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Abstract 
Ozone is the only pollutant that exceeds national and state standards in Delaware. Using 
observations and two different climate models, the number of high-ozone days (days exceeding 
70 ppb based on the 8-hour average in Delaware) is investigated for the late 20th and early to 
mid-21st centuries using a synoptic typing methodology, which relates surface conditions 
conducive to high-ozone events to atmospheric circulation. High-ozone days are associated with 
the absence of precipitation and southwesterly to west-northwesterly flow over Delaware, which 
tend to bring higher daily mean temperatures (exceeding 25.5°C). Models underestimate the 
number of observed high-ozone days in the 20th century, because the models do not include the 
effects of ozone regulation, which has decreased the number of ozone days. Meanwhile, higher 
concentrations of greenhouse gases and the resulting higher temperatures favor increased ozone 
days, an effect that is captured by the models. As temperatures continue to rise in the 21st 
century, climate projections indicate that high-ozone conditions will occur more frequently. By 
mid-century, the number of high-ozone days is projected to increase by about an extra day every 
two years, which is faster than it was in the previous 30 years. Thus global warming cancels out 
a quarter of the progress made in improving air quality in the state of Delaware, meaning that the 
air quality in mid-century is expected to be the same as it was around 2006. In a warming world, 
air quality standards will need to stricter to maintain or reduce the number of high-ozone events 
in Delaware. 

Background 
Climate change is much more than simply an atmospheric phenomenon; it can have profound 
impacts on public health. The most recent report of the Intergovernmental Panel on Climate 
Change (IPCC) describes an average warming of the global climate of about 2°C by the end of 
the 21st century,1 while regional studies2 have indicated a stronger warming along the east coast 
of the United States, between 2.5°C and 5.5°C the authors examine projections of twenty-first-
century climate in the representative concentration pathway 8.5 (RCP8.5). Exacerbating the 
impact of this temperature increase is the expectation that heat waves will occur with greater 
frequency, intensity, and duration. If emissions of carbon dioxide (CO2) continue on their 
current trajectory, by mid-century the mid-Atlantic may experience 50 more days per year of 
high temperatures exceeding 32°C (90°F),3 while in Delaware the number of days with 
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maximum temperatures above 35°C (95°F) is expected to vary from less than 5 to 15-30.4 These 
temperature increases are likely to impact Delaware’s public health, due to the known 
relationship between high temperatures and increased mortality.5,6 In particular, this link appears 
strongest in the eastern United States when compared to elsewhere in the country.5,7 
This increase in temperature influences public health in ways other than the direct mortality 
impact. One of these indirect impacts is the temperature influence on tropospheric (surface) 
ozone (O3) pollution. 
Tropospheric ozone, which is regulated by the U.S. Environmental Protection Agency (EPA), is 
a summer pollutant that forms in the lower atmosphere as a result of photochemical reactions 
between nitrogen oxides (NOx) and volatile organic compounds (VOC). Ozone is currently the 
only pollutant that exceeds national and state standards in Delaware. Ozone can: cause damage 
to the respiratory tracts, including shortness of breath and inflammation; exacerbate asthma, 
emphysema, and chronic bronchitis; and cause chronic obstructive pulmonary disease (COPD). 
Children are generally at higher risk than adults because their lungs are still developing, they are 
generally more active outdoors, and they are more susceptible to asthma; however, older 
individuals are also considered to be a more at-risk population (https://www.epa.gov/ozone-
pollution/ health-effects-ozone-pollution). Higher ozone levels have also been shown to increase 
hospital admissions for asthma and COPD for the elderly and children.8 
There are three mechanisms by which ozone may reach higher concentrations and/or exceed 
regulatory standards more frequently in a warming climate. 
The first is that higher temperatures enhance the photochemical reactions that produce ozone.9 
Secondly, episodes of high ozone are associated with certain large-scale weather conditions, such 
as the passage of mid-latitude cyclones or the western expansion of the Bermuda High.10 The 
weather conditions over a region of interest on a particular day are known as the “synoptic 
weather conditions”. Due to climate change, the synoptic weather conditions conducive to high-
ozone events may occur with greater frequency, leaving the potential for more high-ozone 
episodes. Finally, synoptic conditions that today are not typically associated with high-ozone 
events may become more conducive to the formation of ozone as the climate warms. This paper 
will focus on the second factor: the synoptic weather conditions associated with high ozone and 
their changes in frequency due to climate change. 
The synoptic weather conditions can be grouped into a few “synoptic types”, thus each day can 
be assigned to a synoptic type that represents all days of the year with similar synoptic weather 
conditions. This is done using a variety of meteorological variables, including temperature, sea-
level pressure, humidity, precipitation, cloud cover, and wind speed and direction. Thresholds 
and/ or spatial distributions of these variables are identified and used to classify each date into 
one of a limited number of synoptic types. The synoptic typing used in this study was developed 
by a team at the University of Delaware and includes data spanning back to 1946.11,12 In the 
summer, the season most favorable to ozone formation, nine synoptic types were identified, four 
of which are associated with a high probability of high ozone. The number of days that belong to 
one of the four favorable synoptic types is evaluated in this study using future climate 
projections. The resulting trends are indicative of changes in the number of high- ozone days. 
The extensive work performed in preparation of the climate assessment reports of the IPCC 
resulted in a plethora of available climate modeling data, which are publicly available online. 
Specifically, the Coupled Model Intercomparison Project (CMIP5)13 database consists of dozens 
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of climate models from agencies worldwide, along with a number of experiments for each model 
to assess model performance and make projections of climate in the past, present, and future. For 
this study, two climate modeling suites were selected, which are considered to be among the 
most accurate and have fine enough resolution to evaluate local Delaware climate. 
These are the Hadley Centre Global Environment Model (HadGEM2),14 run by the Met Office in 
the United Kingdom, and the Model for Interdisciplinary Research on Climate (MIROC5),15 run 
by the University of Tokyo and the National Institute for Environmental Studies in Japan. This 
research uses historical runs from both models to examine the past and present climate in 
Delaware from 1986 through 2015. Additionally, future projections are included from the 
Representative Concentration Pathway 8.5 (RCP 8.5),16 which represents a “business-as-usual” 
scenario of future carbon emissions. Specifically, this paper examines the period 10 years into 
the future (2025– 2034) and in the middle of the century (2045–2054). 

What is a “high-ozone” event? 
The EPA has established the Air Quality Index (AQI)17 in order to assess the public health 
impacts of ozone and other pollutants as high levels of pollution are occurring. 
The AQI includes 6 color-coded levels that indicate the severity of the particular pollutant, 
ranging from “good” on the low end to “hazardous” at the high end (Figure 1).18 These levels 
help users see at a glance when they should consider seeking shelter from prolonged ozone 
exposure. An AQI exceeding 100 indicates an increased level of caution for at-risk groups; for 
ozone, this means that the 8-hour average exceeds 70 ppb. The maximum AQI index is 500, 
corresponding to the pollutant reaching the Significant Harm Level (SHL); for ozone, the SHL is 
600 ppb using a 2-hour average. 
Figure 1. US EPA Air Quality Index (AQI) for ozone, as defined by the 2015 standards. 

 
*SHL represents the Significant Harm Level, which is 600 ppb based on a 2-hour average. 
The Delaware Department of Natural Resources and Environmental Control (DNREC) Division 
of Air Quality (DAQ) operates several air quality observing stations throughout the state of 
Delaware that track several pollution parameters, including ozone. The first of these stations 
reporting ozone became operational in 1980, and additional stations have been added, removed, 
or replaced since then. As of 2015, Delaware has 7 air quality stations that measure ozone 
(Figure 2). Due to Delaware’s small size, the 7 stations (2 stations in Sussex County, 1 station in 
Kent County, and 4 stations in New Castle County) provide a good spatial coverage of ozone 
levels in the state. The data from these stations are archived by DNREC and are available online 
via the EPA Air Quality System (AQS) Data Mart at https:// www.epa.gov/outdoor-air-quality-
data. 
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Figure 2. Location of the Delaware air quality monitoring stations. Note that the Newark, 
Delaware City, and Dover stations do not record ozone levels. 
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In order to determine what qualifies as a “high-ozone” (HO) day using this observational data, it 
was necessary to set a threshold value. Since the AQI index value of 100 indicates a pollution 
level that can be considered harmful to sensitive populations, the corresponding ozone level of 
70 ppb based on the 8-hour average was used to classify days that are considered HO events. 
Since Delaware is a small state, even if only one station’s 8-hour average exceeds this level, the 
day is classified as HO. 
Based on these criteria, the observational record of ozone for the historical 30-year period from 
1986 through 2015 was analyzed. As can be seen in Figure 3, the number of HO days has been 
decreasing over the 30-year period. On average, each year during the study period had about 2 
fewer days of high ozone per year (as the trend line in Figure 3 has a slope of -1.82 HO 
days/year), changing from about 70 HO days per year to less than 10 in the past few years. This 
steady decrease was not a random phenomenon, but rather the result of stricter regulation (such 
as federal and state air quality standards) and societal reductions in the emissions of ozone-
forming pollutants. This improvement in air quality has occurred despite the underlying warming 
trends from climate change, which would have caused an increase, not a decrease, in the number 
of HO days. 
Since past or future regulation and emission controls are not simulated in climate models, only 
trends due to global warming will be identified in this study. 
Figure 3. Number of high-ozone (HO) days in Delaware from historical observations during the 
30-year period 1986-2015. 
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Detecting high-ozone events using climate models 
In order to evaluate how ozone levels in Delaware may change due to the changing climate, it is 
necessary to establish criteria to detect conditions in climate models that would be conducive to 
high ozone. This was done by evaluating the synoptic weather conditions that were present on 
days in the most recent decade of the period of interest (2006–2015) which were classified as HO 
based on the aforementioned criteria (i.e., 8-hour ozone exceeding 70 ppb). The calibration 
period was the last decade, as opposed to any other decade in the historical period, to ensure that 
the projected changes in HO days due to climate alone would be inclusive of current, not past, 
regulation. Several meteorological variables were used to detect synoptic weather conditions 
favorable for high ozone in climate models. First and foremost, the spatial distribution of sea 
level pressure (SLP) was used, since it is representative of the flow patterns near the surface. 
Only cases with an overall spatial distribution of SLP that would lead to transport of the ozone 
precursors (NOX and VOC) into the state were included, specifically, southwesterly to west- 
northwesterly flow. The second condition involves temperature, since higher temperatures make 
HO events more likely. Days with mean daily temperature in the state exceeding 25.5°C (78°F) 
had a high likelihood of high levels of ozone. Note that this is a mean daily temperature; the 
daily highest temperature on these days consistently exceeded 32°C (90°F), but mean 
temperature was used since that variable is more readily available in climate models. 
The third condition leading to a HO event was the absence of precipitation. Rain prevents ozone 
from forming, due to both a lack of sunlight that drives the photochemical reactions and the 
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washout of the available precursor pollutants. As such, only days when there was no measurable 
precipitation (defined as less than 1 mm/day) in the climate model were considered to be 
favorable to high ozone. 
These criteria were used to evaluate daily climate model output during the summer months (June 
through August hereafter) for the same 30-year period as the observations (1986–2015). Any day 
that met all three criteria was classified as a HO day. These results are shown in Figure 4. Since 
the criteria were tuned to the most recent decade, the model data match the observations very 
well in the last 10 years, but underestimate the number of HO days in the earlier decades. This is 
to be expected due to the aforementioned calibration, because earlier in the historical period the 
regulation was less strict and therefore ozone concentrations were generally higher. Weather 
evolves in a climate model the same way as it does in the real word, but not exactly on a day-to-
day or year-to-year basis. For example, if temperature was above 35°C on September 1, 2015, it 
is not expected to be above 35°C on the same day or year in the climate model. Rather, the 
climate model will have the same frequency of days above 35°C as the real world over the 
course of a decade. 
Figure 4. Number of high-ozone (HO) days in Delaware from the historical observations versus 
the two climate models (HadGEM2 and MIROC5) for the 30-year period 1986-2015. 

With respect to ozone, climate models are not expected to perfectly capture the number of ozone 
days year by year, but rather the characteristics of the underlying variability and frequency over 
time scales of a decade or longer. In other words, the model results show how the number of HO 
days would have changed over the past 30 years if the regulatory and societal factors were held 
constant at 2015 levels (i.e., a standard of 70 ppb for 8-hour average O3, along with 2015 
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emission standards and industry pollution controls). This allows the models to estimate how the 
number of HO days would fluctuate solely due to the climate, and not to societal and regulatory 
changes. 
The HadGEM2 model indicates that, under the warming trend of the past 30 years, Delaware 
could expect about one extra HO day every 3 years, given that the trend line in Figure 4 has a 
slope of +0.37 HO days/ year. This trend is not as strong in the MIROC5 model, which shows 
only about 1 extra HO day every 20 years (or +0.05 HO day/year). In terms of variability, both 
models exhibit a lower standard deviation than observed in the last decade (~6 vs. 16 HO days 
for models and observations, respectively (not shown). 

Projected changes in the number of high-ozone events 
The climate models were evaluated for 10 years from now (2025–2034) and mid-century (2045–
2054) together. These results are shown next to the 30-year historical results in Figure 5. Once 
again, the assumption behind these results is that all regulatory and societal factors that impact 
the production of ozone remain at the 2015 levels and therefore the results indicate how the 
number of HO days may change solely due to the changing climate in Delaware. By mid-
century, there is a clear increase in the number of HO days to between 30 and 40 days, 
depending on the model, from the current ~20 days per year. Both models also indicate an 
acceleration in the increase of the number of HO days, as indicated by the steeper slope of the 
trend lines (from +0.05 to +0.48 HO days/year for the MIROC5 and from +0.37 to +0.51 HO 
days/year for HadGEM2). Both models converge to the same estimate of one extra HO day every 
2 years, as opposed to every 3 years (HadGEM2) or every 20 years (MIROC5). 
Figure 5: Number of high-ozone (HO) days in Delaware from the two climate models 
(HadGEM2 and MIROC5) for the historical 30-year period 1986- 2015 and for two future 
periods, 2025-2034 and mid-century (2045-2054). 
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Global warming erases about 25% of the progress from regulation in reducing the number of HO 
days in the past 30 years (Figure 3), as the slopes went from approximately -2 to +0.5 HO 
days/year. 

Conclusions and Future Work 
The goal of this study was to investigate the impact of the changing climate in Delaware on the 
expected number of days with ozone levels high enough to be unhealthy for sensitive 
populations. A combination of observations and climate model data were used to identify and 
link synoptic conditions to days with high- ozone concentrations. High-ozone days are associated 
with: southwesterly to west-northwesterly flow over Delaware, which brings pollutants from 
upwind states; no precipitation; and high daily-mean temperatures (exceeding 25.5°C). Future 
climate projections showed that these conditions will occur more frequently in mid-century, thus 
increasing the number of HO days by about an extra day every two years, which is faster than it 
was in the previous 30 years. As such, global warming basically undoes a quarter of the progress 
in air quality in the state of Delaware, meaning that the air quality in mid-century is expected to 
be the same as it was around 2006. To maintain the current ozone levels, therefore, regulation 
will need to be stricter than it is today, and even stricter to maintain the past negative trends. 
Future work includes: the analysis of additional climate models, such as the CCSM4, GFDL, and 
CNRM-CM5, to better represent the uncertainty around future climate projections; a 
quantification of the potential increases in ozone concentrations, not only in the frequency of 
high- ozone days; and an assessment of the health impacts of the expected changes in ozone. 
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