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I. Abstract 

Climate change will bring about many changes to the composition of the atmosphere. In 

addition to the increasing threats of extreme weather events and rising sea levels, climate 

change may also have a negative effect on air quality. Secondary formations of ozone and 

particulate matter are especially sensitive to changes in meteorological parameters such 

as temperatures and precipitation. In addition to changes due to climate change, air 

pollution concentrations in the future are influenced by management strategies that 

control emissions. The Clean Air Interstate Rule (CAIR) and the National Ambient Air 

Quality Standards (NAAQS) are both examples of management strategies that will 

change pollution concentrations in the future. The purpose of this Master’s Project is to 

take model results of current and future air pollution concentrations, under the CAIR and 

the NAAQS management scenarios, and summarize them in a way that can be utilized by 

policy makers to determine the best course of action for the future.  

Results are given for the Northeast United States summer season as an illustration of the 

causal inference method. Ozone concentrations will be lower in the future yet CAIR will 

not be any more effective at reducing ozone concentrations beyond the NAAQS’s. In 

contrast, the CAIR management strategy is more effective at reducing PM2.5 

concentrations than the NAAQS. The probability of exceeding the health standards 

decreases for PM2.5 and ozone in the future. 

The results of this analysis indicate that CAIR is an effective tool to reduce PM2.5 

concentrations yet no more effective than the NAAQS management strategy for ozone. 

This analysis paves the way for future work on how climate change will not only change 

temperatures but could also change how pollution is formed in the atmosphere. 
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II. Introduction 

Changes to the composition of the atmosphere will not only change the average global 

temperature, but could perturb many of the reactions that lead to ozone and particulate 

matter formation in the atmosphere. Many of the national control programs in place to 

reduce criteria pollutants in the future could find themselves less effective than originally 

projected. Changes to temperature, precipitation, cloud cover, and relative humidity may 

change the rate at which ozone and particulate matter are formed as well as deposited out 

of the atmosphere.  

The United States Environmental Protection Agency developed two models aimed at 

predicting future atmospheric conditions.  The first model is a downscaled global climate 

model that gives current and future meteorological data on the regional scale for 2000-

2002 and 2050-2052 (Nolte 2007). Current climate is based on current regional 

temperatures and atmospheric conditions. A future climate was generated to take into 

account how increasing temperatures and changing atmospheric conditions may change 

meteorological patterns. The second model is the Community Multi-scale Air Quality 

model, which predicts ozone and PM2.5 concentrations based on specific meteorology and 

emissions data. Emissions were projected into the future using two management 

scenarios. The first assumes the National Ambient Air Quality Standards, or NAAQS, are 

the only limit to emissions. The second scenario simulates emissions if the Clean Air 

Interstate Rule, Clean Air Mercury Rule and Clean Air Visibility Rule are implemented. 

The model outputs from the Community Multi-scale Air Quality model are in a 

spatiotemporal scale that cannot accurately assess the effectiveness of the control 

strategies or the changes due to climate change. Because of this, causal inference was 
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used to summarize the differences between current and future climate as well as the 

different management strategies. The results from this analysis are aimed towards 

policymakers attempting to take complex quantitative results and produce valuable air 

quality policy that protects human and environmental health.   

1. Background 

The purpose of this section is to explain the sources of data utilized in this report as well 

as additional work being completed on this subject. Background information is provided 

for the modeling of meteorological data, air quality modeling and interpretation of 

results.  

1.1 Meteorological analysis  

The Environmental Protection Agency’s Office of Research and Development has 

simulated future meteorology using National Aeronautics and Space Administration’s 

Goddard Institute for Space Studies version 2 downscaled global climate model (Nolte 

2007). A downscaled global climate model takes input from the global model as the 

initial conditions and the boundary conditions for the regional model (Nolte 2007). The 

MM5 Regional Climate Model, that the global model is downscaled to, is used to create 

current and future meteorology in the years 2000 -2002 and 2050-2052 (Nolte 2007). 

Future meteorology was determined using the Intergovernmental Panel on Climate 

Change A1B (IPCC A1B) emissions scenario (Nolte 2007). A regional climate model can 

generate small scale meteorological changes such as frontal passages and stagnation 

events that global climate models fail at. Review of the model has shown that it does well 

at predicting what actual observations will be.  
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1.2 Modeling Analysis 

The Air Quality Modeling Group at the U.S. EPA conducted fifteen model runs using 

CMAQ version 4.5 at a 36 km scale (Nolte 2007). The fifteen model runs are a 

combination of meteorology scenarios and emission scenarios.  The current meteorology 

scenario simulates the years 2000, 2001 and 2002, while the future meteorology scenario 

simulates the years 2050, 2051 and 2052. The future years cannot be directly compared to 

current years.  

The three emission scenarios are based on 2001 base emissions, 2020 IPCC A1B scenario 

base emissions and 2020 IPCC A1B scenario Clean Air Interstate Rule Emissions 

(CAIR). The 2020 CAIR Emissions are based on the rule that makes states responsible 

for lowering emissions if they are found to contribute to non-attainment areas in other 

states (EPA CAIR). The CAIR rule aims to reduce ozone and PM2.5 concentrations and 

applies only to the Eastern US so California and other western states will not benefit in 

these scenarios (EPA CAIR).    

Nine of the model runs combined each current meteorology year with each of the three 

emissions scenarios. Six model runs combined each future meteorology year and the 

latter two emissions scenarios (2020 future base and 2020 CAIR). A summary of these 

runs can be found in Appendix A.  An analysis of these results not only shows how the 

concentrations of ozone and PM2.5 change in the future, but the effects of control 

programs and climate. The results are in 36 km gridded hourly data that is post-processed 

into daily, monthly and seasonal datasets.  

1.3 Previous Studies 
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One other major study, done by Harvard University researchers, looks at how changing 

meteorology will affect ozone concentrations. Their results indicate that control programs 

will become less effective in the future (Wu 2006). Researchers at the EPA are currently 

looking at how wind patterns and frontal passages change in the future using the 

meteorological data set used in my report (Cooter 2007). Preliminary results indicate that 

the effects of wind patterns on pollution concentrations are region specific (Cooter 2007). 

This analysis is crucial with PM2.5 concentrations since frequency of precipitation, as well 

as amount, is important when determining how often the National Ambient Air Quality 

Standard will be exceeded.  

III. Methods 

The purpose of this section is to describe the methodology used to determining the effects 

of climate change and management strategies on U.S. air quality. First, will be a brief 

summary of ozone and particulate matter formation in the atmosphere. Steps taken to 

complete a regression analysis for causal inference are presented second, followed by a 

discussion of uncertainty in these results. 

The original output from the downscaled global climate model and CMAQ model are 

hourly values in each 36 km grid cell across the entire United States. These results are 

post-processed into daily values. The results of these daily values can be graphically 

viewed in Appendix B. The purpose of this analysis is to take the daily values over the 

country and scale the results down in a way that can be useful to policymakers. All 

results in the quantitative analysis section of this report are average monthly Northeast 

summertime values.  
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2.1 Ozone and Particulate Matter 2.5 Formation in the Atmosphere 

Before understanding how the models predict ozone concentrations in the atmosphere it 

is important to know why there would be a relationship to begin with. The formation of 

ozone in the atmosphere is critical to understanding this relationship. Ozone is formed in 

the atmosphere in the processes described by the following equations. Sunlight begins the 

ozone production process by splitting an existing ozone molecule into O2 and a single 

excited oxygen atom. This oxygen atom will form a hydroxyl molecule that will react 

with hydrocarbons and NOx molecules to eventually form ozone. Increasing temperature 

will increase the rate of reaction because the molecules are moving faster. Increased 

sunlight speeds the rate of the initial reaction, leading to higher ozone concentrations 

(Walcek 1995). For this reason, ozone concentrations are historically highest on sunny 

hot days in the summer.  

Emissions of NOx and VOC are important in determining how much ozone will be in the 

atmosphere in the future. Also important is the meteorological conditions when these 

reactions occur. The rate of ozone formation is strongly influenced by temperature. 

Generally the rate constant of each reaction is governed by the equation  

K = A* exp(-Ea/T) (Walcek 1995). As temperature increases, the rate of reaction also 

increases.  

The initial reaction that breaks an existing ozone molecule up is strongly affected by the 

amount of solar radiation reaching the lower troposphere. This result is highly dependent 

on cloud cover since more cloud cover means less solar radiation reaches the lower 

atmosphere (Walcek 1995). Precipitation, mixing ratio, and cloud cover are expected to 
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have an interactive effect with one another since precipitation implies cloud cover, which 

implies an increased mixing ratio.  

Particulate matter is released directly from anthropogenic and natural sources, as well as 

formed secondarily through processes in the atmosphere.  Both sulfate and nitrate 

particles are formed by reaction with hydroxyl that eventually reacts with ammonium to 

form a particle. These particles can be removed from the atmosphere via wet and dry 

deposition.  

Sulfate and nitrate compounds make up the majority of particulate matter that can be 

controlled by human activities (Air Quality Ontario). Precipitation is the largest 

scavenger of particulate matter, so increased precipitation will inevitably lead to less 

particulate matter (Seinfeld 2006). Increased precipitation implies higher cloud cover and 

mixing ratios as well. Temperature variations will change the reactions rate of particulate 

matter formation as well. 

2.2. Regression Analysis for Causal Inference 

Daily average values for ozone and PM2.5 concentrations, temperature, ventilation, cloud 

cover, precipitation, maximum temperature, minimum temperature and mixing ratio are 

retrieved and put into three-dimensional matrices. These files are uploaded into the 

statistical package R and monthly mean values were created for five regions of the United 

States as well as national values. The regions are the Northeast, Southeast, Midwest, 

Central and West.  

A major feature to this research is the need for statistical analysis to predict future ozone 

and PM2.5 concentrations. Causal inference is used to determine the differences between 
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current and future climate as well as the CAIR vs. Base emissions scenarios. Causal 

Inference uses regression analysis to estimate the difference between a treatment group 

and a control group after controlling for meteorological factors.  The basic approach of 

the method is to introduce a treatment variable (T) which takes value 1 (for treatment 

group) and 0 (for control group) (Gelman 2007).  The treatment variable T is included as 

a predictor variable in the regression analysis.  For this analysis, the treatment variable 

can either be current climate (0) versus future climate (1), or base emission (0) versus 

CAIR (1).  For example, the model  

Y = Xβ + αT + ε 

includes T as a predictor along with other meteorological predictor represented by X 

(Gelman 2007).  The difference between treatment (T=1) and control (T=0) is 

summarized by the regression coefficient α (Gelman 2007). In this example the treatment 

effect T will only change the intercept, or mean value, of the response variable. Causal 

inference can also be used to determine how the relationship between predictor variables 

and the response variable change at varying treatment effects; in other words, a change to 

the slope. This is done by including an interaction effect. In the case of this analysis an 

interaction will show how future climate and/or management strategy will change the 

ability to predict ozone concentrations from meteorological changes.  

Model outputs from the CMAQ model are in daily values for each grid cell across the 

United States. Results in spatiotemporal scale are difficult to summarize in a way that a 

policymaker can use to protect public health. For this reason, averaged monthly values 

were calculated in order to present this data in a more usable format. All results from the 

regression analysis are presented as averaged monthly values. 
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The result is four separate models being studied to determine the changes between 

scenarios, summarized in Table 1.  

Table 1. Summary of models formed by causal inference method. 

  Current Met. Future Met.  

Base Emissions Current Base Future Base 

CAIR Emissions Current CAIR Future CAIR 

 

Table 2 shows the regression variables that were used in the analysis. The response 

variable is either ozone or PM2.5 concentrations. Predictor variables are the 

meteorological factors that are expected to influence pollution concentrations. Finally, the 

treatment variables are the climate scenario and the management scenario that will be 

used for causal inference.  

Table 2. Summary of variables used in regression analysis. 

Regression Analysis 

Response Predictor Treatment 

Ozone Mean Temperature Climate 

PM2.5 Max Temperature Management 

 Min Temperature  

 Mixing Ratio  

 Daily Total Precipitation  

 Average Cloud Cover  

 Ventilation  

 

This report will illustrate the causal inference approach using data from the Northeast 

region of the United States rather than the entire U.S. Due to regional changes in weather 

patterns, this approach is not expected to alter results and likely enhances the ability to 

predict changes in pollution concentrations. The U.S. was divided into the Northeast, 

Southeast, Central, Midwest and Western regions as shown in figure 1. Preliminary 
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results showed that daily values varied greatly and were impractical to use to predict 

ozone and PM2.5, therefore monthly mean values were calculated for each grid point.  

Figure 1. 36 km grid cells used in analysis, separated into regions. 

MW NE

SE

CNWE

 

The most important aspect of controlling air pollution is not what happens on the average 

day, but on the number of days when ozone and PM2.5 concentrations exceed a limit 

known to be dangerous to human health. The U.S. EPA has recently passed a new ozone 

standard of 75 ppb.  The current PM2.5 standard is 35 µg/m
3 

(EPA NAAQS). In addition 

to analyzing how meteorological parameters influence ozone and PM2.5 concentrations, 

the probability of exceeding the National Ambient Air Quality Standards was studied. 

This calculation was done by predicting pollution concentrations based on a linear model 

and then predicting the probability of exceeding the NAAQS using the predicting 

concentration as a mean.   

2.3. Uncertainty 
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As with all modeled data, there is much uncertainty about what will happen in the future. 

Quantifying that uncertainty has plagued scientists for as long as modeled data has been 

used in the field.  In this analysis there is uncertainty in both the downscaled global 

climate model and the CMAQ air quality model output. The input for the downscaled 

global climate model comes from the GISS global climate model; therefore any 

uncertainties associated with the large scale climate model are transferred to the regional 

climate model that is used in this analysis. Causing further uncertainty in these models is 

the planned growth of the world economy. Changes in anthropogenic emission can 

significant change future air quality and meteorological makeup of the atmosphere. In 

these scenarios the IPCC A1B scenario was used.  

The emphasis of this analysis is not the accuracy of the CMAQ model to predict ozone 

and PM2.5 concentrations based on meteorological and emissions input. Rather, the 

objective is to understand the differences between the CMAQ model results for current 

and future climate in both management scenarios after controlling for temperature, 

precipitation, cloud cover, mixing ratio and emissions.  The model generated numbers 

may turn out to be different from the observed results because of uncertainties in the 

downscaled global climate model or because the IPCC A1B scenario turns out to be an 

incorrect projection of future emissions. These uncertainties will not be determined here.  

IV. Results 

The following section provides results in both a qualitative and quantitative way. 

Qualitative results summarize changes in air quality due to climate change and 
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management strategy by analyzing graphical maps. Quantitative results reveal the 

findings from the regression analysis of causal inference.  

3.1 Qualitative Analysis 

3.1.1 Ozone concentrations 

According to the GISS downscaled regional climate model, temperature will increase in 

all regions and all seasons in 2050-2052. This result is expected since the input uses the 

A1B emissions scenario, which expects rapid economic and technological growth, and 

consequently higher carbon dioxide emissions (IPCC 2007). The projected temperature 

increase in the A1B scenario is about 2-3 degrees Celsius. Increased temperature can 

increase ozone production, especially in the summer when solar radiation is higher over 

the United States. Temperature changes can be seen in Figure 2 between current and 

future model results which vary by region. 

Figure 2. Differences between summertime current and future meteorology. 
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Other factors affecting ozone are cloud cover, maximum temperatures and precipitation. 

For example, cloud cover during the summer months is expected to increase in the 
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Midwest and Western regions but decrease in the Southeast. In the fall, cloud cover 

decreases in the future everywhere except the Northeast, where it increases. The 

wintertime sees increasing cloud cover in every region. Cloud cover can affect ozone 

because more cloud cover means less solar radiation will reach the lower atmosphere and 

ozone production will decrease. Changes to all meteorological parameters in the future 

summer can be seen in Appendix E.  

Precipitation can be secondarily linked to ozone formation because increased 

precipitation could mean increased cloud cover and decreased solar radiation. This is 

difficult to detect in modeled average data since frequency of rain events and frontal 

passages will determine the extent of this effect. For instance, if rain events in the future 

drop more rain on average but do not last any longer than today, precipitation will not 

change cloud cover rates. However, if rain events are longer and more drawn out, they 

could perturb ozone production.  

Daily maximum temperatures are shown to be more representative of ozone production 

because the period when high temperatures occur is the also the time of highest ozone 

production. In the future, daily maximum temperatures increase by an average of 3-4 

degrees Celsius. Highest increases occur in the fall in the Midwest and Central United 

States. This could be an indication that the ozone season, typically in the summer, will be 

extended in the future, causing more serious health effects due to an increase in ozone 

alert days.  

3.1.2. Particulate Matter 2.5 

Precipitation is expected to influence particulate matter concentrations the most. A large 

sink of particulate matter is wet deposition. Increased rainfall will deposit more 
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particulate matter from the air into surface and ground water.  Increases in precipitation 

are predicted for the Southeast and decreases are predicted for the Northeast in the spring 

and summer.  Precipitation is predicted to increase in both the Northeast and the 

Southeast in the fall while decreasing in other regions.  

3.1.3. Ozone in the future 

Ozone concentrations in the future are expected to decrease due to Clean Air Interstate 

regulations. However, the level of decrease in ozone is region-specific with large 

variations across the country. According to CMAQ model results using both current and 

future meteorology, Ozone will decrease in the Midwest in the summertime months 

(June-August). However, Ozone concentrations are expected to increase in this region in 

July.  

3.1.4. Particulate matter in the future 

Particulate matter forms a much clearer regional picture. Overall particulate matter 

increases due to meteorological changes in the Southeast and decreases in the Northeast. 

Particulate matter concentrations decrease slightly overall in the future but hotspots over 

industrial cities still exist. Seasonally, particulate matter increases as a result of 

meteorological changes in the Southeast in the spring and summer, decreases over the 

Midwest and Northeast over the summer and fall and increases over the Midwest in the 

spring.  

3.2. Quantitative Statistical Analysis 

To provide an example of the power of causal inference, the Northeast summer was 

chosen because of historically high ozone and PM2.5 concentrations in cities, higher 
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temperatures and stronger solar isolation. Initial regression analysis on the daily values of 

a region showed little statistical significance or strength of the model’s ability to predict 

pollution concentrations. Therefore, the linear regression analysis was restricted to the 

monthly average values, which produced more useful results. The method of analysis 

remains the same for all regions 

3.2.1 Analysis of meteorological interaction 

Initial scatter plots of ozone and PM2.5 data compared against meteorological parameters 

show that temperature is strongly correlated with precipitation. To further understand this 

relationship figure 3 shows how the ability of temperature to predict ozone vary at 

different levels of precipitation.   

Figure 3. Coplot of temperature vs. ozone at varying levels of precipitation. 

 



Marin April 25, 2008 Page 17 

From this figure, it is clear that low precipitation events result in a stronger relationship 

between increasing ozone and rising temperatures. At high precipitation levels, the 

relationship is less significant, most likely due to less sunlight. Also, precipitation events 

generally correspond to frontal passages, which would have increased winds and lower 

pollution concentrations.  Also interesting is how the ability of precipitation to predict 

ozone concentrations changes at different ranges of temperature. Figure 4 summarizes 

these changes.  

Figure 4. Coplot of precipitation vs. ozone at varying temperature ranges. 

 

This result suggests an interaction effect of temperature and precipitation on ground level 

ozone. For this reason I will include an interaction between temperature and precipitation 
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in my model to predict ozone concentrations. The results of this interaction will show 

how the effect of precipitation varies as temperature changes and vice versa. 

An analysis of the interaction between temperature and precipitation on predicted PM2.5 

concentrations can be seen in Appendix D. The results of this analysis were less 

significant but still indicated an interaction between temperature and precipitation. For 

this reason I included an interaction in my final model for PM2.5 as well.  

3.2.2. Selection of Predictors 

In order to form a linear model, it is important to choose predictor variables wisely. The 

CART method was used to statistically choose the best predictors (Qian 1999). The 

CART method splits the data sets at points that provide the strongest relationships 

between response variables and predictors. In this case, the most important variables were 

maximum temperature, precipitation, mixing ratio, and cloud cover.  

Because cloud cover has such a strong relationship with precipitation, only precipitation 

was used as a predictor rather than both. In total the best linear model to predict current 

ozone or PM2.5 concentrations is  

Ozone/PM2.5 = β0 + β1 * MaxT + β2 * Precip + β3 * Mixing Ratio + β4 * MaxT * Precip  

The last term in this model represents the interaction between temperature and 

precipitation that was discussed in section 3.2.1. All variables have been normalized; 

meaning a one unit increase in any meteorological parameter is a one standard deviation 

increase. 

Now that a linear model for ozone and particulate matter concentrations has been created, 

it is time to assess the difference between climate and management scenarios. As 
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mentioned previously, causal inference was used to separate the data into four separate 

models; each with difference intercepts and slopes depending on the treatment being 

studied. Tables 3 and 4 summarize the results of these models. β0 is the intercept, or 

mean value of ozone/PM2.5 concentrations when all predictor variables are at their 

average value. This is an indication of the overall effectiveness of the control program, or 

climate change effect. If the average ozone concentration is lower under the Clean Air 

Interstate Rule emissions scenario, it is assumed this control strategy is more effective at 

decreasing the amount of ozone formed in the atmosphere.  

3.2.3 Model Results 

The final model after causal inference methods are included can be seen in Table 3 for 

ozone and Table 4 for PM2.5.  

Table 3. Ozone results for regression analysis using causal inference. 

Ozone = β0 + β1*MaxT + β2*Precip + β3*MixR + β4*MaxT*Precip 

Model β0 β1 β2 β3 β4 

Current Climate CCC Emissions 48.03 4.19 -1.06 -1.52 0.90 

Current Climate Base Emissions 47.97 4.18 -1.05 -1.52 0.89 

Future Climate CCC Emissions 44.38 4.85 -2.01 -1.86 0.76 

Future Climate Base Emissions 44.30 4.84 -2.00 -1.87 0.76 

From the table it is clear that management strategy has little effect on ozone 

concentrations in either the current or future climate scenario. The future climate appears 

to have lower ozone concentrations than the future. Changes to temperature and 

precipitation in the future climate will have a stronger effect on ozone concentrations 

than the current climate. Figures 5 and 6 show these results graphically.  
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Figure 5. Temperature vs. Ozone in the current and future climate at varying 

management strategies. (CSA= Base Emissions, CCC=CAIR emissions) 

 

Figure 6. Temperature vs. Ozone under Base and CAIR management strategies in 

the current and future climate. 
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There is no difference between the management strategies in the current and future 

climate. Figure 6 shows lower ozone concentrations in the future climate and the effects 

of a future climate decrease as temperature increases. The same analysis was done for 

particulate matter, but at varying precipitation amounts, keeping temperature and mixing 

ratio at their mean values.  

PM2..5 results for each model can be seen in Table 4. Unlike the model for ozone 

concentrations, management strategy has a large impact on PM2.5 concentrations in both 

the current and future climate. Under the base emissions scenario, concentrations are not 

only higher than the Clean Air Interstate Rule scenario, they are higher in the future 

climate than the current climate. This would indicate that the management strategy will 

be ineffective at reducing PM2.5 concentrations in future atmospheric conditions. The 

Clean Air Interstate Rule management strategy successfully reduces PM2.5 concentrations 

in the future as well as from the base concentration case. 

Table 4. PM2.5 results for regression analysis using causal inference 

PM2.5 = β0 + β1*MaxT + β2*Precip + β3*MixR + β4*MaxT*Precip 

Model β0 β1 β2 β3 β4 

Current Climate CCC Emissions 4.95 0.15 -0.18 0.54 -0.01 

Current Climate Base Emissions 5.53 -0.03 -0.18 0.64 0.16 

Future Climate CCC Emissions 4.63 0.16 0.03 0.38 0.05 

Future Climate Base Emissions 5.72 0.24 -0.27 0.58 0.03 

 

Figures 7 and 8 represents these relationships graphically.  
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Figure 7. Precipitation vs. PM2.5 at current and future climate at varying 

management strategies. (CSA= Base emissions, CCC= CAIR emissions). 

 

Figure 8. Precipitation vs. PM2.5 at current and future climate at varying 

management strategies. (CSA= Base emissions, CCC= CAIR emissions). 
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The Clean Air Interstate Rule management strategy is more effective at reducing PM2.5 

concentrations in the current and future climate. Also the base emission scenario has 

higher PM2.5 concentrations in the future climate which can be seen graphically in 

Appendix B. 

3.2.4 Analyzing the Probability of Exceedence 

As mentioned previously, the key factor for successful pollution control is not the 

reduction of average pollution concentrations but a decrease in the number and severity 

of days that pollution concentrations exceed the threshold for the general public to safely 

breathe. How meteorological parameters can predict changes in pollution concentrations 

at high levels is far more practical from a policy standpoint than controlling days in 

which the air is deemed healthy. Once I created a linear model to predict pollution 

changes based on meteorological factors, I predicted pollution concentrations based on 

this model for various maximum temperature and precipitation values. Using these 

estimated concentrations, the probability of exceeding the NAAQS of 75 ppb for ozone 

and 35 ug/m
3
 for PM2.5 were determined. Figure 9 shows how the probability of 

exceeding the ozone NAAQS increases with increasing temperatures. Figure 10 shows 

the probability of exceeding the particulate matter 2.5 standard decreases with increasing 

precipitation.   
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Figure 9. Temperature vs. probability of exceeding the 75 ppb ozone standard. 

 

A threshold of two standard deviations above average maximum temperature exists. 

When temperatures get above two standard deviations, the probability of exceeding the 

ozone standard increases rapidly. Also, on average there is a one percent decrease in 

ozone concentrations in a future climate.  
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Figure 10. Precipitation vs. probability of exceeding the annual 15ug/m3 particulate 

matter standard. 

 

The probability of exceeding the annual PM2.5 standard of 15 ug/m
3
 is extremely small. 

The probability of exceeding this standard decreases under the CAIR emissions scenario. 

It’s even less likely that the daily standard of 35 ug/m
3
 will be exceeded. These results 

cause some concern that the models inaccurately predict future particulate matter 

concentrations since there are many counties within the United States that suffer from 

chronically high particulate matter concentrations 

V. Discussion 

With regard to ozone concentrations, this analysis emphasizes that the CAIR 

management strategy may not be effective at reducing future summertime ozone 

concentrations for the Northeast. Possible reasons for this may be that ozone formation in 
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the atmosphere is extremely difficult to model. It is highly dependent on the exact 

atmospheric concentration of other pollutants, such as NOx and hydrocarbons (or volatile 

organic compounds), at each particular location. If the model is correct in predicting 

ozone concentrations, these results indicate that the Clean Air Instate Rule program does 

not effectively reduce atmospheric ozone concentrations. The reduction of NOx and 

volatile organic compounds is done in a way that is no more effective at reducing 

concentrations than the National Ambient Air Quality Standards. If the model is 

incorrect, it indicates that the chemistry model itself does not accurately represent how 

ozone is formed in the atmosphere and how these concentrations may react to reductions 

of primary pollutants. In order to have a better idea about which case is correct more 

model runs should be conducted to see if these results are anomalous. Conducting the 

same analysis on other regions around the United States will also be an indicator of the 

chemical processes in the model that predict ozone. By visualizing the national 

differences between scenarios it does not appear to be much variation in the results 

achieved by the two management strategies.  

Climate change appears to lower ozone concentrations in the future in the Northeast. 

While the management strategies analyzed are not different from each other, they are 

effective at stunting the formation of ozone in the atmosphere in the future. The effect of 

control strategies is not expected to be the same across all regions of the country. Areas 

where precipitation, temperatures and relative humidity changes are different than the 

Northeast are not expected to have the same results.  

Particulate matter concentrations are strongly effected by the management strategy. The 

Clean Air Interstate Rule was more effective at reducing concentrations in the current and 
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future climate than the NAAQS. Climate change is expected to reduce the effectiveness 

of the NAAQS case for controlling PM2.5 concentrations for future Northeast summers. 

This is because precipitation is expected to decrease in the Northeast during this time. 

Precipitation decreases result in increases in PM2.5 concentrations in the atmosphere 

because of reductions in wet deposition. The model results show that climate change has 

a greater impact on concentration than the base management strategy can handle. In other 

regions, like the Southeast, precipitation will increase in the future which will decrease 

PM2.5 concentrations.  

Calculating the probability of exceedence is the most important policy implication of this 

research. Policymakers have to gear policy towards reducing concentrations of pollutants 

considered dangerous to human health. When ozone and PM2.5 concentrations are low, it 

does not matter how climate change or management strategies are affecting 

concentrations. The probability of exceedence analysis shows that ozone concentrations 

have a threshold of two standard deviations above average maximum daily temperature 

before the probability of exceedence increases rapidly. Average future maximum 

temperature is around 300 K or 80 F with a standard deviation of 3 K. This indicates that 

as temperatures get above 91 F, the probability of exceeding the ozone standard increases 

rapidly.  

The probability of exceeding the PM2.5 standard is extremely small. This could be an 

indicator of the model’s inability to accurately reflect the changes in PM2.5 with changing 

atmospheric conditions. If the model is correct, it shows that management strategies are 

effective at reducing PM2.5 concentrations to a point that, according to current knowledge, 

is safe for public health. There is still much research going on about particulate matter 
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and its effect on cardio-respiratory health. It could turn out that concentrations much 

lower than current standards are necessary to protect the public from early heart and lung 

problems.  

The results of this analysis have many policy implications. The ineffectiveness of a 

management strategy can waste millions of dollars on implementation. Knowing, ahead 

of time, what to spend money on and what to scrap is important.  It appears that the Clean 

Air Interstate Rule will not be more effective at reducing ozone concentrations in the 

future than the NAAQS. Consequently, the model predicts that the increased spending 

necessary to implement CAIR will not have the intended beneficial effect on public 

health. If the model is correct, the US EPA should develop a management strategy that is 

more effective at reducing ozone than CAIR or continue to utilize the existing NAAQS. 

Designing more effective ozone control strategies is difficult to do nationally since there 

is not one geographically universal solution that will reduce ozone. A rural area will 

respond much differently to NOx reductions than an urban area. The effects of climate 

change on ozone concentrations could be helpful to the Northeast states trying to reach 

attainment status.  

The Clean Air Interstate Rule is effective at reducing PM2.5 concentrations. It is 

recommended that this program remain in place into the future. The results show that this 

program is necessary to have PM2..5 concentrations lower than current concentrations in 

the future. The effectiveness of this program to reduce particulate matter, but not ozone, 

shows that the control strategy is geared towards particulate matter. CAIR is designed to 

force states that negatively impact ozone concentrations in other states to reduce their 

emissions. One reason this may not work for ozone is the lifetime of ozone is much 
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different than PM2.5. The longer lifetime of atmospheric ozone allows for it to travel from 

states and countries that are not part of CAIR reduction. It is in the best interest of the 

U.S. EPA to calculate the impact of non-CAIR states on ozone concentrations in the east. 

It is possible that expanding CAIR to include all of the United States may reduce ozone 

concentrations further.  

VI. Conclusions 

The future of air quality in the United States is influenced by many factors. This analysis 

attempted to predict how air quality will change due to climate change and varying 

management strategies in the United States. The regression modeling approach for causal 

inference converts detailed scientific information to an aggregated summary that can be 

utilized by policymakers. Future climate shows lower ozone concentrations but no 

difference between keeping the current National Ambient Air Quality Standards and 

enforcing the Clean Air Interstate Rule. The Clean Air Interstate Rule is more effective at 

lowering PM2.5 concentrations in the Northeast than the NAAQS. Overall this analysis 

needs to include other regions of the United States to see if the patterns seen in the 

Northeast are universal.  

Having the computational power to run this analysis on daily or hourly data would be the 

most beneficial. Ozone concentrations are highly dependent on time of day and daily 

variability. By averaging down to monthly data much of this variability is lost. Being able 

to calculate the probability of exceeding ozone standards using hourly data would be 

telling. However, it is possible that using hourly data could show a less significant 

relationship than by using monthly data. The downscaled global climate model in this 
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analysis is at a scale of 36 km. The ozone concentrations over 36 km can vary greatly. 

Also a regional climate model cannot yet predict temperature, precipitation, cloud cover 

etc. at sufficient resolution to make accurate pollution concentration predictions for future 

climates. 

Overall this analysis is useful as a “first look” at how management strategies may have to 

be modified to account for climate change. Although more analysis is necessary before 

policy decisions can be made, initial results show that the Clean Air Interstate Rule 

should be continued for PM2.5 reductions. A different management strategy should be 

designed for ozone concentrations. 
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    Appendix A. – Summary of Model Runs 
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In total 15 models were developed by combining 3 emissions scenarios (2001 Base, 2020 

Base, and 2020 CAIR), 3 current meteorology years (2000-2002) and 3 future 

meteorology years (2050-2052). 
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Appendix B. – Grapical Changes to Ozone and PM2.5 in the future 

 

Figure 11. Summertime difference in ozone concentrations between current and 

future climates for Base emissions scenario 

 
Ozone concentrations in the future are higher in the Midwest and central regions of the 

country as well as large metropolitan areas under the 2020 Base emissions scenario. 

Concentrations are lower or the same as current climate ozone concentrations on the east 

and west coasts.  

Figure 12. Summertime difference in ozone concentrations between current and 

future climate under CAIR emissions scenarios. 

 
The same patterns exist under the Clean Air Interstate Rule emissions scenario. There 

appears to be little difference between the two emissions scenarios.  
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Figure 13. Differences in PM concentrations between current and future climate 

under Base emissions scenario. 

 
Particulate Matter decreases in the southeast in the future climate under the 2020 Base 

emissions scenario. The Northeast shows increases to PM2.5 concentrations in the future.  

Figure 14. Differences between current and future climate under CAIR emissions 

scenario. 

 
The Clean Air Interstate Rule emissions scenario shows a less drastic, but still present, 

decrease in PM2.5 concentrations in the future climate. The northeast, unlike the Base 

emissions scenario shows little change PM2.5 concentrations compared to the current 

climate. 
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Appendix C. Model Output 

 

 

Figure 15. Ozone model accuracy 

The model results here show that the model has relatively normally distributed residuals. 

The model explains less of then half of the variation in ozone concentrations. Considering 

the large data set and high variability of meteorological parameters this is still considered 

to be an OK model.  
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Figure 16. PM2.5 model accuracy 

The results of the model to predict PM2.5 concentrations are not as good. There residuals 

are less normal and the model explains very little of the variation in PM2.5 concentrations. 

More was not done to improve this model for the sake of having a simple prediction of 

concentrations without manipulation of the data. Further analysis of this data should work 

to improve the prediction of PM2.5. 
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Appendix D.  – Interaction of Temperature and Precipitation 

 
During low precipitation events, temperatures increase correspond to increases in PM2..5 

concentrations. At higher precipitation event this relationship exists but at lower PM2.5 

concentrations. This pattern exists because greater precipitation indicates lower PM2.5 

concentration due to increase in wet deposition.  
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There is little relationship between high and low temperatures on the ability for 

precipitation to predict PM2.5 concentrations. This indicates that precipitation is a much 

stronger predictor of PM2.5 concentrations compared to temperature. The interaction was 

still included to ring out the changing PM2.5 concentrations at high precipitation values.  
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Appendix E. – Changes to future meteorological variables 
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Summer Mixing Ratio
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Summer Max Temperature
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The above plots show the changes of meteorological parameters in the summertime over 

all regions of the country between current and future meteorological scenarios.  


