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Texas, due to its geographical area, population, and economy is home to a variety of 

industrialized areas that have significant air quality problems. These urban areas are affected by 

elevated levels of fine particulate matter (PM2.5). The primary objective of this study was to 

identify and quantify local and regional sources of air pollution affecting the city of Houston, 

Texas. Positive Matrix Factorization (PMF) techniques were applied to observational datasets 

from two urban air quality monitoring sites in Houston from 2003 through 2008 in order to 

apportion sources of pollutants affecting the study region. Data from 68 species for Aldine and 

91 for Deer Park were collected, evaluated, and revised to create concentration and uncertainty 

input files for the PMF2 and EPA PMF (PMF3) source apportionment models. A 11-sources 

solution  for Aldine and 10-sources for Deer Park were identified as the optimal solutions with 

both models. The dominant contributors of fine particulate matter in these sites were found to be 

biomass burnings (2%-8.9%), secondary sulfates I (21.3%-7.6%) and II (38.8%-22.2%), crustal 

dust (8.9%-10.9%), industrial activities (10.9%-4.2%), traffic (23.1%-15.6%), secondary nitrates 

(4.4%-5.5%), fresh (1%-1.6%) and aged(5.1%-4.6%) sea salt and refineries (1.3%-0.6%), 

representing a strong case to confirm the high influence of local activities from the industrial 

area and the ship channel around the Houston channel. Additionally, potential source 

contribution function (PSCF) and conditional probability function (CPF) analyses were 

performed to identify local and regional source-rich areas affecting this urban airshed during the 

study period. Similarly, seasonal variations and patterns of the apportioned sources were also 

studied in detail. 
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CHAPTER 1 

INTRODUCTION 

There is a growing concern on the influence of the particulate matter concentration and 

human health as it is widely recognized by researchers and scientists that there is a close 

relationship between human health issues and elevated fine particulate matter (PM2.5) in the 

ambient. Thus there is a critical need for identifying major emission sources of PM2.5 affecting 

urban and regional air quality.  

Fine particulates are commonly emitted from activities such as industrial combustion and 

vehicular exhaust. However, fine particles are also formed due to photochemical processes in the 

atmosphere when gases such as sulfur dioxide, nitrogen oxides, and volatile organic compounds, 

emitted by combustion activities, are transformed by chemical reactions in the air. In addition, 

agricultural burning and sand storms can produce enormous volumes of fine particulates. The 

state of Texas through its environmental quality agency has been monitoring and collecting air 

quality data on PM2.5 for several decades. Nevertheless, it is vital that the measured 

concentration data sets be used to identify trends and sources of pollution in order to mitigate the 

air pollution problem by aptly controlling the sources. 

This thesis highlights a detailed source apportionment analysis using statistical modeling 

techniques from Positive Matrix Factorization (PMF), versions PMF 2 (Paatero, 1997; Hopke, 

2003) and EPA PMF (PMF3). Positive matrix factorization was developed by Paatero et al. in 

1994, and since then it has provided a flexible modeling method that can effectively use the 

information content in a data set to derive a group of source composition profiles, each 

identifying a mix of compounds associated with a particular category of emissions (Xie et al., 

2006). 
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PMF uses a least squares approach to solve the factor analysis problem by integrating 

non-negativity constraints into optimization processes and utilizing the weights. Least squares is 

the standard method to the approximate solution of over determined systems such as sets of 

equations where there are more equations than unknowns. The concept means that the overall 

solution minimizes the sum of the squares of the errors made in the results of every single 

equation.  

PMF has been successfully applied to a number of data sets, which include, precipitation 

(Juntto and Paatero, 1994; Anttila et al., 1995), urban (Chueinta et al., 2000; Lee et al., 1999) and 

remote site (Paterson et al., 1999; Polissar et al., 1998, 1999; Xie et al., 1999) particulate matter 

composition. 

The present study shows the results from the source apportionment analysis, using two 

different models from the positive matrix factorization technique, in the area of Houston, Texas 

based on the fine particulate matter concentration data from two different air quality monitoring 

sites managed by the Texas Commission for Environmental Quality (TCEQ) during the years of 

2003 through 2008.  

The main goal behind the application of these source apportionment models is to 

characterize the sources of PM2.5 in this industrialized city and provide an objective evaluation of 

the robustness of the applied models.  

TCEQ has installed more than a dozen air quality monitoring sites throughout Texas 

where they collect concentration data for different pollutant species, including fine particulate 

matter. Two monitors have been strategically chosen due to their geographical location with 

respect to the ship channel and downtown Houston area. Air quality monitors located in Deer 

Park and Aldine were used for the collection of fine particles data. 
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The first part of this study, as it is presented in this document, is dedicated to a 

description of the data and the study region, which includes some conjectured discussions based 

on the surroundings of the monitors and the levels of industrialization of the urban area of 

Houston. Following the first section, in chapter 3, an explanation and analysis of the data and 

methodology applied in this study is presented. This covers a description of the data as it was 

collected and the ways it was evaluated and revised prior to the application of the source 

apportionment techniques. This is followed by a comprehensive definition and presentation of the 

theory behind PMF for each one of the models used. As a complement in the methodology 

section, a segment on the differences and comparison of the models is also included, followed by 

the description of the theory of the potential source contribution function (PSCF) and conditional 

probability function (CPF) as complementary analysis techniques used to enhance the  

explanation and discussions of results.  

Chapter 4 provides the introductory elements to the study as it covers the analysis of 

the data prior to the application of the apportionment analysis. PM2.5 trends, distribution and 

variability discloses the details of the behavior of the data throughout the study period, giving an 

understanding of how the region was affected and which species were the highest contributors to 

the fine particle concentration observed in the Houston airshed. Monthly and yearly trends, peak 

dates and main species during high-level seasons are considered in detail and analyzed. 

With a comprehensive understanding of the behavior of fine particulate matter, chapter 

5 moves to the apportionment techniques application in the versions PMF 2 and EPA PMF 3, 

explaining the species selection processes and outcomes and, the identification and profiles of the 

sources. 
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The results and discussion are included in chapter 6, going from a factor composition 

explanation for each one of the sources identified, to the presentation of a time series analysis that 

covers an exhaustive analysis of the seasonal trends of the sources and their behavior on an 

annual, monthly and, weekdays and weekends basis. This document ends with a section of 

discussion for every source as they were found, including corresponding analysis based on the 

potential source contribution function and the conditional probability function. 

To close, a summary of the findings from the study is included followed by some suitable 

recommendations in light of the results for future studies.  
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CHAPTER 2 

STUDY REGION 

The Texas Commission on Environmental Quality (TCEQ) monitors and collects data on 

environmental pollutants that are relevant from an environmental quality and air pollution 

perspective. The agency’s air quality monitors are installed all around the state, strategically 

located within potential areas for pollutants’ influence. For this thesis, two out of the many air 

quality monitors in the city of Houston have been chosen. As the fourth largest city in the United 

States and the largest in the state of Texas, the city of Houston is comprised of the Houston–

Sugar Land–Baytown metropolitan area, an advancing economic center.  

Houston is located on latitude 29°45’46” N and longitude 95°22’59” W, with most of its 

territory on the Gulf coastal plain; it has four major bayous, bodies of water typically found in 

flat or low-lying areas with extremely slow-moving stream, passing through the city. The 

Buffalo Bayou runs through Downtown Houston and the Houston Ship Channel. The ship 

channel continues past Galveston and then into the Gulf of Mexico. Figure 1 shows the map of 

the United States highlighting the location of Houston, including a descriptive map of the city of 

Houston and its surroundings.  

The population in Houston has been found to be affected by the burgeoning port and 

railroad industry, combined with oil discovery in 1901. In terms of economy and 

industrialization, Houston has been rated as a global city (Hales, King, & Pena, 2011) having a 

broad industrial base in energy, manufacturing, aeronautics, and transportation. It is also leading 

in health care sectors and the building of oilfield equipment, with only New York City being 

home to a greater number of Fortune 500 headquarters (Hales, King, & Pena, 2011) 
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 Aldine Site (482010024) - CAMS 8 

Deer Park Site (482011039) – CAMS 35 

 

Figure 1. Descriptive map of Houston, Texas 
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TCEQ has installed more than 70 air quality-monitoring sites around the Houston area to 

quantify and collect data on a variety of species and parameters such as particulate matter, ozone, 

carbon monoxide (CO), oxides of nitrogen (NOx), barometric pressure, relative humidity, and 

others. 

Aldine and Deer Park in Houston are the two monitoring sites from which data was 

collected for this study. EPA has coded these sites as 482010024 and 482011039. Table 1 

summarizes the detail on these sites, including their exact location, code and CAMS numbers, 

followed by a descriptive section of these sites.  

Table 1. Air monitoring sites information 

Region County Site location EPA site code CAMS No 

Houston Aldine 4510 1/2 Aldine Mail Rd 482010024 0008 

Houston Deer Park 4514 1/2 Durant St 482011039 0035 

 

2.1 Monitoring Sites 

2.1.1 Houston 48-201-0024 “Aldine” 

Aldine is a census-designated place in the central Harris County, Texas, located within 

the extraterritorial jurisdiction of Houston (Handbook of Texas, 2011) in the coordinates 

29°55′9″ N 95°22′47″ W. Houston's George Bush Intercontinental Airport, the second largest 

aviation facility in Texas, is nearby the Aldine area. The Aldine area is located northwest of the 

Houston ship channel surrounded by massive industrial, ports, and refineries activities. It is 

expected that the CPF analysis results show the influence of the activities around this channel 

coming from south to north as potential sources of pollution on this site.  
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2.1.2 Houston 48-201-1039 “Deer Park” 

Deer Park is a city within the Houston–Sugar Land–Baytown metropolitan area. The city 

is located in  Harris County, Southeast Texas on latitude 29°41′31″ N and longitude 95°07′05″ 

W. Deer Park is surrounded by the cities of Pasadena and La Porte to the east, south, and west 

and by the Houston Ship Channel to the north. Contrary to the Aldine site, if there is any source 

or factors influencing this site from the activities around the ship channel, it should be from the 

north to south. 
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CHAPTER 3 

DATA AND METHODOLOGY 

The PM2.5 speciation data collected by TCEQ in the city of Houston were analyzed by 

applying source apportionment techniques including PMF2 and EPF PMF 3. The following 

section describes in detail the adquisition of PM2.5 data, the use of PMF to perform the source 

apportionment analysis, the explanation of PMF2 and EPA PMF3, conditional probability 

function (CPF) and potential source contribution function(PSCF) as the methodologies and 

techniques used in this study. 

3.1 Data Collection 

PM2.5 filter samples were collected by TCEQ once every three days from January 2003 

through December 2008. This data was obtained from TCEQ through its online repository as it 

was made available for research and to the public in general. 

PM2.5 samples averaged over twenty-four hours were collected by TCEQ using 47 mm 

diameter whatman teflon (pore size of 2 µm) and quartz fiber pre-weighed filters. The samples 

were then placed in sterilized petri dishes, double bagged, stored at 4 °C and shipped to Research 

Triangle Institute (RTI) in North Carolina for further gravimetric and chemical analysis of 

elements using energy dispersive X-ray fluorescence, water soluble ions using ion 

chromatograph and carbon species using thermo optical transmittance (TOT) (Karnae and John, 

2011). The validated speciation data, included filter mass, concentrations of elements, water 

soluble ions and carbonaceous species were acquired from RTI, and archived into a database by 

TCEQ. 
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3.2 Methodology 

PM2.5 source apportionment analysis was conducted using PMF techniques, which are known 

as receptor models. PMF is a statistical factor analysis model, based on the law of mass 

conservation.  By analyzing measured concentrations at a series of measurement locations, PMF 

first identifies a set of factors which can be taken to represent major emission sources. Then, it 

reverts the scores assigned on each factor against the respective concentrations in order to 

estimate the contributions from each source. In basic words, PMF, as a receptor model, operates 

under two basic concepts, namely, the assumption of mass conservation and the use of a mass 

balance analysis to identify and apportion sources of a particular pollutant in the atmosphere. In 

this study, the PMF models being used are PMF 2 and EPA PMF 3. 

The main limitations and weaknesses of the PMF technique have been identified through the 

years and they are as follow: 

- PMF models require a minimum of twice the amount of samples per species or measured 

concentrations. 

- Emission sources have to be deduced by interpreting these factors. 

- The analysis is limited by the accuracy, precision, and range of species measured at the 

receptor sites, which in this case is the air monitoring site.  

- A determination of how many 'factors' must be made to retain. 

-  Uncertainty of species is a key input and many parameters and initial conditions and the 

results are sensitive to it.  

These limitations have not proven to be strong enough to invalidate the appropriateness of 

the technique, and as it first considers only non-negative contributions of the sources identified 

and the standard deviation of the measurements as loads for the inclusion of the variable in the 
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analysis, it makes it a suitable tool for the apportionment of sources, as it has been widely used 

for many years 

The approach behind PMF 2 and EPA PMF3 is different but the basics in them are very 

similar. It is noteworthy to mention that receptor modeling is the term this methodology has 

generally been referred to within the air pollution research community since its development 

(Hopke, 1991). 

Receptor modeling is a method for determining the sources of air pollution based on air 

monitoring data. Measurements at an individual monitoring site are used by the receptor-based 

models in order to identify the major sources and calculate their contributions. These models can 

be applied to assess the major sources contributing to pollution episodes and assist the policy 

makers and stakeholders in designing and implementing effective control strategies.  

. In this study, the source apportionment technique is being taken to a more advanced 

level by incorporating wind and trajectory data using CPF and PSCF.  

PMF can be seen as a group of algorithms based on multivariate analysis and linear 

algebra where a matrix, X, is factorized into two matrices. Different approaches to resolve this 

mathematical algorithm have been studied, both for usual 2- dimensional matrices and 3-way 

arrays. Paatero developed the firsts programs to resolve this algorithm, they were called PMF2 

(Paatero, 2004) and later on the algorithm has been extended to arbitrary multilinear models 

based on the program Multilinear Engine (ME) (Paatero, 1999), it uses least-squares approach, 

able to identify the major sources. 

In light of the importance of receptor models in the air pollution research community, the 

United States Environmental Protection Agency (US-EPA) has developed a separate window 

version of PMF, named EPA PMF 3, which is based on ME version 2 (Paatero, 2007).  
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3.3 Basic Theory on Positive Matrix Factorization  
 

The implementation of PMF requires a clear understanding of the technique as it can vary 

easily within studies, regions, and the data being used. This is a justifiable reason to bring 

forward details of, not just the PMF technique, but also the particular way in which it is being 

implemented in this study. 

The PMF technique was developed and described in a comprehensive manner by Paatero 

and Tapper (1994) and redone with greater specificity by Paatero in 1997. It has been widely 

used for researchers and probability analysts for source identification in studies involving 

particulate matter (Hopke, 2003; Polissar et al., 1998; Xie et al., 1999; Willis, 2000) and volatile 

organic carbons (VOC) (Miller et al., 2002; Roberts et al., 2004; Zhao et al., 2004). PMF, as a 

bilinear factor analytical technique, has shown to be sensitive to variables with a high proportion 

of data with values below the minimum detection limit (Rizzo et al., 2007). In this study, the 

method detection limit (MDL) values for each species are used in determining the uncertainty for 

each  

The general receptor-modeling problem can be written as  

                                                                                   

where X is the N × M matrix of ambient element concentrations, G the N × P matrix of source 

contributions, and F the P × M matrix of source profiles. E is the matrix of residuals not fitted by 

the model and is defined as  

          ∑      
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where i=1,….,n samples; j=1,…,m elements; k=1,….,p sources. The matrices, G, F and E are 

estimated from the known matrix X in PMF. The matrix X of ambient element concentrations is 

used as the imput and it consists on an array of dates (M) and chemical species (N). The basic 

goal is to optimize the summation on the right side of equation 1 by minimizing the value of E. 

To find the number of sources, it is necessary to perform iterative runs using different 

sources and find the optimal one with the most physically reasonable to the study area. In order 

to decrease the rotational freedom, PMF applies non-negative constraints to the sources. 

The objective function, Q (E), based on the uncertainties inherent in each observation that 

are to be minimized, is defined as 

       ∑∑[
   

   
]

 

                                                         

 

   

 

   

 

where δij is the standard deviation of the observed values estimated for the jth species measured 

in the ith sample. PMF minimizes Q (E) with respect to G and F under the constraint that all the 

elements are positive and thereby minimizes the ambiguity caused by rotating factors. The 

optimized solution is used to express factor loadings in mass units which allows factors to be 

seen directly as source signatures. 

3.4 PMF 2 Model 

The PMF2 model has demonstrated to be a robust source apportionment analysis 

technique and has been successfully applied for the assessment of ambient particulate matter 

source contributions.  
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PMF2 implements a weighted least squares approach to perform source apportionment of 

measured data, solving a 2-way bilinear model. The two primary input files for PMF 2 are the 

concentration and uncertainties matrices. 

3.5 EPA PMF 3 Model 

The program EPA PMF3 was developed as a user interface for apportioning sources, 

using the underlying program ME-2 (EPA, 2008).  

In PMF3, the user provides data with its parameters to the user-friendly EPA PMF 

interface, which analyze the input data and provides a suite of tools for factor contributions and 

compositions. These tools are also used to evaluate the precision of the modeled solution.  

Figure 2 shows the main window from EPA PMF3 where the interactive menus and 

options can be clearly seen. This is basically one of the biggest advantages of the EPA PMF over 

the actual setting and operation of PMF2. 

 

Figure 2. EPA PMF3 GUI  
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It is significant to mention that the EPA PMF 3, has also been developed for the solution 

of 3-way, trilinear models. In this case, the program provides a number of options to control the 

solutions process, which are specific to factor analysis.  

3.6 Differences between PMF2 and EPA PMF 

EPA PMF 3 uses multilinear engine version 2 as the underlying program. ME-2 performs 

the iterations via the conjugate gradient algorithm until convergence to a minimum Q value. The 

minimum Q may be global or local; a user can attempt to determine which one, by using 

different starting points for the iterative process and comparing the minimum Q value reached. 

Output from ME-2 is then fed back through EPA PMF and formatted appropriately for users to 

interpret. 

Studies have been conducted evaluating the robustness of PMF 2 and EPA PMF3. Similar 

sources were identified by both models, however a greater uncertainty was noted in PMF2 

results (Ramadan et al., 2003) as compared to those obtained using ME-2 (Kim et al., 2007). The 

major difference between the two models is on the calculation of the theoretical value of Q. For 

PMF2, the purpose is to achieve the Q theoretical that comes from the product between date 

points and species (mxn), however, in EPA PMF3 this value comes from the relation: 

                                                                        

where M is the amount of samples, N the chemical species and P the number of factors.  

It is important to have this difference in mind, as it is going to be a critical parameter for the 

accuracy of the results and will be consider later on in this report as the results and discussions 

are presented. 
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3.7 Conditional Probability Function Analysis  

Conditional probability function analysis has been widely applied to identify probable 

total sources contributing to ambient pollution. It combines prevailing meteorological conditions 

with pollutant data and mathematically is defined as: 

       
   

   
                                                                        

where     is the number of samples in the wind sector Δθ with pollutant concentration greater 

than threshold levels, and     is the total number of samples in the same wind sector (Ashbaugh 

et al., 1985; Begum et al., 2004; Kim et al., 2003a, b; Kim and Hopke, 2004).  

The CPF results are presented as polar coordinates graphs with the radial distance defined 

by the magnitude of CPF value in increments of 0.1 (10%) and the angle derived from the wind 

direction associated with high wind directions that came from a surface network of anemometers 

distributed throughout the Houston/Galveston area. Is important to notice that high 

concentrations, as they are referred here, were defined as those greater than the concentration 

which in turn is established as the 75th percentile of all the observations in the given time period 

from the given site.  

3.8 Potential Source Contribution Function Analysis   

PSCF is one of the most widely used techniques for the identification of regional sources 

contributing to elevated levels of pollutants. It has been commonly applied to study long range 

transport of PM and VOC concentrations (Hwang and Hopke, 2007; Karaca et al., 2009). 

Backward trajectories generated using hybrid single-particle lagrangian integrated trajectory 

(HYSPLIT4) model, developed by the national oceanic and atmospheric administration (NOAA) 

were used along with the source contributions generated by PMF to identify the potential 

sources. PSCF is a probability measure calculated using equation 6 shows below: 
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where    , is the total number of trajectory endpoints passing through each grid cell and     is the 

number of endpoints with concentration above a threshold. The threshold was set to be 75th 

percentile of the apportioned mass as adopted by several other researchers (Lall et al., 2006; 

Hwang et al., 2007; Karnae, 2011). In this study, backward trajectories for 3, 5 and 15-days, at 

each site for every hour during the sampling days, with a height of 500 m above the ground level, 

were generated using hybrid single particle lagrangian integrated trajectory model 4 

(HYSPLIT4) and global reanalysis meteorological data. The endpoints consequently generated 

were combined with a time series of source contributions obtained from the PMF runs on the 

Gfactor file for PMF2 and the factor contribution output file from EPA PMF3. As has been done 

in earlier source apportionment studies,  
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CHAPTER 4 

PM2.5 TRENDS, DISTRIBUTION AND VARIABILITY 

As a preamble before the application of the source apportionment analysis, a rigorous 

statistical and quantitative analysis is presented here.  

In this section the different trends, distributions and variations of PM2.5 concentrations is 

analyzed and studied. Yearly and monthly trends are presented in a diversity of formats 

highlighting the dates where peak values were observed. A careful selection of eleven of these 

dates were chosen and taken for further analysis to see the dominant species during those high 

PM2.5 days.  

 The PM2.5 data collected by TCEQ was sorted according to the dates. Dates without 

PM2.5 values were removed as well as some of the dates with missing data for all species from 

the data set. 

Figure 3 shows a chart of the trend of the PM2.5 concentrations on an annual basis during 

the time period covered by this study. Even when the behavior of the concentration seems to be 

quiet stable, it is noticeable that an overall decrease in the concentration was noted. 

This concentration decrease could be attributed to a general reduction in the emissions 

within the study region.  

Monthly variations of the observed concentrations can be further studied using a time 

series analysis. Figure 4 presents the average monthly trend of PM2.5 concentrations during 2003 

through 2008. From this graph we see how concentrations of fine particles increase on the 

warmer months finding its peak values in September. 
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Figure 3. Average PM2.5 concentration by year at each monitoring site 

 

Figure 4. Monthly average concentration values at Aldine and Deer Park sites 

Figures 5 and 6 present a chart on the daily average concentration levels of fine particles 

from 2003 to 2008. This chart helps to highlight the period during which peak concentrations 

occurred. In the case of Aldine, peaks of around 30 μg/m3 were noted in selected days while the 

average remained in the range of 12-14 μg/m3. 
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Figure 5. Time series plot of PM2.5 concentration observed at Aldine (CAMS8) 

At Deer Park peaks of 30 μg/m3 also occurred, however the average range did not exceed 

12 μg/m3. Further analysis on the behavior of the concentration is presented on the seasonal, 

weekday and weekend day analyses later in this thesis.  

 

Figure 6. Time series plot of PM2.5 concentration observed at Deer park (CAMS35) 

From these graphs, using the data set, two peak values every year were selected. These 

dates with their respective values are presented in Table 2. 
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Table 2. Peak concentration values registered in the monitoring sites 

Aldine Concentration, μg/m
3 

Deer Park Concentration, μg/m
3 

3/10/2003 26.90 
 

3/10/2003 26.45 

9/26/2003 32.91 
 

8/10/2003 30.76 

9/30/2004 32.57 
 

8/10/2004 29.84 

6/21/2005 31.29 
 

9/30/2004 31.38 

12/12/2005 42.46 
 

8/2/2005 31.29 

9/8/2006 23.98 
 

9/8/2006 27.90 

7/10/2006 36.40 
 

9/9/2006 32.38 

10/3/2007 32.73 
 

7/29/2007 25.90 

11/2/2007 33.53 
 

8/13/2007 27.02 

9/27/2008 36.93 
 

6/20/2008 24.55 

11/8/2008 38.92 
 

9/30/2008 26.93 

 

The peak dates have been selected and analyzed specifically in its speciation so that from 

the very beginning of this study appropriate expectations can be set about which results could be 

from the source apportionment analysis. These analyses consist of identifying the main species 

contributing toward the peak level of fine particle concentrations. Figure 7 is a column chart that 

plots the species identified as the main contributors of high levels of fine particles at Aldine. 

These species were: Organic Carbon (OC), OC1, OC2, OC3, OC4, sulfate, Non-volatile nitrate, 

Elemental Carbon (EC), Ammonium ion, Iron and Aluminum. 
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Figure 7. Speciated concentration on high PM2.5 days at Aldine 

 

This same approach was applied to the data from Deer Park giving us slightly different 

results, particularly in the species identified as main contributors to those peak values. After 

analyzing the Deer Park data set, the major species on the days with high PM2.5 levels inlcuded 

organic carbons (OC), OC1, OC2, OC3, sulfate, non-volatile nitrate, volatile nitrate, elemental 

carbon (ec), total nitrate, sodium and ammonium ion, sodium, sulfur, magnesium, iron and 

aluminum. The column chart with the distribution of each specie for every date is shown in 

Figure 8. 
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Figure 8. Speciated concentration on high PM2.5 days at Deer Park 

Figures 7 and 8 provide information about the dominant species in the sites contributing 

for the fine particle concentration. From the Aldine results, the high content of organic carbons 

and sulfate indicate traffic and secondary sulfates as the major contributors. In the same way, the 

high levels of nitrates and sulfur could be a confirmation of the influence of secondary nitrates 

from combustion and refinery operations.  
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In the case of Deer Park, similar set of sources were noted as in Aldine and these 

included organic carbons and sulfate as the highest contributors at this site. It could be added that 

the presence of metals such as iron, aluminum and magnesium among the main contributors 

suggesting influence of industrial, crustal and road side dusts.  
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CHAPTER 5 

SOURCE APPORTIONMENT ANALYSIS 

5.1 PMF 2 

5.1.1 Species Selection 

In PMF 2 there are two main approaches for the selection of species. The species selected 

should be consistent with those in the ambient air sample and should account for a significant 

portion in the mass concentration of source samples so that they have relatively long atmospheric 

lifetimes (Liu, 2005). It is also important to select species that are stable and conserved in the 

atmosphere and have at least half of the data above detection limit (Bullock, K. et. al., 2008). In 

this point the use of the analysis made and presented in the previous section becomes very 

important, since in this phase of the study it is already known at least a small group of species 

that should definitely be included in the strong classification as they are contributing with a high 

percentage of the concentration of fine particles not just in specific dates where peak 

concentrations were registered but throughout the entire data set.  

Secondly, just as in their work on source apportionment, Paatero and Hopke (2003) have 

suggested a way to filter the species by using the signal to noise ratio (S/N), as stated in the 

following equation: 

    
∑    {        }

      
                                                                    

where Xij represents the value of a specific variable j collected at time i which is greater than the 

MDL, mDLj the method detection limit for variable j, and δj the number of values less than the 

MDL. 
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The criteria based on signal to noise ratio for this study was standardized as “strong” for 

S/N values greater than 2. Similarly, If S/N was between 0.2 and 2, the variable was considered 

as “weak” and S/N smaller than 0.2 as “bad”, which therefore, excluded them from the PMF 2 

analysis. Table 3 presents a summary of this signal to noise ratio criteria  

Table 3. Species selection criteria based on signal to noise ratio 

Variable classification Signal to Noise Ratio 

Bad < 0.2 

Weak 0.2 < X < 2 

Strong > 2 

 

Additionally, there was a close relationship between the uncertainties values for each one 

of the data points and the solution of the PMF.  

Uncertainty estimation is essential for achieving accurate results from the PMF analysis. 

The source apportionment analysis uses each concentration value with its estimated uncertainty, 

which is calculated from the analytical uncertainty and MDL. In this analysis, one-third of the 

MDL and a percentage of the final concentration value were used as the uncertainty assigned to 

each measured data point.  

The uncertainty data (error estimates) was identified as one of the key inputs of PMF for 

improving the quality of the output by reducing either the influence of missing values or below-

detection limits. The criterion for calculating the uncertainty values was as follow: for values 

below MDL, the concentration points were replaced by half of the MDL, and five sixths (5/6) of 

the MDL were assigned for their respective uncertainty. Missing values, on the other hand, were 
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replaced by the geometric mean of the measured values for the concentration and four times the 

geometric mean for the associated uncertainty. 

As a summary of the previous explanation, the determination of the concentration and 

uncertainty for this study is made as shown in table 4. 

Table 4. Criteria used for concentration and uncertainty using PMF (Polissar et al., 2001)  

Values Concentration Uncertainty 

Determined Measured concentration Sum of the analytical 

uncertainty, 1/3 times MDL 

and a percentage of the final 

concentration for that data 

point 

Below limit of detection values Half of MDL 5/6 times MDL 

Missing Geomean* of measured 

concentration of the 

species or MDL 

4 times the geomean* of 

measured concentration or 4 

times MDL 

*Geomean of measured concentration for the species” represents the geometric mean of the measured concentration 

of variable j at sampling site for the whole time period. The geometric mean for some species is zero. A zero value 

for uncertainty file will not work in PMF. The missing value will be replaced by MDL as concentration and four 

times the MDL as the uncertainty.  

The signal to noise ratio was the key value taken into account for the selection of species 

to be part of the input files of PMF2. S/N is the reciprocal of the coefficient of variation or the 

ratio of mean to standard deviation of a signal or measurement (Schroeder, 1999; Bushberg et al, 

2006).  
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It is noteworthy that the selection process is affected mainly by the accuracy and richness 

of the data set not just the region under study. This is the main reason why even when the sites 

are in the same region, the number of strong and weak species is different.  

Tables 5 lists the selection resulted from this analysis for the Aldine site, which resulted 

on 29 strong species and 6 weak ones, giving place to a matrix composed of 483 sampling days 

and 36 species. The theoretical Q value for this site by the PMF2 solution is therefore 17,388. 

Table 5. Classification of species used in PMF2 for data set in Aldine 

Species Classification No. Species 

Strong 29 Arsenic, Aluminum, Bromine, Calcium, Copper, 

Chlorine, Iron, Lead, Manganese, Nickel, Phosphorous, 

Titanium, Vanadium, Silicon, Zinc, Sulfur, Potassium, 

Sodium, Ammonium Ion, Sodium Ion, Potassium Ion, 

Organic Carbon, Elemental Carbon, Non-volatile 

Nitrate, Sulfate, OC1, OC2, OC3, OC4 

Weak 6 Antimony, Barium, Chromium, Magnesium, Strontium, 

Yttrium 

 

Similarly, for the Deer Park site, the S/N analysis lead to the selection of 31 strong 

species and 12 weak ones, for a theoretical Q value of 28,908, which comes from a matrix 

composed by 657 sampling days and 44 species. The summary of this classification detailing the 

species names and classification is presented in Table 6.  
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Table 6. Classification of species used in PMF2 for data set from Deer Park 

Species Classification No. Species 

Strong 31 Arsenic, Aluminum, Bromine, Calcium, Copper, 

Chlorine, Iron, Lead, Manganese, Nickel, Magnesium, 

Titanium, Vanadium, Silicon, Zinc, Sulfur, Potassium, 

Sodium, Ammonium Ion, Sodium Ion, Potassium Ion, 

Organic Carbon, Total Nitrate, Elemental Carbon, 

Volatile Nitrate, Non-volatile Nitrate, Sulfate, OC1, 

OC2, OC3, OC4 

Weak 12 Barium, Chromium, Cobalt, Europium, Molybdenum, 

Mercury, Lanthanum, Phosphorous, Selenium, 

Samarium, Strontium, Terbium 

 

5.1.2 Identification of the Number of Factors 

In order to find the optimal solution, the PMF was run with different parameters as part 

of the iterative fitting process, and solutions with different numbers of sources were examined 

(Lee and Hopke, 2006). An additional percentage of uncertainty ranging between 1 to 10 percent 

was added, accounting for model errors and other unaccounted samplings for measured errors. 

The F_PEAK value was set to zero, and several runs of the PMF2 were made for different 

number of factors. The percentage of model uncertainty was changed and the PMF2 re-run in 

order to test the adequacy of the run by the closeness to the objective function Q. A solution was 

found for different numbers of factors and evaluated through an F_PEAK analysis, in which 

PMF2 runs were repeated with the appropriate percentage of model uncertainty varying the 
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F_PEAK from -1 to 1.  The main objective was to find an optimal solution with minimum 

rotational ambiguity. 

Figure 9 shows the results for the number of factors determination based on the F_PEAK 

analysis for Aldine; 9, 10 and 11 factors were evaluated in light of this analysis. 

 

Figure 9. F_PEAK analysis for Aldine  

Based on the F_PEAK analysis an optimal solution with 11 factors was selected. Figure 

10 shows the results from the F_PEAK analysis made for 9 and 10 factors for the monitor site in 

Deer Park (482011039). From this analysis, the 10 factors analysis resulted as being the most 

reasonable solution. 

 

Figure 10. F_PEAK analysis for Deer Park 
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5.1.3 Source Profile Identification 

After running the PMF2 program with the species selected using the S/N analysis and an 

uncertainty percentage of 8.2% added to the model, an f_factor output file containing the mass 

fraction of species in each factor was used for the identification of source profiles. Table 7 shows 

the f_factor file for Aldine which included 11 factors with a color code for the first and second 

dominant species in each factor, which is yellow and light beige respectively. A color code is 

also being used for the description of strong and weak species as it can be seen in blue and beige 

in the first left column, respectively.  

Table 7. F_factor and source identification for the Aldine site from PMF2 

. 
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Accordingly, based on the composition of each factor a source profile, was developed. A 

source profile describes the source based on the mass composition weight of the species content 

in the factor. The sources identified in Aldine are named in Figure 11 including the percentage 

constitution. 

Figure 11. Source profile summary for Aldine from PMF2 

 

Likewise, the Deer Park data set was apportioned using PMF2 consisting of species 

selected using the S/N analysis. The additional uncertainty percentage added in order to achieve 

the theoretical Q value was 8.5% resulting in an output f_factor file presented in Table 8, 

highlighting the key species with the same color code for first and second dominant species 

composing the factors. The species contained in each factor are discussed in the discussion 

section of chapter 6. 
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PMF2 Percentages Sources 

Factor 1 1.3 Refineries 

Factor 2 0.4 Industrial 
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Factor 4 5.5 Aged sea salt 
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Factor 9 18.3 Sec. sulfates II 

Factor 10 4.5 Sec. nitrates 
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Table 8. F_factor and source identification for Deer Park from PMF2. 

 

 

The F_factors files are used exclusively for the identification of sources based on the 

concentration weight of species in each factor. As it was already presented for Aldine, each 

factor is analyzed and with it, a source profile was made for the solution modeled by the 

program. A source profile identified using PMF2 for Deer Park is presented in Figure 12 which 

includes a weight concentration value or percent constitution with its respective name and a 

descriptive pie type chart to enhance the understanding of these results. 
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PMF2 Percentages Sources 

Factor 1 11.8 Biomass 

Factor 2 1.7 Industrial 

Factor 3 39.7 Sec. sulfates I 

Factor 4 8.0 Sec. nitrates 

Factor 5 1.0 
Combustion/ 

Sec. sulfates II 

Factor 6 14.5 Crustal dust 

Factor 7 9.5 Industrial 

Factor 8 0.9 Road side dust 

Factor 9 7.9 Traffic 

Factor 10 5.0 Fresh sea salt 

 
 

Figure 12. Source profile summary for Deer Park from PMF2 

A log scale chart, as shown in Figure 15 and 16, helps to understand the chemical 

composition. In PMF2 the values for the log scale charts are made using the file named F_factor 

as well. Figure 13 and 14 show the factor profiles resulted from the PMF2 analysis at Aldine and 

Deer Park, respectively.  
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Figure 13. PMF source profiles charts for Aldine from PMF 2. 
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Figure 14. PMF source profiles charts for Deer park from PMF 2. 
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5.2 EPA PMF3 

5.2.1 Species Selection 

Selection of species in EPA PMF3 includes additional analysis that enhances the 

accuracy of the model and robustness of the results. These additional features comprise residual 

analysis, observed/predicted scatter plots and time series, etc.  

EPA PMF3 as in PMF2 uses signal to noise ratio as a parameter for species selection. In 

EPA PMF3, there is a difference in the calculation and it requires the use of the features 

mentioned above to get to the final classification of weak, strong and bad species as presented by 

Paatero and Hopke (EPA , 2008). 

Equation 6 is the mathematical relationship for the calculation of the signal to noise ratio 

in EPA PMF 3.0 (Norris, et al. 2008). 

      √
∑ (       )

  
   

∑     
 
   

                                                        

Following is a brief explanation of each of the features EPA PMF3 offers for the 

classification and selection of species. 

5.2.2 Residual Analysis 

The residual analysis display the scaled residuals in the form of histograms that shows the 

percent of all scaled residuals in a given bin. Each bin is equal to 0.5. These plots are useful to 

determine how well the model fit each species.  

If any species has large scaled residuals or does not display a normal curve, it indicates a 

poor fit. On the contrary, when a species is well-modeled all residuals are normally distributed 

between +3 and -3. In order to make this task easier, grey lines are provided for reference at +3 
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and -3. Figure 15 shows the window from the GUI as it is displayed on the residual analysis 

menu. 

 

Figure 15. Residual analysis menu on the EPA PM3 GUI  

5.2.3 Observed/Predicted (O/P) Scatter Plot 

An additional analysis that can be performed is the comparison between the observed 

concentrations from the input file and the predicted values provided by the model. This is an 

additional tool that helps to determine if the model fits the individual species well. Species that 

do not have a good  correlation between observed and predicted values were evaluated as weak 

or bad so that they were down weighted or excluded from the model.  

Base run statistics for each species were displayed in the form of a table in the O/P scatter 

plot screen. Figure 16 shows the screen as it looks on the EPA PMF3 GUI. 
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Figure 16. O/P scatter plot screen from EPA PMF3 

Through this features, parameters such as the coefficient of determination (R2), intercept, 

intercept standard error (SE), slope, slope SE, and SE, can be displayed for better model 

assessment. EPA PMF3 calculates these numbers by using the observed and predicted 

concentrations and indicates how well each species were fit by the model.  

On the O/P scatter plot as shown in Figure 16, the observed concentrations values for the 

selected species are plotted on the X axis and the predicted concentrations on the Y axis. As a 

reference tool for the judgment of the species fitting, a blue line, which is 1:1, is provided on this 

plot. For a perfect fit of the species, the O/P line should line up exactly with this blue line. At the 

same time, a regression line is shown as a dotted red line.  
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5.2.4 Observed/Predicted (O/P) Time Series 

An additional plot that is used for the testing of species fitting the model is the one 

displayed on the O/P time series screen.  O/P Time Series plot uses the same data as the O/P 

scatter plot but in this case is displayed as a time series on the screen. Figure 17 shows a sample 

how the O/P time series plot developed using the EPA PMF 3 GUI. 

 

Figure 17. O/P time series plot from EPA PMF3 

Some of the features this tool offers are: a dotted black vertical reference line at the date 

closest to the position of the mouse, and when the user selects a species, the observed data for 

that species is displayed in blue and the predicted data in red. This tool is used in order to 

determine if the model is fitting the observed data well. If specific samples are not being 

modeled or fitting well across species, it might be advisable to exclude or down weight those 

samples and re-run the model (EPA , 2008). 
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Application of the additional features of species selection resulted from EPA PMF3 were 

observed to be slightly different from those obtained using PMF2. For Aldine, the process 

resulted in 33 strong species and 10 weak ones. Correspondingly, for the data set from Deer 

Park, the application of the tools resulted with a bigger difference on strong and weak species in 

comparison with the PMF2 selection. A final selection of 27 strong and 9 weak species resulted 

from the use of the features provided by EPA PMF3. Table 9 includes a summary of the details 

on species selection resulted for the Aldine and Deer Park site, respectively. 

Table 9 Classification of species resulted from EPA PMF3 for Aldine 

Site Classification No. Species 

Aldine Strong 33 Antimony, Aluminum, Bromine, Calcium, Copper, 

Cobalt,  Chlorine, Chromium, Iron, Lead, Magnesium, 

Manganese, Nickel, Phosphorous, Titanium, Vanadium, 

Strontium, Silicon, Zinc, Sulfur, Potassium, Sodium, 

Ammonium Ion, Sodium Ion, Potassium Ion, Organic 

Carbon, Elemental Carbon, Non-volatile Nitrate, 

Sulfate, OC1, OC2, OC3, OC4 

Weak 10 Arsenic, Barium, Cadmium, Lead, Indium, Mercury, 

Selenium, Silver, , Yttrium, Zirconium 

Deer Park Strong 27 Aluminum, Calcium, Copper, Chlorine, Iron, 

Manganese, Nickel, Phosphorous, Titanium, Vanadium, 

Silicon, Zinc, Strontium, Sulfur, Potassium, Sodium, 

Ammonium Ion, Sodium Ion, Potassium Ion, Organic 

Carbon, Elemental Carbon, Non-volatile Nitrate, 

Sulfate, OC1, OC2, OC3, OC4 

 Weak 9 Arsenic, Chromium, Europium, Lead, Magnesium, 

Mercury, Selenium, Samarium, , Scandium 
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5.2.5 Identification of Factors 

In order to determine the number of factors using EPA PMF 3, the user’s knowledge of 

the region and sources influencing it are at the forefront of the criteria. Another element for 

determining the number of factors selected is through bootstrap analyses offered by the program, 

which can be easily performed through the GUI. After the user has found a solution believed to 

be the local minima, bootstrapping can be done to estimate the stability and uncertainty of that 

solution. 

EPA PMF performs bootstrapping by randomly selecting non-overlapping blocks of 

samples and creating a new input data file of the selected samples, with the same dimensions as 

the original data set, the model is run on the new data set, and each bootstrap factor is mapped to 

the selected a base run factor by comparing the contributions.  

The bootstrap factor is attached to the base factor with the highest correlation, above a 

user-specified threshold. If no base factor has a correlation above the threshold for a given 

bootstrap factor, that factor is considered “unmapped”. If more than one bootstrap factor from 

the same run are correlated best with the same base factor, they will all be mapped to that base 

factor. This process is repeated for as many bootstrap runs as the user specifies. 

 As a final step in the bootstrapping process, EPA PMF3 summarizes all the 

bootstrapping runs. From here, the analysis is in the user’s hand who should examine the Q 

values and factor identifications for stability and the interquartile ranges around the profiles 

(EPA , 2008). 

5.2.6 Source Profile Identification 

Running the EPA PMF3 program with the species selection made through the application 

of the features and tools and with an additional uncertainty percentage of 12.4%. A factor 
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concentration weight file was obtained for the identification of source profiles. Table 10 shows 

this file after being edited and evaluated for Aldine which included 11 factors with the same 

color code used for the PMF2 results in the previous section.  

Table 10. F_factor and source identification for Aldine from EPA PMF3 

 

Just as it was done for the PMF2 results, a summary of the sources profile is presented in 

Figure 18 that includes the list of apportioned sources and the corresponding percentage 

contribution. 
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PMF3 Percentages Sources 

Factor 1 4.4 Sec. nitrates 

Factor 2 2.0 Biomass 

Factor 3 10.9 Industrial 

Factor 4 21.3 Sec. sulfates I 

Factor 5 1.0 Sea salt 

Factor 6 5.1 Aged sea salt 

Factor 7 22.2 Sec. sulfates II 

Factor 8 8.9 Crustal dust 

Factor 9 0.6 Industrial 

Factor 10 23.1 Traffic 

Factor 11 0.6 Refineries 

 

 

Figure 18. Source profile summary for Aldine from PMF3 

Similarly, the Deer Park data set was analyzed and sources were apportioned using EPA 

PMF3. The features and tools offered by the program gave the criteria for species selection and 

an uncertainty percentage of 14.1% added to the model, brought the factor concentration weight 

file containing the information used for the identification of sources.  

Table 11 shows the standardized table used for the identification of sources based on the 

species in each factor followed by the sources profile summary and log scale charts. The 

standard used was the color code applied to every file employed in this study. 
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Table 11. F_factor and source identification for Deer Park resulted from EPA PMF3 
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PMF3 Percentages Sources 

Factor 1 4.2 Nitrates 

Factor 2 7.6 Sec. sulfates II 

Factor 3 8.9 Biomass 

Factor 4 5.5 Sec. nitrates 

Factor 5 4.6 Aged sea salt 

Factor 6 38.8 Sec. sulfates I 

Factor 7 15.6 Traffic 

Factor 8 2.2 Road side dust 

Factor 9 1.6 Sea salt 

Factor 10 10.9 Crustal dust  

 

Figure 19. Source profile summary for Deer Park from PMF3 
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Figure 20. PMF source profiles for Aldine 
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Figure 21. PMF source profiles for Deer Park 
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CHAPTER 6 

RESULTS AND DISCUSSIONS 

In the previous section the application of the techniques for source apportionments used 

in this study, including PMF2 and EPA PMF 3 are presented. The source apportionment section 

is accompanied by some explanations and definitions to help the understanding of the findings 

from each one of the models used, and a detailed discussion is provided in this chapter.  

In addition to this, the discussion is enriched by the describing behavior of the sources on 

an annual and seasonal basis, and over weekdays and weekends. Additionally, the conditional 

probability function plots for all the identified factors were also presented alongside with the 

PSCF analysis, for the selected factors including biomass, secondary sulfates and crustal dust.  

As a way of outlining this section, this chapter begins by covering a broader description 

of the composition of each factor and presenting the methodology adopted to identify the 

sources. In this section, discussion of each one of the sources is presented based on the chemical 

composition dominating each factor. Additionally a time series analysis including descriptive 

charts and graphs for the behavior of the sources annually, seasonally, weekdays and weekends, 

conditional probability function plots and PSCF graphs are presented in this section. 

6.1 Factors Composition 

In chapter 5, on the application of the source apportionment techniques used in this study, 

it has been explained the composition of each factor from the edited and color code F_factor file 

that resulted from the models. Table 12 contains the details of the identified sources for the 

Aldine site with their respective primary chemical species composing them.  
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Table 12. Factor composition of sources identified in Aldine 

 

Percentages Chemical composition Source 

Factor 1 4.4 Non- volatile NO3 Sec. nitrates 

Factor 2 2.0 Potassium ion, Potassium, Strontium Biomass 

Factor 3 10.9 Manganese, Copper, Calcium Industrial 

Factor 4 21.3 
SO4

2-
, Zirconium, Ammonium, Sulfur, 

Phosphorous 
Sec. sulfates I 

Factor 5 1.0 Chlorine Fresh sea salt 

Factor 6 5.1 Sodium Aged sea salt 

Factor 7 22.2 SO4

2-
 Sec. sulfates II 

Factor 8 8.9 
Silicon, Titanium, Magnesium, Iron, 

Aluminum 
Crustal dust 

Factor 9 0.6 Zinc Industrial 

Factor 10 23.1 OC1, OC2, OC3, OC4, EC, OC Traffic 

Factor 11 0.6 Vanadium, Nickel Refineries 

 

Similarly, the procedure was adopted to identify the sources influencing Deer park. The 

summary of factor compositions observed at this site are shown in Table 13. 
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Table 13. Factor composition of sources identified in Deer Park 

 

Percentages Chemical composition Source 

Factor 1 4.2  volatile NO3, NO3 Nitrates/industrial 

Factor 2 7.6 SO4

2-
 Sec. sulfates II 

Factor 3 8.9 Potassium ion, Potassium, Strontium Biomass 

Factor 4 5.5 Non- volatile NO3 Sec. nitrates 

Factor 5 4.6 Sodium Aged sea salt 

Factor 6 38.8 
SO4

2-
 , Zirconium, Ammonium, 

Sulfur, Phosphorous 
Sec. sulfates I 

Factor 7 15.6 OC1, OC2, OC3, OC4, EC, OC Traffic 

Factor 8 2.2 Aluminum Road side dust 

Factor 9 1.6 Chlorine Sea salt 

Factor 10 10.9 
Silicon, Titanium, Magnesium, Iron, 

Aluminum 
Crustal dust 

  
6.2 Time Series Analysis 

A time series analysis has been developed and included in this section as part of the 

discussion and verification of sources. The annual, seasonal, weekday and weekend time series 

analysis of the identified sources are presented in figures 22 through 27. A brief description of 

the time series analysis is presented in the section below. As can be seen, the average annual 

concentration of PM2.5 contributed by each one of the sources during the study period is shown 

in Figure 22 for Aldine and Figure 25 for Deer Park. The seasonal trends (spring, summer, fall 
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and winter) of each source identified at both sites are presented in Figures 23 and 26, 

respectively. It is noticeable that the PM2.5 concentrations contributed by crustal dust source are 

high during the summer season. Such seasonality in the source contribution and representative 

species has been observed in earlier studies conducted in the south Texas region. Such behavior 

of the crustal dust source can be explained due to the possible influence of long range transport 

from regional sources along with local sources. (Karnae and John, 2011; TCEQ, 2010). 

Figure 22. Average yearly concentration of PM2.5 in Aldine 

 

Figure 23. Average seasonal concentration of PM2.5 in Aldine  
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In the same way, weekday and weekend day trends for all the sources identified in Aldine 

are shown in Figure 24. This chart gives a broader understanding of the possible human 

contribution to the concentrations of each source. Using crustal dust again, it is perceived that the 

influence was slightly higher during the weekends than on the weekdays. However, this 

difference is not big enough to be considered as an element that affects the assessment of local 

versus long range transport. Additional discussions on the source contributions are presented 

later in this section. 

Figure 24. Average weekday and weekend day concentrations of PM2.5 in Aldine 

Similarly, the time series analysis was performed for the PMF results obtained for Deer 
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be higher during summer, while at Deer Park, the highest levels were noted during the fall 

season. These differences can be explained in terms of the local emissions in the region. Deer 
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as well as the geographical location of Deer Park further to the south of the city could justify this 

finding. 

Figure 25. Average yearly concentration of PM2.5 in Deer Park 

 

Figure 26. Average seasonal concentration of PM2.5 in Deer Park 
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Figure 27. Average weekday and weekend day concentrations of PM2.5 in Deer Park 

6.3 Discussion of Sources 

6.3.1 Refinery Source Profile 

Refinery sources were identified at the Aldine site. This source has high levels of 

vanadium and nickel with some percentage of elemental carbon (EC) and Na+ with a mass 

concentration contribution of 0.6%.  

This percentage is logical as the emission of primary PM2.5 from gas-fired combustion 

sources or refineries operations is believed to be very low along with secondary aerosol 

precursors (England et al., 2000). From the weekdays and weekends analysis, in Figure 28, it is 

noticeable that the refinery activities were slightly higher during weekdays than during weekends 

by about 11%. Even when the difference is not as high as it could be expected from such a 

process, however, the activities for the petrochemical industries are known to be on a 24/7 

setting instead of just weekdays, which suggests that the weekends and weekdays are supposed 

to be relatively close in the concentrations. 
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Figure 28. Weekday and weekend day levels for the refinery source at Aldine 

Further analysis using prevailing meteorological data was performed to strengthen the 

source identification. Figure 29 shows the conditional probability function analysis plot for the 

refinery sources. 

 

Figure 29. Descriptive map of the Aldine area with CPF plot for refinery operations.  
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Until this point, the identification of this source has been explained in terms of the 

composition of the source and it has been reinforced by the background from similar studies and 

results in industrialized areas.  

The source identification was enhanced by the CPF analysis as it is shown by the plots as 

they points to the southeast direction of the monitoring site. This gives a strong foundation for 

the conclusion, as this region is well known as one of the largest petrochemical complex in the 

world where many petroleum corporations have built refineries along the ship channel. If the plot 

from the CPF is superposed over a map of the site the influence of the ship channel activities as 

the plot shows and can be clearly seen in Figure 32. 

6.3.2 Industrial Source Profile  

The presence of metals such as Cu, Fe, Pb, Mn, Ni, with high concentrations of Zn, S, 

and EC point to industrial sources identified at Aldine. Two sources were identified as industrial 

for this site with one composed mainly of metals and the second source with high content of 

Zinc. These sources account for 10.9% and 0.6% respectively of the apportioned mass. However, 

as the CPF plot shows in Figure 30, this source with high metal content, is found to have its 

origin around Houston urban core and beyond, not exactly from the ship channel, which can be a 

direct influence of small metal industries in that area. Around ten industries and machine shops 

are located in this area, which goes from Northside village to Jersey village. Some of these 

industries are Arsham metal industries, a metal recycling company, and Longhorn steel, that 

together with its sister company BIMS are an integrated steel plate processor. Zn, Pb, Ni are 

mainly contributed by industrial activities such as coal and waste combustion (Marcazzan et al., 

2001; Salminen et al., 2005; Mooibroek et al., 2011) and are also associated with metallic 

industrial activities (Son et al., 2001; Lee et al., 1999). 
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Figure 30. CPF plot for Industrial I source at Aldine 

Regarding the industrial source II, as shown by the CPF plot in Figure 31, its origin is in 

the surrounding area of the ship channel  

 

Figure 31. CPF plot for Industrial II source at Aldine  
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The major contributors of this source included industrial processes related to combustion 

and refinery operations. In addition, it is worthy of note that zinc is the primary metal used in die 

casting in the automobile industry.  

In an earlier study with regards to the industries located along the ship channel in 

Houston, sediments of metals with zinc and mercury having the highest concentrations were 

observed in the water bodies surrounding the ship channel, (Lester et al., 2005) 

Moreover, most of the zinc is found during industrial activities, such as mining, coal and 

waste combustion and steel processing. Some soils are heavily contaminated with zinc, and these 

were found to be in areas where zinc was mined or refined, or sewage sludge from industrial 

areas where it was used as fertilizer (Lenntech, 2011). This description of zinc and its application 

confirms the identification made for this factor influencing the monitoring site located in Aldine 

as a local industrial source II. 

As a way of building an even stronger case for the industrial sources identified in this 

study, Figure 32 shows the individual weekday and weekend trend for the average concentrations 

levels of fine particles contributed by this source.  

 

Figure 32. Average weekday and weekend day concentrations for industrial source  
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As would be expected of industrial processes and its emissions, it was noted to be higher 

during weekdays than weekends.  

6.3.3 Secondary Sulfates I and II Source Profile  

Secondary sulfates were identified by EPA PMF 3, extracting two different SO4
-2 rich 

secondary aerosol sources in both of the sites under study. For Aldine, this source represented 

43.5% of apportioned PM2.5 mass contribution (21.3% for Secondary sulfate I and 22.2% for 

secondary sulfate II). In the case of Deer Park the percent contributions were found to be 38.8% 

for SO4
-2 I and 7.6% for SO4

-2 II counting for 46.4% of the total mass contribution of fine 

particles.  

A close observation of the air monitoring data from both the urban and rural sites in the 

speciation trends network have shown in previous studies  that there is more sulfate than carbon 

in the non-urban sites. This note is important because sulfate concentrations are only slightly 

higher in the urban areas than in the surrounding non-urban areas; however, carbon 

concentrations do increase substantially in the urban areas and the conclusion from this 

observations is that sulfate is very much a regional problem than a local one (EPA, 2010). 

In light of this observed fact, further analysis is required in order to better understand 

these sources. For the SO4
-2 sources, seasonal, CPF and PSCF were used. An individual analysis 

for each type of the sources is being developed in the following discussion. 

For the extracted source in Aldine and Deer Park identified as SO4
-2

 I the presence of 

sulfates and ammonium ion concentrations was noted. Previous studies have found the same 

pattern on secondary sulfates (Y. song et al., 2007; M. Kim et al., 2007). These sources also 

include some organic carbon, since carbon and some tracer elements become associated with 

secondary sulfates (M. Kim et al., 2007). 
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In 2001, Song et al., also indicated that organic carbon was found on the secondary 

sulfates factor in his study on sources of fine particle composition in the Northeastern US. Three 

facts reinforce the idea of having secondary sulfates with this profile, specifically, the trace metal 

composition in this source is almost zero, the ratio of NH4 and SO4
-2 is around 2:1, and the 

nitrate (NO3) content is negligible, which consequently allows us to conclude that all of the 

ammonium present is essentially there in the form of ammonium sulfate.  

When the seasonal trend of these sources is observed, a seasonal variation is perceptible 

not just within the source in itself but between the sites. This variation could be explained in 

terms of discrepancy in the strength of the source or due to transport condition or both (Kim et 

al., 2004). 

 As shown in Figure 33, the SO4
-2 rich secondary aerosol I in Aldine has strong seasonal 

variation with higher concentrations in summer when the photochemical activity is highest, 

indicating an origin from coal-fired electricity-generating plants during summer.  

However, the same conclusion can be established from the high levels observed in Deer 

Park during the winter season, which leads us to see the explanation of the differences between 

the seasons in the study area and its geographical characteristics.  

However, this is a confirmation of the traditional pattern or behavior of secondary sulfate 

sources as for the case of SO4
-2 I, the summertime concentrations are visibly higher than the 

wintertime ones.  

According to previous studies, it is a fact that the contribution from the sulfate source 

correlated with surface temperature or what is called the temperature at the mean mixed layer as 

well as with ozone concentrations indicating that secondary sulfate formation is associated with 

photochemical activity in warmer months (Kim et al., 2007)  
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Figure 33. Seasonal variations for secondary sulfates I at the monitoring sites 

 
Regarding the secondary sulfates II, it was observed the presence of some metals such as 

Ni and V and Hg, leading to the conclusion that this source can be related to coal combustion 

coming from power plants in the area or are from regional sources instead of local ones as SO4
-2

 

I. The inclusion of Ni and V is also a strong reason to see this source comingled with the refinery 

source in Deer Park as is expected in this site. Figure 34 through 37 show the polar charts from 

the CPF analysis made for the SO4
-2 I and II in Aldine and Deer Park. 

 

Figure 34. CPF plot for secondary sulfates I at Aldine  
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Figure 35. CPF plot for secondary sulfates II at Aldine 

The CPF plots for secondary sulfate I, Figures 34 and 35, indicate the southeast of the 

monitoring site in Aldine, as the source region, pointing to the operations in the industrial park 

around the ship channel  

Nevertheless, the same plot for the Deer Park shows that the source is coming from the 

northeast area of the monitoring site, which with it provides strong evidence to believe that the 

main source of sulfates in the form of SO4
-2

 I is coming from the industrial park that surrounds 

the ship channel. Industrial processes involving combustion and the use of boilers as well as 

refinery operations can justify the results in these plots. The CPF results for Deer Park are shown 

in Figures 36 and 37. 
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Figure 36. CPF plot for secondary sulfates I at Deer Park 

 

Figure 37. CPF plot for secondary sulfates II at Deer Park 
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Potential source contribution function (PSCF) is a strong tool that can identify regional 

PM2.5 sources affecting the Houston area. As it was already established previously in this 

discussion, sulfate concentrations in ambient air can be contributed by regional sources along 

with local sources. Thus, PSCF analysis was conducted and the results are shown in Figures 38 

and 39.  

PSCF plots for SO4
-2 II indicate a source region that lies along the northeast and is most 

probably a result of regional transport of secondary pollutants from the coal-fired power plants 

located to Northeast of the urban area. The PSCF results for the secondary sulfate II source in 

Deer Park have a similar pattern as those for Aldine. At both sites, it was noted that source 

regions in the Midwest and along the Mississippi river contributed significantly to the measured 

sulfates in Houston. 

 

Figure 38. PSCF plot for secondary sulfates II at Aldine  
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Figure 39. PSCF plot for secondary sulfates II at Deer Park 

6.3.4 Secondary Nitrates Source Profile  

The contribution of NO3 in different forms dominates this source and is accounted for 

4.4% at the Aldine and 9.7% at Deer Park. In Deer park, the source separated into a source of 

nitrates and secondary nitrates with 4.2 and 5.5%, respectively. NOx is the precursor for NO3 

formation, which is the resultant product of typical combustion processes. The mechanism of 

conversion is the oxidation of NOx to HNO3 and the subsequent displacement of N+ radical, with 

the NH4
+ radical forming NH4NO3. Secondary nitrate formation depends on temperature, relative 

humidity and availability of ammonium ion. As it has been observed, the concentration of 

secondary nitrate (ammonium nitrate), a semi-volatile specie, increases during the winters due to 

lower ambient temperatures and high humidity, which was evaluated using the seasonal analysis. 

Figure 40 reveals the seasonal trend of secondary nitrate, with a clear increase in the 

concentration during the cold months as noted by other researchers. (Kuhns et al., 2003).  

Probability 
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Figure 40. Seasonal trend of secondary nitrates at Aldine and Deer Park 

CPF plots for secondary nitrates apportioned at Aldine and Deer Park are presented in 

Figures 41 through 43. In particular, Figures 41 and 42 are for secondary nitrates identified at 

Aldine and Deer Park with their main sources located around the major urban and industrial 

areas to southeast and northwest of the monitoring sites, respectively. Thus, the industrial park 

located along Houston port and ship channel were identified to be the major contributors of these 

sources. Figure 43 is for the nitrates source that indicates based on the speciation of the factor 

that is mainly coming from industrial processes. 

 

Figure 41. CPF plot for secondary nitrates at Aldine 
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Figure 42. CPF plot for secondary nitrates at Deer Park 

 

Figure 43. CPF plot for nitrates at Deer Park  
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6.3.5 Traffic Source Profile.  

Both study sites demonstrated an impact from traffic or mobile source, represented by 

high concentrations of organic carbons and EC and some inclusion of soil dust constituents such 

as Fe and Ca. The large concentration of EC, which is a component released by combustion, 

along with some extraneous metals, presents a strong foundation for identifying this factor as 

traffic emissions. Metals such as Iron (Fe) can be associated with mechanical wear (Hildeman et 

al., 1991; Mooibroek et al., 2011). The percent contribution of this factor was estimated to be 

23.1% at Aldine and 15.6% at Deer Park. The disparity in the mass concentration contribution of 

this factor at the two sites can be explained by the difference in surroundings of their locations. 

As was explained in the descriptive section of the study region in chapter two, Aldine is 

surrounded by Interstate 45 to the west.  

This is a high transit interstate which connects North Houston to the downtown area. To 

the east of the Aldine monitoring site is the 59 freeway, and the George Bush International 

Airport is located to the north. The influence of traffic emissions is without doubt severe at this 

site, giving a solid foundation to justify having high mass concentration contributions of motor 

vehicle emissions. 

On the other hand, Deer Park is surrounded by equally heavily transited road ways, in 

this case, the Sam Houston Tollway and the Pasadena Freeway in the west and north 

respectively. This description made complete sense we compared the CPF plots for both sites as 

shown in Figures 44 and 45. 
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Figure 44. CPF plot for mobile sources at Aldine 

 

Figure 45. CPF plot for mobile sources in Deer Park  
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The Deer park traffic source has its origin coming from the north pointing toward the 

activities in the ship channel. This represents a strong case to see the influence of equipment 

used in the ship channel such as trucks, lifting equipment and ships as a large contributor to this 

source as they are powered by combustion engines. 

Concerning the large mass fractions of elemental carbon and organic carbon in this 

source together with Ba was likely from diesel emissions (Suarez et al., 2002) having Ba being 

used as a smoke suppressant in diesel (Chellam et al., 2005) so that it qualifies this source as a 

tracer of diesel emissions. Zn and Cu have been found as major constituents of brake linings 

(Lough et al., 2005; Maykut et al., 2003) and are present in the source profile for these sources, 

adding certainty to the conclusion of having influence from mixed gas-diesel fueled mobile 

sources. In addition, calcium, which is often used in catalyst-equipped gasoline vehicles 

(Schauer et al., 2002) was also present in the source profile especially in Deer Park. As a 

sensitive note and following some conclusions from previous studies made by Kim (2007), the 

organic content found in this factor could also be partially due to emissions from wood and 

vegetative burning as well as coke producing plants, having potassium, which is a tracer of 

organic matter incineration, correlated highly with the source on Deer Park 

Using the seasonal analysis previously made and presented in Figures 22 thru 27, it is 

clear to see how the pattern of sources at both sites are the same, having higher values in the 

same season of the year, namely, in fall. However, a very interesting difference serves the 

confirmation of our conclusions very well as weekdays and weekends are slightly different and 

in Deer park the results show peak values during the weekdays instead of the weekends as in 

Aldine, which is in line with the industrial environment of the ship channel from where it is 

believed to have part of the influence for this source. 
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6.3.6 Crustal and Road Side Dust Source Profile  

Two sources of dust were identified, including crustal dust and resuspended road dust. 

Crustal dust was characterized mainly by a composition of high concentrations of silicon, 

aluminum, and titanium, along with minor compositions of calcium and iron (Mooibroek, 2010).  

In Aldine, crustal dust accountted for 8.9% of apportioned PM2.5 mass, while at Deer 

Park it contributed for 10.9%. Silicon, aluminum, and titanium concentrations show a strong 

correlation with each other and contain some organic carbon (OC) as reported by other scholars 

(Lewis et al., 2003; Lee et al., 2006). Crustal dust particles can be contributed by unpaved roads, 

construction sites, and windblown soil dusts (Kim et al., 2004).  

Additionally the Deer Park site was identified as having a source of resuspended road 

dust. The species within this source are fairly similar to crustal dust such as titanium, silicon, 

small amounts of aluminum, calcium and iron were also present.  

The presence of sulfates and nitrates in this source can be caused by deposition (Ferm et 

al., 2006). Although it can be concluded that the mass concentration contribution for this source 

is 2.2%, the analysis will require the application of CPF in order to see the variation caused by 

wind conditions during the study period.  

Figure 46 through 48 display the CPF plots for crustal dust identified at the Aldine and 

Deer Park site, and road side dust in Deer Park. 
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Figure 46. CPF plot for the source of crustal dust at Aldine 

 

Figure 47. CPF plot for the source of crustal dust at Deer Park 
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Figure 48. CPF plot for the source of resuspended road side dust at Deer Park 

Figures 46 and 47 correspond for the crustal dust source in both sites and points to the 

southwest. Figure 48 is the plot for road side dust in Deer Park, which is very similar to the 

crustal plot. Road side dust seems to have its origin on the main roads surrounding the site and 

also from dust transport from southeast Texas. 

The crustal dust source shows seasonal variation with higher concentrations in the dry 

summer season as shown in Figure 49. There were higher contributions of dust on weekends, as 

Figure 50 shows for weekday and weekend days.  
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Figure 49. Seasonal trend for crustal dust in both sites. 

 

Figure 50. Weekdays and weekends trends of crustal dusts at Aldine and Deer Park 

Crustal dust has been acknowledged to be in a great percentage a long range transported 

source coming from regions as far the deserted areas of Sahara in Africa. Such possibility of long 

range transport was tested an analyzed through the application of the potential source 

contribution function.  

Figures 51 and 52 show the PSCF results for both sites using a 15 days backward 

trajectories. As shown in the figures, Saharan dust storms during the summer contribute to the 

crustal dust source identified in the Houston area. 
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Figure 51. PSCF plot for crustal dust at Aldine 

 

    

Figure 52. PSCF plot for crustal dust at Deer Park  
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6.3.7 Biomass Burning Source Profile  

Biomass burning was identified as a source at both if the sites with a mass concentration 

contribution of 2.0 and 8.9% at Aldine and Deer Park respectively. Sources characterized by the 

presence of OC, EC and K have been identified as biomass burns (Karnae and John, 2011), wood 

burning (Liu et al., 2005), and vegetative burning (Wu et al., 2007) in different studies in the 

past. This source was composed of higher mass fractions of OC, K and moderate amounts of EC. 

As per the seasonal analysis for Aldine, high concentration values were registered during 

summer while at Deer Park during fall. Figure 53 is a column chart for the seasonal average 

concentration levels apportioned as the source biomass burning. 

 

Figure 53. Average seasonal concentration levels of biomass. 

Such seasonal behavior at Deer Park could be ascribed to the increase in biomass 

burnings during spring and residential wood combustion during the fall and winter months. 

Moreover, the incidence of forest burns during summer could be the explanation for the behavior 

in Aldine. In both cases, the PSCF and CPF analysis will let us affirm these conclusions. Figures 

54 and 55 correspond to the CPF analysis for Aldine and Deer Park, respectively. 
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Figure 54. CPF plot for biomass burnings at Aldine 

 

Figure 55. CPF plot for biomass burnings at Deer Park  
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Winter of 2005 and spring of 2006 were noted for wildfires that razed over large areas of 

North Texas and the state of Oklahoma. The fires were triggered by a combination of record 

high temperatures, drought, and high winds in the region (Tanneeru, 2006). From a more detailed 

analysis of the concentration of fine particles emitted from biomass burnings, it was found peak 

values during the transition between spring and summer of 2006 boosting the influence of 

biomass burnings in Texas.  

The CPF plot for Aldine reveals some of the influence of this source coming from north 

and west Texas areas from these wildfires. In the same line, Dennis et al. (2002) developed an 

inventory of air pollutant emissions from forest, grassland and agricultural burning in Texas, and 

determined that the emissions of fine particles in Southeast Texas from burning operations were 

dominated by wildfires and logging slash burning and not agricultural burning or rangeland 

burning (Fraser et al., 2003).  

Another possible explanation for biomass burning as reflected in earlier studies, was long 

range transport of smoke plumes from south Mexico and Central America due to spring 

agricultural burns. The PSCF graphs for biomass burning for the sites are shown in Figures 56 

and 57. Both of them reflect the potential source contribution of biomass burning plumes 

transported strongly from Mexico which combined with the CPF plots confirm the wind 

directional pattern observed during these episodes. 
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Figure 56. PSCF plot for biomass burning at Aldine 

 

 

Figure 57. PSCF plot for biomass burning at Deer park  
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6.3.8 Fresh and Aged Sea Salt Source Profile  

Fresh sea salt sources were expected at both sites due to the proximity of the Gulf of 

Mexico and the Houston ship channel and they were clearly identified accordingly. Fractions of 

sodium, magnesium, chloride and potassium are part of the elements contained in this source.  

At both sites, an additional sea salt sources was apportioned containing some sulfate and 

consequently identified as aged sea salt due mainly to its high mass fraction of sodium with 

sulfates, which is thought to be due to Cl displacement by acidic gases (Kim et al., 2004). Fresh 

sea salt sources accounted for 1% and 1.6% of mass concentration contribution at Aldine and 

Deer Park, respectively. It is noteworthy that the geographical location of these sites gives a 

preliminary understanding of the behavior of this source. If the main source for sea salt is 

coming from the Gulf of Mexico, is expected to find higher percentages in Deer Park than in 

Aldine due to the distance from the sea.  

Aged sea salt was apportioned with a mass concentration of 5.1% and 4.6% at Aldine and 

Deer Park, respectively. The source also contained small amounts of OC and EC as was 

observed by other source apportionment studies performed on measured data values at coastal 

monitoring sites (Kim et al., 2004; Hwang  et al., 2007).  

The seasonal analysis of these sources is presented in Figure 58 for Aldine and Figure 59 

for Deer Park showing high concentrations during the spring season. Such seasonality could be 

explained in terms of high winds blowing from the Gulf of Mexico transporting marine aerosols 

(Karnae and John, 2011). This was also confirmed by the CPF polar plots for this source (Figures 

60 through 63), as they revealed the contribution coming from the southeast of Texas, which 

points to the Gulf of Mexico. 
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Figure 58. Seasonal trend for fresh and aged sea salt at Aldine, 

 

Figure 59. Seasonal trend for fresh and aged sea salt at Deer Park 

 

Figure 60. CPF plot for fresh sea salt at Aldine 

0

0.3

0.6

0.9

1.2

1.5

1.8

Winter Summer Spring Fall

A
ve

ra
ge

 P
M

2.
5, 

μg
/m

3 

Fresh sea salt

Aged sea salt

0

0.3

0.6

0.9

1.2

1.5

1.8

Winter Summer Spring Fall

A
ve

ra
ge

 P
M

2.
5, 

μg
/m

3 

Fresh sea salt

Aged sea salt

82



 
  

 

Figure 61. CPF plot for aged sea salt at Aldine 

 

Figure 62. CPF plot for fresh sea salt at Deer Park 

83



  

 

Figure 63. CPF plot for aged sea salt at Deer Park  
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CHAPTER 7 

CONCLUSIONS 

Source apportionment techniques PMF2 and EPA PMF 3 were applied for the measured 

PM2.5 concentrations in the urban area of Houston, Texas. Texas Commission on Environmental 

Quality (TCEQ) has been monitoring and collecting valuable air quality data for several decades, 

the collection and analysis of this set of information during the period of study was performed 

for two strategically located air monitoring sites in Aldine and Deer Park. 

PMF 2 and EPA PMF 3 resolved the best-fit solution, a 11 and 10 factor model for 

Aldine and Deer Park, respectively. This study has concluded that the urban area of Houston is 

being affected by fine particles coming from secondary sulfates as the main contributor with 

percentages of over 40% among all the sources, traffic as the second one with 23.1% and 15.6% 

in Aldine and Deer Park. The remain group of sources affecting these sites include biomass 

burnings (2%-8.9%), crustal dust (8.9%-10.9%), industrial activities (10.9%-4.2%), traffic 

(23.1%-15.6%), secondary nitrates (4.4%-5.5%), fresh (1%-1.6%) and aged(5.1%-4.6%) sea salt 

and refineries (1.3%-0.6%). 

Refineries sources were identified only in the Aldine site. This source contains high 

levels of elemental carbon, sulfates, and OC4 with some percentage of Fe, Si, and sulfur and the 

CPF plot showed a source region to the southeast direction which provided a strong reason to 

conclude this source is being originated from the largest petrochemical complex in the world is 

in the port of Houston where many petroleum companies have built refineries along the ship 

channel. 

Two industrial sources in Aldine were identified due to the presence of metals such as 

Cu, Fe, Pb, Mn, Ni, with high concentrations of Zn, S, and EC. Two sources were resolved as an 
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industrial source for this site with one composed of mainly the metals and the second one with 

high content of zinc. The polar plots provided by the CPF analysis confirmed these sources as 

industrial and they both point toward the industrial parks surrounding the ship channel area and 

they have their highest peaks during weekdays. 

Secondary sulfates were identified by the source apportionment technique, extracting two 

different SO4

2- rich secondary aerosol sources, SO4

2-
 I and SO4

2-
 II, at both sites. For the SO4

2-
 I, 

a remarkable presence of sulfates and ammonium ion concentrations was notable. Aldine had 

strong seasonal variations with higher concentrations in summer when the photochemical 

activity was the highest, indicating the influence of coal-fired power plants during the summer. 

PSCF plots for SO4 II indicate a source region that lies along the northeast and was most due to 

regional transport of secondary pollutants from the coal-fired power plants in northeast Texas 

and beyond. The CPF results for the secondary sulfate source identified the northeast and 

southwest as being the dominant source directions. 

Secondary nitrates in the sites were observed revealing a seasonal behavior of a clear 

increment in the concentrations during the cold months which is the pattern observed on 

secondary nitrate sources in earlier studies.  

Traffic, motor vehicle or mobile source, represented by high concentrations of organic 

carbons and EC and some inclusion of soil dust constituents such as Fe and Ca was found during 

the study and was confirmed by the comparison and analysis of the seasonal trends and CPF 

plots. The influence of major arteries surrounding Aldine confirmed higher concentration values 

compared to that in Deer Park. Crustal dust were noted at both sites and resuspended road side 

dust was observed in Deer Park. These dust sources were found to be characterized mainly by 

high concentrations of silicon, aluminum, and titanium, but also by calcium and iron. Crustal was 
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analyzed and found to be a long range transported source with its origin as far as the desert areas 

of sub-Saharan Africa from the PSCF analysis. 

A source that included the presence of OC, EC and K was identified as biomass burns 

and was solved for both sites having a similar pattern as sources that were identified as wood 

burning and vegetative burning in earlier studies in the past. PSCF helped to identify and confirm 

the seasonal behavior of this sources together with the CPF, finding its source to be south in 

Mexico during the summer and to the northeast of the country during the winter. The 

expectations of sea salt sources affecting the area due to the proximity of the Gulf of Mexico and 

Houston ship channel were confirmed as they were resolved by the source apportionment 

techniques. Fresh sea salt sources were found at both sites and they were clearly identified due to 

enhanced fractions of sodium, magnesium and chloride and, to a lesser extent, potassium as part 

of the elements contained in this source. The influence of aged sea salt was identified as well for 

the study region. CPF plots and seasonal analysis showed their behavior as it matches with 

previous studies where peak values were found in spring and attributed to high winds blowing 

from the Gulf of Mexico transporting marine aerosols, which was also time confirmed by CPF 

plots pointing to the south toward the Gulf of Mexico.  
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CHAPTER 8 

RECOMMENDATIONS 

The results of this study reveal sources of fine particles and their contributions affecting 

the urban area of Houston, Texas. The findings provide strong and valuable information for the 

agency in charge of the environmental quality to take a closer look at the actual emission sources 

of this class of pollutant. The recommendations for future studies in light of the findings and 

methodology used is summarized below: 

 Implementing additional source apportionment techniques such as chemical mass 

balance (CMB) in order to verify and confirm the results. 

 Increasing the time period, adding newer data to the set used for the apportionment 

analysis. 

 Inter comparing results from Houston to from other large mega cities with similar 

emissions characteristics. 
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