located to the 

southeast, centered over Virginia. Southeasterly to southerly winds on the western side of this 

system carried pollutants from the Ohio River Valley to Lake Michigan. This episode shows a 

common pattern for ozone distributions on episode days: ozone concentrations were lowest in 

the regions with the highest emissions (in central Chicago and extending into northwestern 

Indiana) and the highest in rural coastal areas far downwind. During such classic transport 

episodes, peak ozone concentrations move northward over the course of the day. For example, 

on the day shown in Figure 2.3, ozone peaked at Wisconsin’s southern Chiwaukee Prairie 

monitor between 11 a.m. and 1 p.m., at the Kohler Andrae monitor midway up the coast between 

2 p.m. and 4 p.m., and at the northern Newport monitor between 4 p.m. and 6 p.m. 

  

                                                 
7
 Dye, T.S., P.T. Roberts, and M.E. Korc, 1995: Observations of transport processes for ozone and ozone precursors 

during the 1991 Lake Michigan Ozone Study. J. App. Meteor, 34: 1877-1889. 
8
 Hanna, S.R., and J.C. Chang, 1995: Relations between meteorology and ozone in the Lake Michigan region. J. 

Applied Meteorology, 34: 670-678. 
9
 Haney, J.L., S.G. Douglas, L.R. Chinkin, D.R. Souten, C.S.Burton, and P.T. Roberts, 1989: Ozone Air Quality 

Scoping Study for the Lower Lake Michigan Air Quality Region, SAI report #SYSAPP-89/101, prepared for US 

EPA, August, 197 pp. 
10

 For example, Ragland, K. and P. Samson, 1977: Ozone and visibility reduction in the Midwest: evidence for 

large-scale transport. J. Applied Meteorology, 16: 1101–1106. 
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Figure 2.3. (left) Surface synoptic weather map for 6 a.m. CST for the eastern U.S., and 

(right) the maximum daily 8-hour average (MDA8) ozone concentrations for the Lake 

Michigan region for June 19, 2016. The Chicago and Sheboygan, WI, nonattainment areas 

are shaded in gray. 

 

2.3.  The Role of Mesoscale Meteorology (Lake Breeze Circulation) on High-Ozone 

Days 

The synoptic meteorological conditions often work in combination with unique lake-induced 

mesoscale meteorological features to produce the highest ozone concentrations in this region. 

Wisconsin’s ozone nonattainment areas are positioned along the state’s coastline with Lake 

Michigan (Figure 2.1). With a surface area of approximately 22,400 square miles, Lake 

Michigan acts as a huge heat sink during the warm months. Figure 2.4 highlights the 

considerable difference between the over-land air temperatures (measured at Racine, WI) and 

over-water air temperatures (measured at a buoy in southern Lake Michigan) during a 5-day 

ozone episode in June 2002. The strong daytime temperature contrast between the warm land 

and cold lake can lead to the formation of a thermally-driven circulation cell called the lake 

breeze, which runs approximately perpendicular to the Lake Michigan shoreline (Figure 2.5). As 

this figure shows, the lake breeze is generally preceded by an early morning land breeze, driven 

by relatively warm temperatures over the lake. The land breeze can carry ozone precursors 

emitted from urban areas, primarily Chicago, out over the lake, where they can react to form 

ozone. The onshore flow of the lake breeze circulation then transports elevated ozone from over 

the lake onshore into eastern Wisconsin.  
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Figure 2.4. Hourly surface air temperatures at Racine, WI and at the South Lake Michigan 

Buoy during an ozone episode on June 20-25, 2002.  

 

Figure 2.5. Schematic diagrams of the (left) early morning land breeze and (right) late 

morning/afternoon lake breeze circulations responsible for enhanced ozone production 

along the Lake Michigan shoreline (modified from Foley et al., 2011
11

). 

 

2.4. Conceptual model for ozone formation in the Lake Michigan region 

Synoptic and mesoscale meteorological patterns together drive ozone formation in the region, as 

described in a conceptual model in Dye et al. (1995).
7
 Dye et al. (1995) described this model 

with the following series of inter-related steps. This discussion focuses on the conditions 

impacting Wisconsin’s shoreline: 

                                                 
11

 Foley, T. , E. A. Betterton, P.E. R. Jacko, and J. Hillery, 2011: Lake Michigan air quality: The 1994-2003 

LADCO Aircraft Project (LAP), Atmos. Env., 45: 3192-3202. 
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1) A shallow but intensely stable conduction inversion exists just above the relatively cold 

lake surface (Figure 2.5). During the early morning hours the land breeze and general 

offshore flow (i.e., southerly to west-southwesterly winds) transport ozone and fresh 

precursor emissions into the stable air in the conduction layer over Lake Michigan. A 

primary source region is the Chicago area, located at the southern edge of the lake. 

  

2) By midmorning a sharp horizontal temperature gradient forms along the shoreline 

between the cold lake air and the increasingly warmer air over the land. This gradient 

effectively “cuts off” air in the conduction layer from additional injections of shore-

emitted precursors. Strong stability in the conduction layer limits dispersion, creating 

high concentrations of ozone precursors, which can react in this layer. 

 

3) By midmorning, the developing convective boundary layer (CBL) grows and the 

resulting convection mixes ozone vertically, where it combines with ozone transported 

from sources outside the region. Ozone concentrations in this air are lower due to the 

dilutive effects of convective mixing. As this air is transported lakeward, it is forced to 

flow up and over the conduction layer (Figure 2.5). 

 

4) The ozone-rich air in both layers is transported northward over Lake Michigan by the 

prevailing winds. When a lake breeze is present, it produces southerly to south-

southeasterly winds along the western shore of Lake Michigan. This wind pattern 

transports the ozone originating from sources in the south to downwind receptor regions 

in eastern Wisconsin. On occasion, areas north of Ozaukee County experience elevated 

ozone levels as a southerly wind intercepts the shoreline where it juts into Lake 

Michigan. 

 

5) When the ozone-laden air flows onshore in the downwind receptor regions, air with the 

highest ozone concentrations, located in the lowest 300 m, mixes down to the surface 

first. This causes the highest ozone concentrations to be found along the shoreline. 

Eventually, air from higher altitudes mixes down to the surface further inland, but ozone 

concentrations in this air are lower. This air mass is the remnant of the ozone-diluted 

CBL air that flowed up and over the conduction layer during the mid-morning hours. 

This complex meteorology leads to the high ozone concentrations and persistent nonattainment 

issues faced by the counties along the Lake Michigan shoreline. The impact of this meteorology 

on the transport of ozone, NOx, and VOCs to eastern Kenosha County is explored in more detail 

in Chapter 5.  




