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Introduction 

 Aerosols are a mixture of solid particles and liquid droplets found in the atmosphere 

that can come from natural sources such as windblown dust and volcanic ash or from sources 

created by humans.  Aerosols determine the Earth’s radiation budget by scattering and 

absorbing incoming solar radiation, which can have negative effects on local and global climates.  

Exposure to air pollution, especially fine particulate matter, is dangerous to human health 

because it can cause long term health issues in the lungs and heart.   

 To improve air quality and human health, various methods of assessing the amount of 

air pollution present in the atmosphere have been the focus of many different studies in recent 

years.  Accurately studying aerosol distribution and composition requires observations via 

remote sensing from satellites, networks of ground-based instruments, and dedicated field 

experiments.  Ground monitors are placed strategically across the continental United States to 

provide air samples that are tested to determine the aerosols present in the air at a given 

location.  Aerosols can travel great distances from their source and can be affected by local 

weather fronts.  Air quality forecasters need observations over a wider area than ground 

stations can provide.  The Environmental Protection Agency (EPA) devised a system called IDEA, 

defined below, to predict where air pollution will move based on satellite images, weather 

patterns, and ground monitors. 

 The intent of this study is to determine the accuracy of remotely sensed MODerate 

Resolution Imaging Spectroradiometer Sensor (MODIS) data in observing Aerosol Optical Depth 

(AOD) for the geographic region of Indiana.  The method presented in this study will compare 

remotely sensed satellite MODIS AOD data with fine particulate matter (PM2.5) data collected 

from ground sensors to test to see if there is a correlation.  If an association is found, remotely 
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sensed AOD data can be merged with ground PM2.5 data for use in epidemiological studies, and 

to identify the sources of pollution for reduction and remediation purposes.   
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Background 

IDEA 

 The week of September 8-14, 2002 the weather created a unique situation that caused 

air pollution concentrations in the air over the Midwestern United States to remain at unhealthy 

levels for several days.  An area of high atmospheric pressure settled in around Chicago, Illinois, 

an industrial region that produces some of the country’s highest emissions of soot, smoke, and 

gases from regional power plants.  This resulted in humid, hot, and stagnant air making the 

EPA’s air quality index began to exceed 100, a level considered unhealthy for people with heart 

or lung conditions.  This situation is not unusual for the Chicago area in the summer where 

regular weather fronts typically break up the high-pressure system and clear the dirty air 

towards the Atlantic Ocean.  That September, a weather front did arrive from the northwest and 

pushed the stagnant air across the Mid-Atlantic and eastern United States.  However, it was 

blocked from leaving the continent by Hurricane Gustav coming in off the coast of North 

Carolina, moving the dirty air south along the Mississippi River towards the Gulf of Mexico.  This 

southern movement was blocked by Tropical Storm Hanna moving north from the Gulf of 

Mexico.  This shifted the remaining pollution-filled air over Texas and prevented it from leaving 

the continent for several days.  Once Hurricane Gustav moved north along the Atlantic, some of 

the stagnant air was able to move east off the coast.  Then Tropical Storm Hannah moved onto 

land from the Gulf of Mexico, and pushed the remaining polluted air towards the north where it 

originally came from.  Where the smog migrated, local air quality forecasters did not know the 

air pollution was coming their way.  After this incident, the EPA decided to create a system to 

give forecasters a new perspective on how pollution moves over a region that is similar to how 

meteorologists track weather systems moving across the country (Lindsey, 2004).  This system, 

called Infusing Satellite Data into Environmental Air Quality Applications (IDEA), combines 
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ground-based air quality measurements with National Aeronautics and Space Administration’s 

(NASA’s) satellite data and weather forecasts from National Oceanic and Atmospheric 

Administration (NOAA).  

Aerosols and Particulate Matter 

Aerosol is the general term for a mixture of solid particles and liquid droplets found in 

the atmosphere.  Aerosols can control how much energy from the sun reaches the planet’s 

surface by changing the amount of energy that is absorbed in the atmosphere and the amount 

of energy that is scattered back out to space.  Aerosols can absorb sunlight in the atmosphere, 

which cools the Earth’s surface but warms the atmosphere in the process.  Aerosols influence 

the Earth’s radiation budget, affect atmospheric circulation patterns and precipitation, cause 

possible changes in surface temperature, and possibly result in a reduction of visibility (Kaufman 

et al, 2002).  Man-made aerosols, or pollutants, are linked to the climate system and to the 

hydrologic cycle.   

Particulate matter (PM) is an air pollutant comprised of particles that can be solid, liquid 

or both that are suspended in the air.  These particles, which vary in size, composition, and 

origin, exemplify a complex mixture of organic and inorganic substances.  The major 

components of particulate matter are sulfate, nitrates, ammonia, sodium chloride, carbon, 

mineral dust, and water (World Health Organization, 2005).  Depending on how they form, 

particles may be categorized as primary or secondary.  Primary particles are directly released 

into the atmosphere through man-made, or anthropogenic, and natural processes.  Examples of 

anthropogenic processes are combustion from both diesel and gasoline engines, and the 

burning of coal, lignite, and biomasses in households.  These processes also include industrial 

activities, such as building, mining, smelting, and manufacturing (particularly of cement, ceramic 

and bricks), abrasion of brakes and tires, erosion of pavement by road traffic, and work in caves 
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and mines.  Natural processes that contribute to the accumulation of these particles include 

volcanic emissions, forest and grassland fires, natural products from living vegetation (such as 

spores, seeds and leaves), distribution of water and natural particles that are produced from sea 

spray, dust storms, and wind erosion.  Fine PM is the product of atmospheric transformation of 

nitrogen oxides, primarily produced by traffic, industrial processes, and the combustion of 

sulfur-containing fuels which create sulfur dioxide.  Secondary particles are formed in the air, 

are mostly found in the fine PM fraction, and are referred to according to their aerodynamic 

diameter, as shown in Figure 1.   

 

Figure 1:  Image depicting the size of Particulate Matter (U.S. EPA). 

Particulate matter with an aerodynamic diameter of 10 micrometers (μm) (PM10) (which 

is smaller than the width of a cotton fiber) is considered coarse and may reach the upper part of 

the airways and lungs.  Fine particles with an aerodynamic diameter smaller than 2.5µm (PM2.5) 

penetrate the lungs on a deeper level.  Fine particles may reach the lower part of the lungs 
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called alveoli, which are the tiny sacs that allow oxygen and carbon dioxide to move between 

the lungs and bloodstream.  The amount of time the particles spend in the atmosphere depends 

on the size of the particles.  PM10 is removed from the atmosphere within a few hours of 

emission by sedimentation and precipitation.  PM2.5 can travel long distances and may remain in 

the atmosphere for days, or even up to a few weeks (World Health Organization, 2005).  

 Exposure to particle pollution is linked to a variety of significant health problems (IDEM 

PM2.5 data map, 2014), and is associated with adverse metabolic, reproductive, allergic, 

neurological, and developmental health issues (Prud’homme et al., 2013).  Effects related to 

short-term exposure of PM10 include inflammatory reactions in the lungs, respiratory symptoms, 

adverse effects on the cardiovascular system, increases in medication use, hospital admissions, 

and mortality (World Health Organization, 2005).  Long-term exposure to PM2.5 results in 

reduction in life expectancy due to decreases in lung function, increased risk of developing 

cancer, as well as Chronic Obstructive Pulmonary Disease (COPD) which can lead to 

cardiopulmonary mortality. 

Air Quality Ground Monitoring 

 The Air Pollution Control Act of 1955 was the first federal legislation involving air 

pollution.  This Act provided funds for federal research in air pollution.  The Clean Air Act of 1963 

was the first federal legislation regarding air pollution control that established a federal program 

within the United States Public Health Service, and authorized research into techniques for 

monitoring and controlling air pollution.  In 1967, the Air Quality Act was enacted to allow the 

federal government to conduct extensive ambient monitoring studies and stationary source 

inspections for the first time, as well as initiate enforcement actions for interstate air pollution 

transport. 
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 The Federal Clean Air Act, which was passed in 1970 and last amended in 1990, requires 

the United States EPA to establish National Ambient Air Quality Standards (NAAQS) for 

pollutants that cause adverse effects to public health and the environment.  Due to these 

regulations, ground monitors are placed strategically across the nation to provide air samples 

that are analyzed to determine air content.  PM2.5 data is collected across Indiana by the Indiana 

Department of Environmental Management's (IDEM) Office of Air Quality.  IDEM operates 14 

continuous PM2.5 monitoring sites that are polled hourly in order to obtain the most current 

information (IDEM PM2.5 data map, 2014).  Figure 2 shows the locations of the PM2.5 continuous 

monitoring sites in Indiana.   

 

Figure 2: Location of Indiana Department of Environmental Management (IDEM) monitoring 

sites where PM2.5 is continuously monitored. 
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Moderate Resolution Imaging Spectroradiometer Sensor (MODIS) 

Prior to MODIS, satellite measurements were limited to reflectance measurements in 

one or two channels, and there was no real attempt to retrieve aerosol content over land on a 

global scale.  In order to provide observations of terrestrial, atmospheric, and ocean activities, 

the Earth Observation System (EOS)-AM satellite, now known as the EOS Terra, was launched in 

December 1999.  The MODerate Resolution Imaging Spectroradiometer Sensor (MODIS) is a key 

instrument onboard the EOS-Terra satellite.  An additional MODIS sensor aboard the EOS Aqua 

(formerly EOS-PM) platform, launched in May 2002, now complements the first MODIS sensor 

(Morisette, et al., 2003).  Satellite remote sensing collects pollutant concentrations regularly and 

calculates measurements for the entire planet which provides data for urban and rural areas in 

both developed and developing countries.  Over the land, the dynamic aerosol models are 

derived from ground-based sky measurements and used in the net retrieval process (MODIS 

Website).  A ±55-degree scanning pattern at the EOS orbit of 705 km achieves a 2,330-km swath 

and provides global coverage every one to two days.  Terra and Aqua MODIS are viewing the 

entire Earth's surface every 1 to 2 days, acquiring data in 36 spectral bands, or groups of 

wavelengths (Earth Online, 2014).  Satellite remote sensing has emerged as a tool for estimating 

ambient pollutant concentrations (Prud’homme et al., 2013).   

Aerosol Optical Depth 

 Aerosol Optical Depth (AOD) is an estimate of how much aerosol is in the air by 

observing how much sunlight passes through to the Earth’s surface.  An AOD of zero means that 

most of the light is getting through the atmosphere and that few aerosols are present.  

Increasing values mean the amount of aerosols is increasing and less light is getting through.   

The concepts of low and high aerosol content in the air are depicted in Figure 3.   
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Figure 3:  The depiction of low and high aerosol content in the air. 

In recent years, AOD data has been gathered from MODIS sensors aboard two satellites: 

Terra that collects data over land, and Aqua that collects data over the ocean.  This data has 

been used to study aerosol climatology, aerosol sources, and sinks of specific aerosol types; such 

as sulfates and biomass-burning aerosol, interaction of aerosols with clouds, and atmospheric 

corrections of remotely sensed surface reflectance over the land.   

 There are two MODIS Aerosol data product files: MOD04_L2, containing data collected 

from the Terra platform and MYD04_L2, containing data collected from the Aqua platform.  The 

algorithms use MODIS bands 1 through 7 and 20 and require prior cloud screening using MODIS 

data to calculate AOD data.  The AOD retrievals from different sensors can vary significantly 

because of the diversity in the sensor properties.  Variations can occur with the same sensor, 

and can also vary greatly if they are derived from different retrieval algorithms.  Since launch, 

the aerosol products have experienced continuous updates from v3.0 to the most recent v5.3.6 

(Levy, Remer, Mattoo, Vermote, Kaufman, 2007), (MOD04 Revision History, 2007).  As a result of 

large spatial coverage and reliable repeated measurements, AOD measurements provide an 

important tool to monitor aerosols and their dispersion patterns (Wang & Christopher, 2003).   

Over the land, the dynamic aerosol models are derived from ground based sky measurements 

and used in the net retrieval process.   
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Data and Methodology 

Zhang, Hoff & Engel-Cox (2012) completed a study based on the principles of IDEA that 

compared MODIS AOD and PM2.5 data by geographic EPA regions.  They compared 2005-2006 

MODIS AOD data from Terra and Aqua sensors to surface hourly PM2.5 data collected from over 

500 ground monitoring sites.  To find the AOD at the position of a PM2.5 site, the MODIS AOD 

pixel that covers the site was located and that value used.  The coincidence data between AOD 

retrievals and PM2.5 were separated into different seasons and analyzed with the linear 

regression method.  The correlation coefficients, slopes, and intercepts were calculated for each 

season.  Indiana is located in EPA region 5, where Zhang et al. found seasonal r values to be: 

Winter 0.24, Spring 0.37, Summer 0.42, and Fall 0.46.  Their results showed that the correlations 

are frequently good in the summer and fall, and poor in winter.  The strongest correlation was in 

the fall of 2005, but the data showed limited seasonal variation in 2006.   

Based on the results by Zhang, Hoff & Engel-Cox (2012), the selected time period for this 

study is June, July, August, September and the start of October 2013 because these months 

correspond to the seasons shown to have the closest MODIS AOD/PM2.5 relationship.  The 

match-up process between AOD and PM2.5 involved performing a spatial join between the AOD 

data for each usable satellite image, and the corresponding hourly PM2.5 samples at ground 

monitoring sites that were available during the study period.  The ground data used in this study 

was collected at noon local time.  MODIS AOD is a column value and the PM2.5 site values are 

symbolic of near-surface conditions.  The results of the study done by Wang and Christopher 

indicate that there is a good correlation between the satellite-derived AOD and PM2.5 data 

collected at ground level, which indicates that most of the aerosols are in the lower boundary 

layer (Wang and Christopher, 2003). 
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The intent of this research is to assess the accuracy of remotely sensed MODIS data in 

observing Aerosol Optical Depth (AOD) in Indiana.  Investigating MODIS AOD at this spatial scale 

has not been addressed in previous studies.  This investigation compares remotely sensed 

MODIS AOD data with fine particulate matter (PM2.5) data collected from ground sensors to 

examine the correlation between AOD and PM2.5.   Associations discovered can lead to increased 

spatial and temporal assessment of risks and prime innovative public health interventions.   

This work uses MODIS AOD from the Terra 5 MOD04_L2 collection which were obtained 

from NASA’s Level 1 and Atmosphere Archive and Distribution System (LAADS).  MODIS AOD 

data has a spatial resolution of 10 x 10 1-km (at nadir) pixel array.  Over land, dynamic aerosol 

models are derived from ground-based sky measurements.  Band 16 was used in this study 

because the description states that the data retrieved from this layer is the solution to the AOD 

retrieval procedure that is the Corrected Optical Thickness at 2.13 µm, which is the closest to 

the 2.15 µm that is being collected at ground level.  Small negative AOD values are permitted to 

avoid an arbitrary negative bias at the low AOD end in long term statistics, and contain valid 

information.  MODIS does not have sensitivity over land to retrieve aerosol data more accurate 

than +/-0.05.  If looking at individual retrievals, negative values are considered to not have 

aerosols present.  The results of the algorithm used to calculate AOD values need to be 

multiplied by a scale factor of 0.001 (MOD04_L2 Product Info).   

MODIS images were retrieved from NASA’s LAADS Web website.  Once the desired date, 

time range, and data collection are selected, the location was selected by dragging the mouse 

on the map to draw a rubber band box around the area of interest.  From June 1 to October 15, 

the results of the location search centered on Indiana are aerial swaths that cover the eastern 

half of the United State and Canada (333 images).  MODIS AOD data was not available every day 

due to cloud cover.  These AOD files were sorted to identify the images that covered Indiana, as 
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well as include data for most of the ground monitoring sites (123 images).  These images mostly 

contained null values, where data was not able to be calculated, for the locations of the ground 

monitors.  Out of the 123 days studied, 20 remotely sensed images were usable for this study.   

IDEM operates 14 continuous PM2.5 monitoring sites that record measurements hourly.  

For this study, 12 sites were used because data was not available for one of the sites during the 

time period examined, and another site was discarded due to a lack of AOD Imagery that 

coincides with the position of the ground sensor.  In Indiana, PM2.5 are measured in micrograms 

per cubic meter (µg/m3), and is collected hourly.  The fine particulate matter (PM2.5) annual 

standard is 12.0 micrograms per cubic meter (µg/m3), therefore a monitor that measures 

12.05µg/m3 or higher is considered nonattainment.  The nature of the continuous PM2.5 

monitors allows for negative values up to -10mg/m3 given the variable nature of the total flow, 

sample stream temperature, particulate matter concentration measurement range, ambient 

temperature, and ambient pressure measurements (IDEM Air Quality QA Manual, 2012).   
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Results 

The relationship between MODIS AOD and PM2.5 data across the state of Indiana was 

investigated for the time period of June through mid-October 2013.  The average monitoring 

station elevation is 193 feet.  The usable AOD imagery was looked at for each monitoring site 

across the study period to see how many days had data available.  The number of AOD images 

that contain 5 or more data points per PM2.5 ground monitoring location are shown in Table 1. 

The R2 values for the MODIS AOD/PM2.5 relationship over the study period was calculated and 

are shown in Table 1.  The usable AOD imagery was looked at to see how many days had data 

available for the monitoring sites across the state, as shown in Table 2.  The R2 values for the 

MODIS AOD/PM2.5 relationship for each day were calculated and are shown in Table 2.   

Site/City 

Monitoring 
Station Elevation 

(ft) 
Number of AOD 

images R2 

Fort Wayne 211.11 5 0.0837 

New Albany 159 8 0.826 

Gary 183 8 0.0582 

Hammond 188 6 0.057 

Anderson 236.54 6 0.4218 

Indianapolis-Washington Park 230 6 0.0376 

Bloomington 254.6 10 0.4453 

Ogden Dunes 183 11 0.3379 

South Bend 181 7 0.0356 

Lafayette 195 5 0.4177 

Evansville 117 9 0.0697 

Terre Haute 146 7 0.0055 

Table 1 – Out of 20 AOD images, this table shows the monitoring station elevation (ft), the 

number of AOD images that contain 5 or more data points per PM2.5 ground monitoring 

location, and the R2 values for the MODIS AOD/PM2.5 relationship over the study period.   
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Date 
Number of sites with 

AOD values R2 

June 11, 2013 5 0.0011 

June 26, 2013 8 0 

July 12, 2013 9 0.0684 

July 19, 2013 7 0.6585 

August 11, 2013 8 0.724 

August 18, 2013 8 0.1199 

September 3, 2013 7 0.2353 

September 5, 2013 8 0.6565 

September 28, 2013 8 0.0259 

Table 2 - Out of 20 AOD images, this table shows the number of PM2.5 ground monitoring sites 

across Indiana, with 5 or more data points, which have a calculated AOD value per day.  This 

table also shows the R2 values for the MODIS AOD/PM2.5 relationship for each day. 

There are statistical limitations due to the lack of available sites that correspond to the 

AOD images.  However, Tables 1 and 2 show promising results based on 12 PM2.5 ground 

monitoring sites and 20 days of AOD images.  The average PM2.5 data was 9.5 µg/m3, which is 

below the annual standard.  Table 1 shows the relationship between PM2.5 ground monitoring 

data and MODIS AOD per location, and the R2 values for the MODIS AOD/PM2.5 relationship over 

the study period.  Per site, out of 20 days, there was a minimum of 2 days, and a maximum of 11 

days, that have usable data.  One of the Indianapolis locations was discarded because there 

were only 2 AOD images that corresponded with the ground monitor.  June 26, has an R2 value 

of 0 because the AOD values were all the same that day.   

Given the statistical limitation of only having 20 images, the number of images with 

valid data at a given site location is fairly substantial.   All of the sites, except for the discarded 

one, have at least 5 images that match up with the 20 AOD images.   One site has 11 images that 

match up with the 20 AOD images.  Given the statistical limitation of having 20 AOD images and 

12 PM2.5 ground monitoring sites, finding that 9 days of AOD images correspond with PM2.5 
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ground monitoring data sites suggest a fairly substantial relationship that needs to be explored 

further.   

 

Figure 4 – Graph illustrating the relationship between MODIS AOD data and PM2.5 data across 

Indiana June 1 to October 15, 2013. 

Figure 4 is the graph illustrating the relationship between MODIS AOD data and PM2.5 

data (90 data points) across Indiana June 1 to October 15, 2013.  Table 3, located in the 

appendix, displays the corresponding MODIS AOD data and PM2.5 data values used to create 

Figure 4.  AOD data accounts for 15 percent of the variation in PM2.5 values across the state 

during the entire study period.  The majority of the AOD data showed null values where the 

ground monitoring sites were located, which indicates that a value was not able to be 

calculated, as illustrated in Figure 5.  There were a few images that illustrate usable data across 

a majority of the PM2.5 ground monitoring sites, such as in Figure 6.   
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Figure 5:  Image of Aerosol Optical Depth data for June 11, 2013 with the PM2.5 data.  
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Figure 6:  Image of Aerosol Optical Depth data for July 19, 2013 with the PM2.5 data. 
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Discussion 

 Aerosols are one of the greatest sources of uncertainty in climate modeling because 

they vary in time and space, and can lead to variations in cloud microphysics, which could 

impact cloud radiative properties (MOD04_L2 Product Info).  The MODIS aerosol product is used 

to study aerosol climatology, sources and sinks of aerosols with clouds, and atmospheric 

corrections of remotely sensed surface reflectance over land.  Over land, AOD products should 

be used with caution due to high reflectance over highly urban surfaces.  The relationship 

between AOD and PM2.5 depends on aerosol vertical distribution, humidity, and aerosol 

composition, which are impacted by changes in meteorology and emissions.   

Kim et al. (2013) found the mean number of days with valid AOD data was higher with 

the use of the combined Terra and Aqua datasets than with use of either the Terra dataset, or 

the Aqua dataset alone.  Terra and Aqua provided similar AOD coverage in the western and 

central regions of the country; however, Terra provided better coverage in the eastern region.  

They also found that the use of data from both satellites generally resulted in more valid 

observations than the use of data from either satellite alone, although the overall increase in 

spatial coverage with both satellites was primarily attributable to greater coverage during 

winter.  During the other three seasons, the use of data from both satellites resulted in coverage 

that did not vary greatly from the data collected from each individual satellite.  Overall AOD 

measurements were significantly associated with PM2.5, concentrations in all states except 

Colorado, although the strength of this association varied substantially by state, and the 

association was generally stronger in eastern states than in western states.  Kim et al. (2013) 

also found a significantly greater correlation between AOD measurements and PM2.5 

concentrations during the summer and fall than during the winter and spring in all states except 

Montana, Nebraska, and Wyoming.   
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Zhang, Hoff & Engel-Cox (2012) studied the entire country divided by EPA region, which 

utilized over 500 PM2.5 ground monitoring sites across the continental United States over a two 

year period.  They compared the use of Terra and Aqua satellites individually and combined, 

discovering that the highest correlations occur in the summer.  Winter was the only time that 

combined imagery was beneficial, and using Terra or Aqua by themselves the rest of the year 

did not demonstrate a significant difference between data obtained from the two satellites 

together.  The cloud-screening algorithms were found to have large impacts on the AOD and 

PM2.5 relation, with a higher correlation found for v5.2.6 than those for v4.0.1.  Because of the 

different cloud-screening algorithm, the AOD retrieval coverages are much larger for v4.0.1 than 

those for v5.2.6.  They discovered that the regression relationship they derived between MODIS 

AOD and PM2.5 can be used to estimate surface PM2.5 values with higher accuracy over the 

United States than by using a simple fixed ratio between these variables.  Good correlations are 

mostly observed over the eastern United States in the summer and fall. 

This study focused on the geographic state of Indiana which utilized 12 PM2.5 ground 

monitoring sites, and looked at the time period of June through mid-October, 2013, based on 

the discovery in earlier studies that the strongest correlation between the PM2.5 and AOD data 

sets occur during the summer and fall.  The v5.2.6 Terra satellite data was used in this study due 

to availability of images for the state of Indiana during the selected time period.  PM2.5 

measurements from 12 IDEM continuous monitoring sites collected at noon local time were 

used for this study.  To find the AOD at the position of a PM2.5 site, the MODIS AOD pixel that 

covers the site is located and that value is used.   

There were many issues discovered when attempting a study similar to Kim et al. on a 

much smaller scale.  Compared to Kim et al.’s (2013) study that looked at PM2.5 ground 

monitoring sites, there are significantly fewer sites to investigate within the state of Indiana.  
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Kim et al. (2013) used MODIS AOD data that has a spatial resolution of 10 x 10 1-km (at nadir)-

pixel array, which was used in this study as well.  For this study, the relatively large spatial 

resolution made matching up the MODIS AOD data with a much smaller amount of PM2.5 ground 

monitoring sites difficult to accomplish and arrive at statistically significant results.  Considering 

this study is attempting to verify the principles applied by Kim et al. (2013) and Zhang, Hoff & 

Engel-Cox (2012) on a much smaller scale, the results are promising and are similar to these 

other studies.   

The majority of the AOD data showed null values, which indicates that a value could not 

be calculated, where the ground monitoring sites were located.  After removing the null values, 

there were 90 usable observations from this study, which is too small of a data set to make a 

definitive statement about the correlation and regression.  However, looking at how many sites 

match up AOD imagery data on a particular day, there are three dates that show promising 

results.  On July 19, 2013, there were 7 sites with usable AOD values which has an R2 value of 

0.6585.  On August 11, 2013, there were 8 sites with usable AOD values which has an R2 value of 

0.724.  On September 5, 2013, there were 8 sites with usable AOD values which has an R2 value 

of 0.657.  Looking at the sites and how they correspond with AOD imagery data, New Albany 

had 8 images match up with the site which has an R2 value of 0.826.  Due to the limitations of 

useful data and smaller data sets, this study demonstrates encouraging results that show there 

is a relationship between remotely sensed MODIS AOD data and fine particulate matter (PM2.5) 

data collected from ground sensors within the geographic region of the state of Indiana.  It is 

believed that this topic should be studied further and expanded upon. 
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Future Considerations 

The Aerosol Optical Depth retrievals demonstrate the geographical dispersion of air 

quality information.  There was a lack of usable AOD data for the scale of this study.  Out of 123 

days, only 20 days of images were usable. Overall, the 20 images did not provide data that 

coincided with the ground monitoring sites.  The large size of the 10 x 10 1-km (at nadir)-pixel 

array made it difficult to discern a site’s value when it was located near a border.  Future studies 

might consider use of smaller resolution AOD data, utilization of another version of AOD data 

with different cloud buffering algorithms, or more dependable AOD remotely sensed data.  For 

example, v.5.2.6 demonstrates a higher correlation with surface PM2.5, but has less data 

coverage, which is not useful if the study area is not covered most of the time.  

Regulatory fixed-site monitors are restricted to assessing emissions from specific 

industrial sources and to regional background levels in highly populated areas, which results in 

sparse coverage in rural areas.  The lack of ground sensors around Indiana means that many 

rural and suburban regions, as well as smaller urban areas, are not covered.  More ground 

sensors could be placed around the state to gather data during times it is known that remote 

sensing devices are gathering AOD data. 

Future studies in this area could expand the time frame examined, install more ground 

sensors throughout the state, obtain smaller resolution AOD data, or utilize another version of 

AOD data with different cloud buffering algorithms.  Further study needs to be done to gather 

enough information to determine, with statistically significant results, if there is a correlation 

between remotely sensed data and ground monitoring pollution data within the geographic 

region of the state of Indiana.   
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 Conclusions 

This study looked at the time period of June through mid-October, 2013, based on the 

results of earlier studies that the strongest correlation between the PM2.5 and AOD data sets 

occurs during the summer and fall.  Terra satellite data was used in this study due to availability 

of images for the geographic area of the state of Indiana during the time period of the study.  

PM2.5 measurements from 12 IDEM continuous monitoring sites, which were collected at noon 

local time, were compared with MODIS AOD data.  Despite the limitations of useful data and 

smaller data sets, this study shows encouraging results, and illustrates that there is a 

relationship between remotely sensed MODIS AOD data and fine particulate matter (PM2.5) data 

collected from ground sensors within the geographic region of the state of Indiana.  It is 

believed that this topic should be studied further and expanded upon. 
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Appendix 

 

Table 3: AOD and PM2.5 data for this study, which corresponds to Figure 4. 

City June_26 11-Aug 5-Sep 14-Sep Min Max Std dev

Fort Wayne-PM2.5 2 7.3 5.1 0.3 -3.8 20.9 5.814063

Fort Wayne-AOD 0.03 0.019 0.006 0.016 0.006 0.117 0.188

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 28-Jul 29-Jul 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

New Albany-PM2.5 21.9 2.2 15 7.1 13.2 2.4 4.3 1.5 -0.6 18.3 2.7 -0.2 9.4 -1.4

New Albany-AOD -0.016 -0.05 -0.033 0.307 0.001 0.131 -0.05

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Gary-PM2.5 7.3 15.4 12.3 7.7 1.8 6.6 16.2 2.2 1 1.4 10

Gary-AOD 0.025 0.03 -0.05 0.005 0.019 0.011 -0.007 0.264 0.103

City 8-Jun 11-Jun June_26 12-Jul 29-Jul 11-Aug 18-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Hammond-PM2.5 26.1 7.4 10.7 14.2 12.5 21.7 12.9

Hammond-AOD 0.2 0.03 0.092 0.163 0.327 0.011 0.051 0.069

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Anderson-PM2.5 10 0.4 12.5 5 6.7 9.9 14.5 1.1 7.8 0.3 9.6

Anderson-AOD 0.03 0.007 0.232 -0.005 0.064 0 0.056

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Indianapolis-PM2.5 26.2 10.2 19.3 5.2 10.6 7.4 8.4 22.1 4.5 23.1 6.1 5.5 21.5 7.1

Indianapolis-AOD 0.03 0.055 0.001 0.078

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Bloomington-PM2.5 13.7 14 14.6 9.6 12.6 9.7 8.3 14.5 3 14 13.1 3.6 16.5 4.1

Bloomington-AOD 0.019 -0.05 0.028 -0.024 0.022 -0.05 0.17 0.062

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Ogden Dunes-PM2.5 6 11.9 19.8 1.6 5.6 4.6 5 21.7 6.1 -1.2 0.4 2.5 11.6 11.1

Ogden Dunes-AOD 0.03 -0.007 -0.013 0.019 0.022 -0.05 -0.007 0.035

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

South Bend-PM2.5 17.7 24.9 10.3 18 11.1 6.5 14.1 10.5 6.6 8.2 5.6 15 15.4

South Bend-AOD 0.03 0.002 0.013 0.006 0.1

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Lafayette-PM2.5 14 7.9 19.9 10.4 16.8 2.8 4.2 29 6.6 11 3.9 21.5

Lafayette-AOD 0.03 0.021 -0.005 0.235

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Evansville-PM2.5 24.9 1.3 18.8 10.1 16.7 8.8 10.2 7.3 3.9 8.9 2.2 3 1.3 3

Evansville-AOD 0.045 -0.05 0.018 0.007 0.018 0.001 0.12 0.141 -0.025

City 8-Jun 11-Jun June_26 12-Jul 26-Jul 29-Jul 11-Aug 20-Aug 3-Sep 5-Sep 14-Sep 21-Sep 28-Sep 7-Oct

Terre Haute-PM2.5 10.9 7 22.8 9 8.6 7.3 10.2 19.6 11.1 2.9 0.3 5.9 4.5

Terre Haute-AOD 0.188 0.069 -0.05 -0.025 0.045 -0.05
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