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ABSTRACT OF THE DISSERTATION

Development and Application of Statistical Methods for Analysis of Volatile Organic
Compounds From Emerging Sources

by
Christos Stamatis

Doctor of Philosophy, Graduate Program in Chemical and Environmentnal Engineering
University of California, Riverside, December 2021
Dr. Kelley C. Barsanti, Chairperson

Non-methane organic compounds (NMOCs) play an important role as air pollutant precur-
sors. For example, NMOCs can form secondary organic aerosol (SOA), which is a major
component of fine particulate matter (PMsajs). As a significant mass fraction of PMa s,
SOA affects air quality, visibility, radiative forcing and cloud droplet formation. NMOCs
can be categorized as biogenic (e.g., forest emissions), anthropogenic (e.g., transportation
emissions) or pyrogenic (e.g., wildfire emissions). Given the importance of NMOCs for at-
mospheric chemistry and air pollutant formation, there is ongoing need to track NMOCs
and understand how variables such as source types, meteorology, and human behavior af-
fect NMOC mixing ratios and SOA formation. Due to technological advances in analytical
and instrumental techniques, including those used to quantify NMOCs, there has been a
large increase in NMOC data generated. This poses a challenge for efficient and accurate
data analysis, and thus presents an opportunity for statistical data analysis methods that
are complementary to more conventional approaches. As presented in this thesis, two tools

for faster NMOC data post-processing and chemometric analyses were created: 1) a chro-
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matographic alignment algorithm, and 2) a supervised pattern recognition algorithm for
classification and source apportionment analyses of emissions from emerging anthropogenic
(e.g., vehicles, personal care products) and pyrogenic (e.g., wildfires) sources of interest in
the formation of air pollutants.

The chromatographic alignment algorithm corrects any retention time deviations
that occur due to matrix effects during instrumental analysis and is a necessary pre-
processing step for the pattern recognition analysis. The alignment is performed using
a simple measure of similarity, specifically, the cosine similarity. The supervised pattern
recognition algorithm can unveil relationships between samples based on parameters of in-
terest such as source types, and for biomass burning, fuel types. It is comprised of three
main parts: 1) feature selection with an analysis of variance (ANOVA) based method, 2)
dimensionality reduction via principal components analysis (PCA), and 3) clustering with
k-means. The chromatographic alignment algorithm was applied in an analysis of engine
tailpipe emissions samples; the algorithm successfully aligned approximately 110 detected
NMOCs in 32 emission samples and reduced post-processing time from weeks to minutes.
The pattern recognition algorithm was applied in three case studies involving analysis of
tailpipe emissions samples (anthropogenic) and biomass burning samples (pyrogenic).

Applied to the tailpipe emissions samples, the algorithm identified 15 NMOCs
(out of 110) that effectively separated the tailpipe emission samples among eight different
gasoline fuel blends, based on patterns in the emitted NMOCs associated with the different
fuel blends. Applied to biomass burning samples, the algorithm was able to successfully

differentiate laboratory smoke samples collected from combustion of three different fuel
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families (firs, pines and spruce) using automated selection of only five compounds (out
of 93). Furthermore, using the unique NMOC profiles associated with the different fuel
families, a classification model was created that successfully classified smoke samples from
prescribed burns based on their dominant fuel source. In a second biomass burning case
study, the algorithm was applied to data collected from smoke plume transects during
two recent large-scale field campaigns (WE-CAN and FIREX-AQ), in an effort to identify
NMOCs that were linked with observed enhancement in organic aerosol mass. Samples were
separated based on whether positive or negative/neutral organic aerosol enhancement was
observed; no consistent set of NMOCs could be identified that successfully differentiated the
samples between the two groups. Additional metrics were evaluated, however they did not
provide any further ability to differentiate the samples. It was determined that the plume-
to-plume variability, and competing chemical and physical processes, overwhelmed clear
patterns in NMOC mixing ratios which thus resulted in poor statistical power for differen-
tiating samples. Collectively, the tools developed and presented here provide a streamlined
approach for the analysis of samples from diverse sources that reduces the post-processing
time and adds information that is difficult to obtain using traditional analytical approaches.
The alignment algorithm can be applied to different samples, and the pattern recognition
algorithm can be applied to different observational data, thus linking observations with

predictive variables including source type, meteorology and human behaviors.
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Chapter 1

Introduction

1.1 Organic Emissions and Their Influence on Climate and

Atmospheric Chemistry

Non-methane organic compounds (NMOCs) play an important role as air pollutant
precursors. For example, NMOCs can form secondary organic aerosol (SOA)[2]. As a
significant mass fraction of particulate matter[3][4][5], SOA affects air quality, visibility,
radiative forcing and cloud droplet formation[6][7][8][9]. NMOCs can be categorized as
biogenic (e.g., forest emissions), anthropogenic (e.g., transportation emissions) or pyrogenic
(e.g., wildfire emissions). In recent years, wildfire emissions and volatile chemical products
(shampoos, surface cleaners, etc.) have become sources of emerging interest[10][11][12][13].
Given the importance of NMOCs for atmospheric chemistry and air pollutant formation,
there is ongoing need to track NMOCs and understand how variables such as source types,

meteorology, and human behavior affect NMOC mixing ratios and SOA formation.



Due to technological advances in instrumental techniques, including those used to
quantify NMOCs, there has been a large increase in data generated. This poses a challenge
for efficient analysis of data in their entirety, while also presenting an opportunity to apply
statistical data analysis methods that are complementary to more conventional approaches.
The primary goal of the work presented in this thesis was to create tools for more efficient
and more insightful analysis of two dimensional gas chromatography with time-of-flight
mass spectrometry (GCxGC-TOFMS) data. The specific objectives were to: 1) develop a
pattern recognition (PR) algorithm that can unveil relationships between samples based on
parameters such as source contributions, and for biomass burning, fuel type; and 2) develop
a classifier that identifies source types based on emission patterns or measured mixing ratios.
The PR algorithm can also be used to explore linkages between emissions and SOA forma-
tion, using parameters such temperature and organic aerosol mass loadings. For objective
1, a four step PR algorithm was developed that includes: 1) data pre-processing, 2) feature
selection using an analysis of variance based method, 3) dimensionality reduction using prin-
cipal components analysis (PCA) and 4) clustering using k-means. In the feature selection
step, several hundreds of compounds are evaluated for their potential to separate samples
based on sampling conditions (e.g., emission source(s), fuel type(s), temperature). In the
PCA and k-means steps, the samples are grouped based on their similarity. To increase
efficiency, a pre-processing algorithm was also developed for chromatographic alignment, in
which retention times and mass spectra are used to correct for small retention time shifts
between samples. Together these algorithms reduce the time required for data processing

and can be applied to a wide range of sample types.



This thesis is comprised of six chapters in total. This chapter, Chapter 1, in-
troduces each of the applied projects and the motivation for those projects. Chapter 2
describes in detail the theory, the algorithm components, and any other additional major
analysis methods that were used in each of the projects. Chapter 3 focuses on the first
application of the PR and chromatographic alignment algorithms for analysis of tailpipe
emissions samples. Chapter 4 focuses on the updated and final form of the PR algorithm
and its application to laboratory and field smoke samples from several different individual
(lab) and mixed (field) fuel types common in Western forests. Chapter 5 focuses on the
application of a modified version of the PR algorithm for analysis of smoke plume transects
from two recent field campaigns. Finally in Chapter 6 the major findings from all projects

and future directions are summarized.

1.2 Aromatics in Tailpipe Emissions Samples

During the summer of 2017 at the Bourns College of Engineering Center for En-
vironmental Research and Technology (CE-CERT), our group collaborated with the Emis-
sions and Fuels group to study eight different blends of gasoline fuels, with varying levels of
aromatic and ethanol content, on the emissions from a light-duty vehicle equipped with a
gasoline direct injection (GDI) engine [14]. The purpose of the project was to better under-
stand the effects of fuel composition on emissions, and subsequently, on secondary aerosol
formation and composition. While the effects of fuel composition on primary vehicle emis-
sions have been well studied [15][16][17], less is known about the effects on secondary aerosol

formation and composition; only one study was available at the time of this project[18].



The data set acquired from this study was ideal for the initial development and
testing of the PR algorithm. First there was no mixing between the tailpipe emission
samples from different fuel blends, as is usually the case in smoke samples from the field
where multiple fuel types (different plant and tree types) are burning at the same time.
Second the emissions profile of each fuel was much simpler-only 100 to 110 compounds per
sample-compared to smoke samples with several hundred compounds present from each fuel
type. Therefore this data set offered a reasonable starting point to develop and test the
algorithm, prior to application for smoke sample analysis, which was the primary focus of
the research presented. The algorithm applied in the analysis of the tailpipe emissions data

was an earlier version of the algorithm presented in Chapter 2.

1.3 Monoterpenes in Smoke Samples

Wildfires have increased in frequency, duration and size in the Western United
States (U.S.) over the past decades [10][11][12]. These trends are projected to continue,
with negative consequences for air quality across the U.S [11][12][19]. Wildfires emit large
quantities of particles and gases that serve as air pollutants and their precursors, and can
lead to severe air quality conditions over large spatial and long temporal scales. Charac-
terization of the chemical constituents in smoke as a function of combustion conditions,
fuel type, and fuel component is an important step towards improving the prediction of air

quality effects from fires and evaluating mitigation strategies.



Building on the comprehensive characterization of gaseous non-methane organic
compounds (NMOCs), specifically monoterpenes, identified in laboratory and field studies,
the supervised PR algorithm from Chapter 3 was further developed and successfully used
to identify unique chemical speciation profiles among similar fuel types common in forests
in the Western U.S. Using the results from the PR algorithm, a classification model based
on linear discriminant analysis was trained to differentiate smoke samples collected from

laboratory and field studies based on the contribution(s) of dominant fuel type(s).

1.4 Precursors of Organic Aerosol in Smoke Plumes

Western wildland fires constitute a significant part of biomass burning (BB) in
the US along with agricultural and prescribed burning. Overall, BB is globally the largest
source of combustion-related source of NMOCs [20][21]. NMOCs have a significant influence
on the atmosphere, which includes a major contribution to the formation of SOA. Given
the complex chemistry and dynamics of SOA formation from fires[22] [23] there is a need for
better understanding fire emissions and their contribution to SOA formation. Laboratory
studies of controlled burns have shown that NMOC oxidation results in SOA production
and an enhancement in OA mass but with increased variability. Many studies have tried
to narrow down the variability in observed OA enhancement by focusing on specific SOA
precursor groups: 1) monoterpenes, 2) oxygenated aromatics, 3) heterocyclic compounds,
and 4) polyaromatic hydrocarbons [24][25][26]. Ahern et. al. [24] found that monoter-
penes are important SOA precursors for black spruce and ponderosa pine while furans are

important for grasses. Lim et. al. [27] showed that there is a strong correlation between



SOA produced and the initial NMOC mass, with stronger correlations observed for NMOCs
more volatile than monoterpenes. These previous studies suggest that there is significant
variability among dominant SOA precursors based on fuel type and that there is need to
be able to better understand SOA from biomass-burning sources.

In this work the PR algorithm developed in Chapters 3 and 4 was applied to data
collected during WE-CAN and FIREX-AQ field campaigns. The goal of this application was
to expand the application of the algorithm from linking emissions with sources to linking
emissions with processes. Specifically it was an effort to identify the most important SOA
precursors for fires sampled in the field. For this application a slightly modified version of
the algorithm was used to try to connect changes in compound mixing ratios with extents

of OA enhancement.



Chapter 2

Methods

The data analyses presented in this thesis are linked by the application of a pattern
recognition (PR) algorithm that was the key development of this research. The parts of
the algorithm are described in detail in the following sections: section 2.1 focuses on the
data pre-processing, section 2.2 on the feature selection method via analysis of variance
(ANOVA), section 2.3 on the dimensionality reduction via principal component analysis,
section 2.4 on clustering via k-means and section 2.5 focuses on the entire algorithm flow.
Section 2.6 describes a classification model that uses the results of the PR algorithm and

was applied in the analysis of the smoke samples (Chapter 4).

2.1 Data pre-processing

Data pre-processing is a broad term used to describe any operation performed
on data prior to providing them as input to a model. Depending on the model to be used

certain requirements must be met by the data set. Some examples include replacing missing



values, checking for normality of the data, and bringing variables of different scales to the
same scale. Other examples that are more case specific include correction for background
(ambient samples), correction for collected sample volume, or correction for dilution (plume
samples). If the data are not properly processed prior to using them in a model they can
bias the outcome.

An example of the importance of pre-processing prior to principal component
analysis (PCA)[28], is shown in Fig. 2.1 using an example data set from the University
of California Irivine machine learning repository [29]. In PCA we are interested in the
components that maximize the variance [28][30]. If one component (e.g. wine pH) varies
less than another (e.g. alcohol content) because of their respective scales (pH units vs.
alcohol %), and if those features are not scaled, PCA might determine that the direction of
maximal variance more closely corresponds with the ‘pH’ axis. As a change in pH of one
unit can be considered much more important than the change in alcohol content of one %,
this would clearly be an incorrect conclusion.

In this thesis there were two major pre-processing steps that were performed in
all of the applications. The first was to handle any missing values and the second was
to standardize the data so that all variables were brought to scale. Any additional pre-
processing steps that were performed were project specific and will be discussed with the

results for each project.
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Figure 2.1: PCA results for the demonstrative UC Irvine data set. Left plot shows PCA
with no preprocesing (no standardization) and the right plot results after pre-processing.

2.1.1 Missing values

Missing values in experimental data sets pose a relatively difficult problem to
solve when analyzing such data. Regardless of the types of data, the missing values can be
described under three categories [31]: 1) missing at random (MAR), 2) missing completely
at random (MCAR) and 3) missing not completely at random (MNAR). With MAR, the
data are not missing across all observations but only within sub-samples of the data. It
is not known if the data should be there; instead, data are missing given the data in
the observational data set. The missing data can be predicted based on the complete
observational data set. With MCAR, the data are missing across all observations regardless
of the expected value or other variables. Data may be missing due to test design, failure

in the observations or failure in recording observations. These missing data are labeled as

MCAR because the reasons for the absence are external and not related to the value of the



observation. The MNAR category applies when the missing data have structure. In other
words, there appear to be reasons the data are missing. For example, certain classes of
compounds might be missing entirely from an aged smoke sample due to chemical losses of
those compounds during transport.

For the research presented in this dissertation, for every case in which there were
missing values, the same rule was applied to handle them. The rule states that if the
missing values are more than 30% by number among the samples then that particular
variable should be omitted from the analysis [31]. If the missing values are less than 30%
by number then they are imputed. The omission of a variable past the 30% threshold is
preferable because imputation in that case lacks natural variation that can help to build an
effective model. Regarding imputation there are different methods depending on the type
of data. Some examples include regression methods for time series data, mean or median
imputation, stochastic imputation, and multiple imputation [32] [33] [34]. In all cases the
main disadvantage is reduced variability, depending on the size of the data set, that can
bias the model used each time [34]. In all of the applications presented in this thesis the
missing values were replaced by zeros unless stated otherwise. Even though the zero filling
is not a usual treatment for missing values, it was used because the variables (chemical

species) were determined to be truly zero after correction for background.

2.1.2 Data scaling

There are different methods for data scaling [35][36][37] such as min max normal-
ization, quantile scaling, standardization, and power and log transformations. Even though

all transformations bring the data to the same scale not all methods are appropriate for

10



every data set. For example log transformations cannot be used with data sets that contain
negative values. Some methods such as min max normalization are more sensitive to outliers
than others, which are more robust such as quantile scaling and standardization. In this
work, standardization was used as the scaling method unless otherwise stated. Mathemati-
cally, scaling can be done by subtracting the mean and dividing by the standard deviation

for each value of each variable (Eq. 1)

where z is the standardized value or else known as z-score, v is the value of the variable
that is being standardized, p and o are the mean and standard deviation of the variable to

be standardized.

2.2 Feature selection

When building a machine learning model, whether it is as simple as linear regres-
sion or more complicated such as neural networks it is almost rare that all the variables in
the data set are useful and/or informative. Retaining redundant variables can reduce the
generalization capability of a model by over-fitting or increasing the overall complexity and
therefore computational resources needed to deploy it. Thus, feature selection becomes an
indispensable part of building a robust model. The techniques used for feature selection
can be broadly classified into the following categories [38][39]: 1) filter methods, 2) wrapper
methods, and 3) embedded methods. Filter methods pick up intrinsic properties of the
features among the different classes of the problem by using univariate statistics such as

analysis of variance (ANOVA) and the chi-square test. Then using a threshold value of the

11



statistic used, a number of features is selected for the model. Filter methods are generally
fast and computationally cheap. Wrapper methods require a search of all possible features to
find the subset that best minimizes the error of a specific classification or regression model.
They usually are more computationally expensive and sometimes not implementable due
to the computational cost. Finally the embedded methods encompass the benefits of both
the wrapper and filter methods, by including interactions of features but also maintaining
reasonable computational cost.

To demonstrate the importance of feature selection a synthetic data set was created
with 1000 observations, 4 classes, and 90 variables from which only 20 were informative and
the rest were redundant or noise. Figure 2.2 [a]-[c] shows the separation of the four classes
in the PCA space with increasing number of informative features selected using ANOVA
(section 2.2.1). The results show that increasing the number of informative features the

class separation becomes better.

2.2.1 Analysis of variance based feature selection

In this work a filter method was used, specifically one way analysis of variance
(ANOVA) [40]. One way ANOVA is a statistical test used to analyze the difference between
the means of more than two groups for variable/s of interest. The null hypothesis (H,) of
ANOVA is that there is no difference among group means. The alternate hypothesis (H,) is
that at least one group differs significantly from the overall mean of the dependent variable.
ANOVA uses the F-test for statistical significance. This allows for comparison of multiple

means at once, because the error is calculated for the whole set of comparisons rather than
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Figure 2.2: Plots a-c show the PCA results for a synthetic data set with a varying number
of features selected using the ANOVA based method (see Chapter 2.5).
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for each individual two-way comparison (which would happen with a t¢-test). The F-test
compares the variance in each group mean from the overall group variance. If the variance
within groups is smaller than the variance between groups, the F-test will find a higher
F-statistic (Eq. 2), and therefore a higher likelihood that the difference observed is real
and not due to chance. Using an F-value threshold the variables of interest can be selected
to be used as input for the model. The exact method for variable selection with ANOVA is

described in section 2.5.

MSg

F — statistic =
Sw

(2)
where M Sp is the mean sum of squares between groups/classes and M Sy, is the sum of

squares within the same class/group. More details on ANOVA can be found in [40].

2.3 Dimensionality reduction

Dimensionality reduction or low rank approximations are a group of matrix fac-
torization techniques that aim to create a lower dimensional representation of the original
data cloud. Conceptually, for n observations/samples that exist in a p-dimensional space,
not all of the dimensions are equally important or informative. Depending on the nature
of data there are different dimensionality reduction methods such as non-negative matrix
factorization (NNMF) [41], isometric mapping (ISOMAP) [42], and principal component
analysis (PCA) [28]; PCA was used in this work. PCA seeks a small number of new di-
mensions that preserve as much variability as possible of the initial data when projected
to the lower dimensional space. The new dimensions found by PCA are called principal

components (PCs) and are linear combinations of the p original features.
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2.3.1 Principal component analysis steps

The first step of in PCA involves the decomposition of the standardized data
matrix. For the decomposition there are a few different methods available such as nonlinear
iterative partial least squares (NIPALS) [43], eigen decomposition [44], and singular value
decomposition (SVD)[44]. Like with the different scaling methods, each decomposition
method has certain advantages and disadvantages. For example, NIPALS can be faster
than SVD [45]; NIPALS also can accommodate for missing values[45] while SVD cannot.
In this work, SVD was used (Eq. 3-4) because missing values were handled prior to PCA in
the pre-processing step. Also the data sizes did not pose any numerical problems requiring
faster alternatives to be explored. The matrix notation for SVD and the calculation of the
PCs are given below.

X =Uuxv?t (3)

X is the original (n x d) standardized data matrix, U (n x r) is the matrix of left singular
vectors, ¥ (r x r) is a diagonal matrix of singular values for X, and V (r x d) is the
matrix of right singular vectors that correspond to the new principal directions. r is the
rank of matrix X. The principal component scores which are the projection of X to a lower

dimensional space are given by:

scores(PCs) = XV =UZVV =UXZ (4)

As mentioned in the beginning of this section the PCs are a linear combination of the

original variables. Equation 4 in a reduced format gives:

PCi =X % u; = ((Xifu)ui, ey (anu)Tui)T (5)
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were x;, ... X, are the original features. Finally the reduced dimensionality is achieved by
using an appropriate number of PCs (m j d) to represent the projected data. The selection

of components is based on the minimization of the reconstruction error (Eq. 6)
€ITor = min|Xoriginalfxreconstructed| (6)

The error shows how much information was lost during the dimensionality reduction using
fewer components than the number of dimensions to reconstruct the original data matrix.
Because the calculation of the error might be computationally expensive, especially for large
matrices, there is another metric which is related to the reconstruction error and is much

easier to calculate. That metric is called the explained variance ratio [46] and is equal to:

k

EV% = 251)\ *100 (7)
i=1 M

k is the number of retained components, p is the number of original variables, A are the

eignevalues of the decomposition and can be obtained from:

22
A= (n-1) ®)
or in reduced format
2
o+
A= —1
(D) 9)

where o are the singular values of the SVD decomposition and n the number of samples in
the data. As a rule of thumb a 75% - 80% explained variance ratio and over is considered

a good threshold for minimal loss of information.
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2.4 Clustering

Clustering or cluster analysis is the task of grouping a set of objects/samples in a
way that the objects/samples that belong to a group (called a cluster) are more similar than
the objects/samples tat belong to another group (cluster). Clustering is not one specific
algorithm but rather a general problem to be solved. There are different algorithms that
can be applied to solve clustering problems. Clusters include groups with small distances
(e.g. Euclidean) between cluster members, dense areas of the data space or intervals. The
appropriate clustering algorithm and parameter settings (including parameters such as the
distance function to use, a density threshold or the number of expected clusters) depend
on the individual data set and intended use of the results. Cluster analysis as such is not
an automatic task, but rather an iterative process of optimization that involves trial and
error. Often it is necessary to modify data pre-processing and model parameters until the

result achieves the desired properties.

2.4.1 k-means clustering

In this work whenever clustering was used it was the k-means algorithm [47]. k-
means clustering is a method that aims to partition n observations into %k clusters in which
each observation belongs to the cluster with the nearest mean (cluster centers or cluster
centroid), serving as a prototype of the cluster. k-means clustering minimizes within-cluster
variances (squared Euclidean distances) [47]. Mathematically the k-means algorithm is
formulated as following. Given a set of observations (z1, x2 , 3, .... ;) where each

observation is an d-dimensional real vector, k-means tries to partition the n observations
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into k < nsets S = {51, S2, 53, ..., Sg}. The objective is to find:

argmanZHx—ul\F (10)

i=1 zeS

where p; is the mean of points in S;

Finally, in order to determine the optimal number of clusters, the elbow plot
method was used. The elbow plot is a graphical method in which the cumulative distance
is calculated for all points/samples from their respective centroids and then plotted against

the number of clusters. In this study Euclidean distance was used (Eq. 3):

>
3

ax N

= V(g —er)? (11

Jj=1

B
Il
—

where ¢ and ¢ are multidimensional vectors with the coordinates for each centroid and
sample. The indices j and k correspond to centroid number and sample number. The
optimum number of clusters is found after a steep decrease in the total Euclidean distance,

followed by trivial changes, with increasing number of clusters.
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2.5 Pattern recognition algorithm

For the purposes of this work a four-step PR algorithm (Fig. 1) was developed to
select a subset of variables/compounds that captured the variance between the fuel types
and then use those marker compounds to differentiate fuel types based on the selected
variables/compounds; the algorithm steps are: 1) data pre-processing, 2) feature selection,
3) principal component analysis, 4) and k-means clustering. The algorithm was implemented
using the Python package scikit-learn [48]. The same algorithm, with small modifications,
was used in all applications presented in this thesis. The algorithm steps are explained in
more detail in the following paragraph.

In step one, all features are evaluated using the missing values threshold criteria as
described in section 2.1.1. After handing any missing values, the second step is the feature
selection procedure. Feature selection takes place as follows: 1) the samples are separated
to their respective classes and for every variable/compound, ANOVA is performed (section
2.2.1) until the calculation of the F-statistic, also known as the Fisher ratio (F-ratio). No
further inference takes place. Following the F-ratio calculation the compounds are ranked in
ascending order based on their F-ratio values. Then, in an iterative fashion, PCA (section
2.3.1) is performed and the explained variance from the first two PCs as well as the cluster
separation (k-means) are evaluated as a function of the number of compounds (with the
highest F-ratios) retained. Provided that the separation in the PCA space is satisfactory
the process is terminated and the compounds that provide maximum separation between

the classes have been found.
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Figure 2.3: Pattern recognition algorithm flowchart

2.6 Linear discriminant analysis

used was linear discriminant analysis (LDA) [38].

In addition to the PR algorithm, the purpose of which was to find features that
can help differentiate smoke samples, a classification model was also trained and used. The
purpose of the classification model was to test the applicability of the PR algorithm results

for differentiating smoke samples from the field (Chapter 3). The classification algorithm

that is similar to PCA. Both LDA and PCA are linear transformation techniques: LDA is

20
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supervised, whereas PCA is unsupervised and ignores class labels. While PCA tries to find
a subspace of features in order to maximize variance among samples, LDA attempts to find
a feature subspace that maximizes class separability. The output of LDA is a probability
score for every sample that is being tested for its likelihood to belong to a particular fuel
type (Eq. 12).

log Py = klz) = — (¢ — ) 37 (& — ) +logPly = k) + Cur (12)

where k is the class of sample z, p is the vector of the means for each class based on
the selected features and X is the common covariance matrix for the three classes in the
training set. Figure 2.4 shows an example of LDA applied to synthetic data where the
decision boundary (white line) and probability space (colour intensity of blue and red) are

visualized.

2.7 Chromatographic alignment

Chromatographic alignment involves correcting retention time shifts for compounds
between samples that occurred during the instrumental analysis. During instrumental anal-
ysis, even if the methods (e.g., columns, temperature ramp, modulation time) are the same,
the same compounds across samples might have slightly different (to the second or third
decimal digit) retention times. Even though such a difference is minuscule compared to the
modulation time (5 seconds for the GCxGC data used in these applications) the result can
be that a compound that is in fact present in all samples may not be identified as they same

compound across all samples due to these retention time shifts. One way to resolve this
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Linear Discriminant Analysis

Factor 2

Factor 1

Figure 2.4: The plot shows the decision boundary (white line) for linear discriminant anal-
ysis between two classes (red and blue). The rest of the LDA space is coloured based on

the probability of a sample to belong to one of the two classes. Class centroids are pointed
with yellow stars.

issue is to set a very narrow retention time window for compounds. With complex mixtures,
such as smoke, even narrowing the retention time window may not be enough to guaran-
tee that peaks within that window are or are not the same challenge, a chromatographic
alignment algorithm (Fig. 2.5) was created that combines the retention time information
for every compound across samples along with the relative mass spectra information. The

algorithm is described in detail in the following paragraphs.
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Figure 2.5: Chromatographic alignment algorithm flow chart.
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2.7.1 Data files

The data files that are used as an input to the algorithm need to have the fol-
lowing format. Each file’s name consists of four fields separated by underscores (e.g [lo-
cation]_[tubeNo]_[sampleType]_[time_info].csv). The first field is used for the location that
the sample was taken, the second for the tube number, the third for the type of sample
(e.g. background, blank, etc) and the last one for the time that the sample was taken. The
information from the file name is stored as metadata and used later by the script in the
output. The file naming convention has not been finalized at this point and could change in
future versions of the algorithm. Tabs are used to delimit data fields within records (lines)
of data in a file. Each file should contain the following data fields in the order showed here.
Name, Group, lst Dimension Time (s), 2nd Dimension Time (s), Area, Formula, Exact
Mass, UniqueMass, Quant Masses, Quant S/N, BaselineModified, Comment, Spectra (rela-
tive Abundances). The naming of the data fields comes directly from Chromatof were they

are exported.

2.7.2 Sample merging

In order to avoid opening and handling multiple files at a time, which is error
prone, the first step of the algorithm involves combining all the sample files into a single
file. This is done in an iterative fashion by stacking each file. In order for the algorithm
to be able to separate the files later, during the merging each file is being assigned with a
unique number ranging from 1 to k where k is the number of samples being merged. The

order of the files being merged and has no influence on the alignment.
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2.7.3 Mass spectra formatting

Because Chromatof exports the mass spectra of a compound in a format that is
not useful for the algorithm, there is one additional step before the alignment begins, and
that is to reformat the spectral information. Chromatof provides the spectra in a string
format in the form of m/z values ranging from 0 to 550. Instead the use of a list format is
more appropriate and efficient in storing that information. The list uses the format given
in lists in Python where the values represent the relative abundances for every m/z ordered

from 0 to 550.

2.7.4 Alignment

After the spectral reformatting the alignment process can begin. The process
involves two major steps: 1) initial alignment and 2) relaxed alignment. The difference
between the first the and second is the threshold value being used for whether or not
a compound should be matched. Both steps will be discussed in detail in the following
paragraphs.

After all the samples have been merged into one file the algorithm starts by select-
ing the very first compound from the stack. Using the retention time information from that
compound the algorithm then creates a retention time window (RT1 + k, RT2 + m, k and
m are provided by the user) and searches for all compounds that are within that window.
When the initial selection of compounds is finished a new search is initiated within the
selected compounds list to determine the reference compound. The reference compound is

selected by comparing the peak area of each selected compound to each other in order to
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find the compound with the median peak area between the maximum and the minimum
among the selected ones. The reasoning behind this selection is to avoid problematic com-
pounds (located at high and low peak area values) that Chromatof might not deconvolute
correctly and thus produce inaccurate mass spectra.

After the reference compound has been selected the rest of the compounds from the
initial selection are compared using the dot product method[49]. Briefly each compound’s
spectrum is considered a vector with the m/z values corresponding to the vector coordinates.
Using formulas (13), (14) and (15) the dot product (cos) and then the angle is calculated

for every pair of compounds (reference compound and a compound from the list).

rg = /Zaﬂ (13)

m= Y b® (14)

i

a;b;

cost =

(15)

rarh

where a and b are vectors that hold the mass spectrum values ranging from m/z 0 to 550.
The angle of a pair is being compared to the threshold value and if it is smaller or

equal then the compound is retained and flagged. If the angle is greater then the compound
is discarded. This process continues until all the compounds in the list are processed. The
retained compounds then have their retention times (first and second dimension) replaced
by the most frequently occurring first dimension retention time and the average second
dimension retention time from the retained compounds. The reasoning for not averaging the

first dimension retention time is that some compounds do not elute in one modulation period
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so they have higher than usual RTys. Averaging these compounds adds error to RT; for that
compound. By choosing the most frequently occurring value instead that error is minimized.
To avoid potential similarities in the averaged retention time between different compounds
the second retention time average is combined with a randomly generated number (average
value + random number) on the order of 103 using the Random package from Python.
After the retention times have been replaced the names of the selected compounds are
evaluated for their frequency of occurrence. The name that appears most frequent is selected
as the name of the matched compounds. The rest of the properties for the compounds
(Formula, Exact Mass, UniqueMass, Quant Masses, Quant S/N, BaselineModified) are
taken from the reference compound. After the alignment, compounds that have been aligned
are flagged and returned back to the original list. The procedure is repeated until all
compounds have been processed. Any compound that is unique among all samples is left
as is.

For the relaxed alignment the same procedure is used but the threshold value is
larger, thus the name relaxed, to accommodate for potential issues (e.g. bad deconvolution)
that might have distorted the mass spectra and caused a compound to get mismatched. The
process of alignment is the largely the same, with the only difference being the mass spectra
used to match compounds. In the relaxed alignment there is no reference compound being
used. Instead the aligned compounds are being grouped and their mass spectra are averaged
to produce a more representative spectrum for the group. Then the compounds that are
within the retention time windows are being compared against the averaged mass spectrum.

Groups of aligned compounds that contain less than three compounds are skipped because
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the average of only two compounds does not give a representative spectrum. After the re-
laxed alignment the aligned compounds share the same Formula, Exact Mass, UniqueMass,
Quant Masses, Quant S/N, BaselineModified and average mass spectrum.

During the alignment process the script also stores and prints in the final data
file comments that the researcher made for a specific group of aligned compounds. The
script also finds the most prominent Quant mass used in every aligned group along with

the deviations from it made manually by the user during initial analysis of the samples.
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Chapter 3

Pattern Recognition Analysis of
Tailpipe Emissions from (zasoline
Fuels Using an ANOVA Based

Feature Selection, PCA and

k-means Clustering

3.1 Introduction

While this thesis focuses predominantly on the development of chemometric tools
for analysis of smoke samples the initial development and testing of the algorithms was

performed on tailpipe emissions samples. During the summer of 2017 at the Center for En-
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vironmental Research and Technology (CE-CERT), our group collaborated with the Emis-
sions and Fuels group to study eight different blends of gasoline fuels, with varying levels of
aromatic and ethanol content, on a light-duty vehicle equipped with gasoline direct injection
(GDI) engine [14]. The purpose of the project was to better understand the effects of fuel
composition on emissions, and on secondary aerosol formation and composition. While the
effects of fuel composition on primary vehicle emissions have been well studied [15][16][17],
less is known about the effects on secondary aerosol formation and composition with only
one study available at the time of this project[18].

This chapter focuses exclusively on the use of the eight fuel study data to develop
the pattern recognition (PR) algorithm. While the PR algorithm in its final form is fully
described in Chapter 2, section 2.5, here it is presented in its initial, less refined, form.
The purpose of this application was to test whether or not the algorithm can separate the
different fuel types by selecting an appropriate number of NMOCs present in the tailpipe
emissions of each fuel.

The data set acquired from this study was ideal to start the development and
testing of the PR algorithm. First there was no mixing between the emission samples
as it is usually the case on smoke samples from field campaigns where multiple fuel types
(different plant and tree types) being burned at the same time. Second the emissions profile
of each fuel was much simpler with only 100 to 110 compounds per sample compared to
several hundred present in smoke. Therefore if the algorithm could pass the benchmark
with samples much less complex than smoke samples it would have the potential to be

effective when deployed for biomass burning data analysis.
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3.2 Data

This study utilized a 2017 model year vehicle that was certified to meet the Federal
Tier 3 or the California low-emission vehicle (LEV) III, super ultra-low emission vehicle
(SULEV) emission standards. The test vehicle was equipped with a turbocharged 1.5 L
centrally-mounted direct injection engine and a three-way catalyst (TWC). Testing was
performed over duplicate LA92 cycles on a chassis dynamometer. The LA92 cycle, also
known as the California Unified Cycle (UC) is dynamometer driving schedule for light-
duty vehicles developed by the California Air Resources Board (CARB). It has a similar
three-bag structure to the certification Federal Test Procedure (FTP) cycle, but is a more
aggressive cycle with higher speed and acceleration, and less idle time than the FTP. All
tests were cold-starts. For the tailpipe emissions of each fuel two replicates were taken
and tested in a random order. The emissions from the tailpipe were first diluted using a
10:1 ratio. After the dilution the emissions line split in two. One line was injected into
a mobile atmospheric chamber (max volume 29.63 m3) with additional dilution of 85:1
and the second line was directed though a constant volume sampler (CVS). Samples for
chromatographic analysis were collected, using two phase coated stainless steel sorbent
tubes, from the CVS and the chamber along with backgrounds (empty chamber and CVS
with no tailpipe emissions). The sampling procedure yielded 32 samples and a total of
110-120 identified compounds per sample after the chromatographic analysis. All samples
were analyzed using an automated thermal desorption unit coupled to a two dimensional
gas chromatograph with a time-of-flight mass spectrometer (GC x GC-TOFMS). The raw

chromatograms were processed using the commercially available software ChromaTOF.
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The fuels, named as F1 through F8, were designed to meet nominal total aromatics
of 30% and 20% (v) and ethanol levels varying between 0% to 20% (v) (Table 3.1). Also
additional name identifiers were given based on their ethanol and aromatic content (e.g.
F1(EO0, 20), F2(E0, 30), etc.). More details about the fuels in [16]. Briefly, F5 (E15,
20) and F8 (E20, 19) were created by splash blending denatured ethanol with F3 (E10,20),
which was Tier 3 E10 certification fuel. The other five were match blended to meet high and
low aromatic targets with varying ethanol levels. The fuels were also blended to represent
lower PM indices [50](fuels F1, F3, F5, F6, and F8 with PMI values ranging from 1.613 to
1.888) and higher PM indices (fuels F2, F4, and F7 with PMI values 2.093 to 2.330). Splash
blending involves dilution of gasoline fuel with a specified volume of ethanol. Gasoline in

the US is predominantly produced through splash blending. Match blending is when the

gasoline blend stock is adjusted to meet specific one or more fuel properties.

Table 3.1: Raw Fuel properties and total aromatic peak area % in emissions.

Fuel Name Aro. (vol.) % Eth. (vol.) % Emissions: Aro. Peak Area (%)

F1 21.2 0 31
F2 294 0 28.8
F3 214 10 29.6
F4 29.1 15 40.5
F5 20.3 15 30.2
F6 21.8 15 42.2
F7 29.3 15 35.8
F8 19.1 20 27.2
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3.3 Algorithm Implementation, Results and Discussion

3.3.1 Data pre-processing

In this project the pre-processing was slightly altered from the usual procedure
(Chapter 2, section 2.1). First, all of the samples were chromatographically aligned as
discussed in Chapter 2, section 2.7. After alignment, for all compounds that were identified,
the true peak area in the chromatogram was calculated by subtracting the peak areas
from the background samples. Because several backgrounds were taken during the project,
for each compound the highest value among the different background samples was used
each time. Following the background calculation the peak areas for all compounds were
normalized to the total peak area of each chromatogram. This was done in order to correct
for small differences in the collected volume for each sample and to also bring all compound
peak areas from the different samples to the same scale. The last step of pre-processing
entailed handling missing values for compounds among samples. In this case the missing

values were handled as described in Chapter 2, section 2.1.1.

3.3.2 Pattern recognition results

In this project two different feature selection methods were tested. Method one
was to filter compounds in the samples using a threshold value for the average normalized
peak among samples and the second one was to use a statistical approach, specifically an
ANOVA based method. For the peak area cutoff values, two cases were tested with threshold
values of 1% and 2%. The threshold values are relatively small but the the average peak

area % range among the samples was between 0.01% and 16%. The peak area filtering
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Table 3.2: Selected compounds with peak area threshold and ANOVA.

1% threshold 2% threshold ANOVA (F = 20)
toluene toluene 3-methyl, hexane
benzene 1,3-dimethyl, benzene 1,3-dimethyl-cis, cylcopentane

C8-paraffin 2,2, 3-trimethyl, pentane CT-olefin
1,3-dimethyl, benzene 1-ethyl, 2-methyl-cis, pentane heptane
2,3,3-trimethyl, pentane 2,3,4-trimethyl, pentane methyl, cyclohexane
1-ethyl, 2-methyl-cis, pentane n-hexane 3-methylene, heptane
2,2,3-trimethyl, pentane 2,3,3-trimethyl, pentane
methyl, cyclobutane 2,3-dimethyl, hexane
n-hexane 4-ethyl, 5-methyl, pentane
pentane Nonane
ethylbenzene 2,6-dimethyl, octane
2,3,4-trimethyl, pentane 1,2,3,4-tetramethyl, benzene
2-methyl, butane 1-ethyl, 2,4-dimethyl, benzene
2,4-dimethyl, hexane (E 1-phenyl, 1-butene)
2,2 4-trimethyl, hexane 2-ethyl, 1,3-dimethyl, benzene
2-methyl pentane
o-xylene

yielded 17 and 6 compounds respectively. For the ANOVA based method the compound
selection was performed slightly different than the final procedure in Chapter 2, section
2.2.1. Specifically different F' values (5, 10, 15, 20, 30, and 35) were used as a threshold and
then PCA was peformed and the fuel separation was inspected visually. The compounds
selected are presented in Table 3.2. For ANOVA only the F' that resulted in the optimal
separation is presented with 15 compounds.

Figure 3.1 [a]-[c] shows the PCA results for the compounds selected using the peak
threshold and the F statistic. From the plots 3.1 [a] and [b] it is obvious that there is almost
no separation between the different fuel types. On the contrary the ANOVA based method
with a threshold of F = 20 (Fig. 3.1 [c]) provided a much better separation between the

classes. The rest of the F' values that were tested (not shown here) yielded either the same
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or worse separation results similar to the peak area filtering method. The ANOVA based
method resulted in better separation of the fuels (Fig. 3.2 [b]) and coupled with the k-means
grouped the eight fuels in four optimal clusters as shown from the elbow plot (Fig. 3.2 [a]).
The fuel clusters are; 1) (F1, F3, F5), 2) (F4, F6), 3) F7 on its own, and 4) (F2, F8).
Because the separation of the samples in the PCA space is connected with selected
compounds, their normalized peak area profiles were investigated using the cosine # measure
of similarity (Chapter 2, section 2.7.4). The comparison was performed pairwise for all fuels
that were clustered together first and then for all the fuels across different clusters. The
results are shown in Fig. 3.3. The cosine similarity for fuels 1,3,5 and 2,8 which are clustered
together (Fig. 3.2 [b]) is almost perfect with an average value of 0.98 (Fig. 3.3 left plot).
Interestingly the 4,6 fuel cluster has relatively low similarity with a value of 0.77. The
right plot in Fig. 3.3 shows the pairwise similarity of fuels across different clusters. As
expected the fuels that did not cluster together have lower cosine values ranging from 0.25
to 0.83. The results shown in Figs. 3.2 and 3.3 support that the algorithm successfully
selected compounds, that have enough discriminatory power to separate dissimilar fuel
types and group together similar ones. While the separation is attributed to all the selected
compounds, the aromatics might have played a significant on the clustering and separation
of the samples. Table 3.3 shows the clustered fuels and the total aromatic peak are in the
emissions. All clustered fuels have very similar total aromatic peak area. From the ANOVA
based selection, while only three compounds are aromatics (see Table 3.2) they account
for about 5% - 34% of the total peak area among the selected compounds. Therefore the

similarity of the emissions based on aromatics could be reflected on the selected compounds.
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Figure 3.1: Plots [a]-[c] shows the PCA results for peak area threshold 1%, 2% and F = 20.



1201
Y100
c
B
0
©T 801
c
©
(8}
2 601
9]
3
(5}
T 40]
e
201
0,
2 4 6 8 10
Number of clusters
[a]
@® Clusterl @ Cluster?2 © Cluster 3 O Cluster 4
] 1]
3 ..
. 5
1 .3 5
0 . @0
11 ®
b 3 ’ 8 g 2 OZ
© 3 O @]
N (] ® 8 2 3]
NI 4 8 e ©
g *
-1 56 @
® e
7
—2] e 7 7
(@] @ 7
T T T T T T Ow
-3 -2 -1 0 1 2 3

PC150.11%
[b]

Figure 3.2: Plots [a]-[b] shows the PCA and k-means clustering results for F = 20. The
colour coding corresponds to the different cluster from k-means.
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Figure 3.3: Left plots shows cosine similarity for all fuels among the fours clusters except
F7 which has its own cluster. Right plot shows cosine similarity for all fuels across different
clusters (not all combinations are shows for figure clarity).

While all fuels were clustered based on their tailpipe emissions similarity, the pair
(4,6) had a similarity value 0.77. Such level of similarity should have resulted in fuels 4
and 6 to group by themselves (e.g. fuel 7). Instead the clustering algorithm grouped them
together. In order to investigate the reason for that grouping, the number of clusters in the
PCA space was increased from the optimal solution of four to five and six. While the elbow
method provides an optimal number of clusters, sometimes an intuitive selection based on a
expected outcome (in this case separation of fuels 6 and 4) is reasonable. Figure 3.4 [a]-[b]

shows the clustering results with five and six clusters.
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In both cases fuels 6 and 4 are still clustered together. The clustering performance
for the rest of the fuels though degraded. Fuels 3 and 8 formed a new cluster (Fig. 3.4
[b]) and some of the samples from the initial cluster of fuels 1,3, and 5 formed another
cluster by themselves (Fig. 3.4 [a]-[b]). While increasing the number of clusters did not
help further separate fuels 4 and 6 the two tests provided further insight on why they cluster
together. Asseen in Fig. 3.4 [a]-[b], the optimal placement of cluster centroids (red crosses),
in order to minimize the objective function for the k-means algorithm (Chapter 2, section
2.4.1), does not allow for further separation of the two fuels. This result could be due to
a convergence of the k-means algorithm to a local minimum. To test that possibility the
number of iterations was increased from 300 to 1000 and the initial random placement of
centroids from 10 to 1000. This round of tests resulted in the same exact solution shown
in Fig. 3.4 [a]-[b]. This suggests that the PR algorithm in its current form cannot separate

fuels 4 and 6 further.

Table 3.3: Clustered fuels and total aromatic peak area %

Fuel Clusters % Emissions: Aromatic Peak Area (%)

F1 31
F3 29.6
F5 30.2
F4 40.5
F6 42.2
F2 28.8
F8 27.2
F7 35.8
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Figure 3.4: Plots [a]-[b] shows the PCA and k-means clustering results for F = 20. The
colour coding corresponds to the different cluster from k-means. The red cross markers are
the cluster centroids.
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3.4 Summary

In this project a PR algorithm and a chromatographic alignment algorithm were
created to process the tailpipe emissions from eight gasoline fuels with varying levels of
ethanol and aromatics. The chromatographic alignment algorithm successfully aligned all
the detected compounds and reduced the amount of time that would have been required
for manual alignment from months to just a few minutes. Finally the PR algorithm was
applied with two different approaches for feature selection; 1) peak area filtering 2) ANOVA
based selection, with the ANOVA being the approach that successfully separated the eight
fuels. The major difference between them was reflected on the selected compounds. While
the peak area filtering inherently chose prominent compounds in the tailpipe emissions
the ANOVA did not. Instead the ANOVA selected compounds reflected important dif-
ferences/similarities, specifically the aromatic content, between the tailpipe emissions that
were not intuitive based on the fuel composition or the major compounds emitted from each
fuel.

While most fuels were separated based on their tailpipe emission similarity, one
pair of fuels (4,6) was not. The pair was further investigated and the results showed that the
algorithm, in its current format, could not fully separate the two fuels. A future potential
improvement would be to replace the k-means component (distance based) of the algorithm

with a density based clustering approach, such as DBSCAN.
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Chapter 4

Development and Application of a
Supervised Pattern Recognition
Algorithm for Identification of

Source-Specific Emissions Profiles

4.1 Introduction

Research has showed that the Western U.S. has seen an increase in the frequency
and intensity of wildfires, over the last three decades ([10], [11] and [12]), which is projected
to continue in the coming decades ([11], [12] and [19]). One of the consequences of wildfires
is extremely poor air quality ([6], [7], [8], and [9]). Emissions from wildfires include carbon

monoxide (CO), carbon dioxide (CO2), and methane (CH4); several hundreds of gas-phase
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non-methane organic compounds (NMOCs); and particulate matter (PM). While COy and
CHy4 are important greenhouse gases, NMOCs are of particular importance in the context
of air quality because they serve as precursors to secondary air pollutants including photo-
chemical ozone (O3) and secondary organic aerosol (SOA) ([2]). The latter of which, SOA,
is a major constituent of atmospheric PM ([3], [4], [5]). In order to predict the air quality
impacts of wildfires, differences in emissions and their effects on chemistry and pollutant
formation must be represented in models ( [10], [51], [52], [53], [54]). Wildfire emissions are
dependent on a number of factors such as combustion conditions (e.g., flaming vs. smolder-
ing), fuel conditions (e.g., moisture content), and fuel type (e.g., species and component)
([1], [55], [56], [57], [58], [59], [60], [61], [62]). Differences in these factors can affect the
total flux of emissions as well as the profile of emissions, i.e., the identities and quantities
of individual constituents. Permar et. al. [63] recently reported that combustion condi-
tions, specifically modified combustion efficiency (MCE), explained approximately 70% of
the variability in observed trace gas emissions from wildfires. Consistent with some existing
modeling approaches, they suggested total NMOCs could be predicted using MCE, and the
contribution of individual compounds determined using speciation profiles. Success of that
approach requires knowledge of the relevant speciation profiles, and therefore contributing
fuel types.

NMOC speciation profiles have been developed from both field and laboratory
studies ([62], [64], [65], [66], [67], [68]). Laboratory studies offer some advantages over
field studies in the context of controlling fuel species and fuel components; other variables,

such as combustion conditions and fuel moisture, can be harder to control and can lead
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to differences in the identities and quantities of NMOCs emitted between laboratory and
field studies ([58], [57], [61], [69]). Yokelson et. al.[69] presented an inter-comparison of
laboratory- and field-based emission factors (EFs), and approaches for using laboratory
data to enhance the fundamental understanding of fire emissions coupled with field data to
evaluate the representativeness of laboratory-based measurements. At that time, they noted
that up to 70% of NMOCs remained unidentified for certain fuel types. More recently, due
to the application of advanced instrumental techniques, there has been significant improve-
ments in the identification and quantification of NMOCs emitted from fires, particularly
in laboratory studies ([58], [59], [60], [70]). Stockwell et. al.[59] detected approximately
80-96 % of the total emitted NMOC mass in experiments during the 2012 fourth Fire Lab
at Missoula Experiment (FLAME-4); and Hatch et. al.[1] identified more than 500 indi-
vidual NMOCs during FLAME-4. The relatively rapid expansion in available NMOC data
provides opportunities for developing more detailed speciation profiles (in which a higher
fraction of the detected mass is assigned to unique compounds or formulas) and for applying
statistical data analysis methods, including to identify unique sets of compounds that allow
differentiation of fuel type(s) and estimation of their contributions to smoke samples.
Existing approaches for identifying the contribution of fuel types to smoke include
land cover databases or fuel loading models coupled with fuel consumption models (e.g.
FOFEM [71] and CONSUME ([72]), and the use of marker compounds. One of the limi-
tations of land cover databases or fuel loading models is that they are difficult to update
frequently enough to reflect changes in ecosystems ([73], [74], [75], [76]). Marker compounds

are emitted in relatively high abundances and can be used to differentiate fuels by compo-
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nent or fuel layer and in some case by species. For example, Wan et. al. [77] showed that
p-hydroxybenzoic acid was emitted from combustion of herbaceous plants, while vanillic
acid was emitted from combustion of softwoods and hardwoods. It has also been shown
that syringic acid is associated with hardwood combustion ([78] and [79]), and dehydroa-
bietic acid with conifers ([80]). Zhang et. al. [81] found that the benzene to toluene ratio
in smoke from sugarcane leaves was different than the ratio in smoke from sesame stalk,
demonstrating differences among agricultural fuels. In measurements of Western forests
and shrublands, [82] showed that hydroquinone was a good marker for manzanita combus-
tion. One of the limitations of using marker compounds to identify fuel types is the lack of
specificity, i.e., marker compounds have not been identified that enable identification of a
large number of fuel species or closely related fuel species.

In this work a method is presented for identifying fuel types from measured
NMOCs in smoke samples. To overcome some of the existing limitations in identifying the
contribution of specific fuel types to smoke, the pattern recognition (PR) algorithm from
Chapter 3 was further developed and classification was build using the output of the PR al-
gorithm. Both model were developed using data obtained during two laboratory campaigns
in 2012 and 2015, and applied to data obtained during a field study in 2017. Machine learn-
ing techniques have been applied for source identification in other disciplines. For example,
[83] and [84] used principal component analysis (PCA) and linear discriminant analysis
(LDA) to differentiate and classify wine varietals based on specific compounds present in
wine samples. [85] used PCA and analysis of variance to select marker compounds in gaso-

line fuel blends and PR to differentiate the blends. In this work, the data sets generated
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during FLAME-4 and the Fire Influence on Regional to Global Environments Experiment
(FIREX) 2016 Fire Lab campaign were leveraged to develop a source identification method
using fuel-specific NMOC profiles. The PR algorithm performs an automated selection of
compounds that differentiate sources (in this case, fuels) based on measured NMOCs. The
classification model then uses the source profiles to identify source contributions to specific

samples.

4.2 Data

The NMOC data used in this study were acquired from a variety of fuel types
burned in laboratory and field settings during three campaigns: 1) FLAME-4 laboratory
campaign in 2012 (FLAME-4 FL12), 2) FIREX laboratory campaign in 2016 (FIREX
FL16), and 3) Blodgett Forest Research Station (BFRS) prescribed burns in 2017; both
laboratory campaigns took place at the U.S. Forest Service Fire Science Laboratory (FSL).
Details of the facilities, sample collection, and data analysis have been discussed in previous
publications ([1], [70], [86]). Briefly, during FLAME-4 FL12 and FIREX FL16 a broad va-
riety of biomass fuels were burned ([58] and [87]), including conifers and shrubs (Table 4.1);
80 samples were collected from both room and stack burns as described in [58] and [87].
During the BFRS study, a total of 28 samples [1] were collected from a utility task vehicle
parked downwind from three different prescribed burn plots that had different fuel distri-
butions Fig. 4.12 and 4.13 and Table 1). All NMOC samples were collected using dual bed
stainless steel sorbent tubes and were analyzed using an automated thermal desorption unit

coupled to a two dimensional gas chromatograph with a time-of-flight mass spectrometer
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(GC x GC-TOFMS). The raw chromatograms were processed using the commercially avail-
able software Chromatof (Leco Corp., St. Joseph, MI). The measured mixing ratios were
used to calculate normalized excess mixing ratios (NEMR) versus CO, AX/ACO ([88]), in
which delta represents excess over background. The calculated NEMRs of monoterpenoids
(C10Hi6 and C19H160) were used as the starting point for this analysis based on [89] and
[1]. Hatch et. al. [1] demonstrated that the variability in NMOC composition could not
be attributed entirely to MCE, and that chemical speciation was highly correlated among
some fuel types across a range of MCE values, particularly conifers; within conifers, clear

differences in monoterpenoid emissions were observed as a function of fuel species.
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Table 4.1: Fuels Burned and Smoke Analyzed From FLAME-4 2012 Laboratory Fires,
FIREX 2016 Laboratory Fires, and Blodgett Forest Research Station Prescribed Burns.

Fuel Family Fuel Type FLAME-4 FL12 (lab) FIREX FL16 (lab) BFRS
Conifers

Ponderosa pine X X X
Lodgepole pine
Engelmann spruce X
Black spruce X
Douglas fir b
Subalpine fir X X
White fir X
Juniper X
Loblolly pine X
Sugar pine X
Jeffrey pine X
Incense cedar X

ol

Shrubs
Chamise
Manzanita
Sagebrush
Snowbrush ceanothus

ST

Miscellaneous
California black oak X

Tanoak X

Excelsior

Yak dung
Peat X
Rice straw X

Bear grass
Untreated lumber X

ST T I
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4.3 Algorithm Implementation, Results and Discussion

4.3.1 Sample and fuel type selection for PR and classification

The PR algorithm (Chapter 2 section 2.5) was applied to the FIREX FL16 data
set to identify a group of marker compounds that could be used to differentiate fuel types.
Classification (Chapter 2 section 2.6) was then performed using the FIREX FL16 data as
the training set, and BFRS data as the testing set. The selection of the training and testing
sets was based on the size of each data set; the FIREX FL16 data set had 74 samples,
and the BFRS data set had 29 samples. A larger training set ensured more statistically
robust parameters for the LDA algorithm. Because the BFRS data span a wide range of
complexity in the fuels sampled, a synthetic data set was generated to test the performance
of the PR and classification algorithms on mixed fuel samples prior to application on the
BFRS data. Five synthetic mixtures were generated with the following compositions: 60%
pine/40% spruce, 60% fir/40% spruce, 60% pine/40% fir, 90% pine/10% spruce, and 90%
fir/10% spruce. The FLAME-4 FL12 data were used as an independent data set to test the
response of the classification algorithm to fuel types that were not included in the training

set. The use of each data set in both algorithms is summarized in Table 4.2.

Table 4.2: Data sets used for developing the PR algorithm and testing and training the
classification algorithm.

Data Set Pattern Recognition Training Set Testing Set
FLAME-4 FL12 X
BFRS X
FIREX FL16 X X
Synthetic data X X
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Except from the standard pre-processing (Chapter 2 section 2.1), two selection cri-
teria were applied to the training set to ensure that standard deviations and averages could
be computed, which are central features of the PR algorithm. First, only fuel types that had
more than 30% (by number) of the 93 monoterpenoids above the limit of detection (LOD)
were selected. Since the PR algorithm was based on monoterpenoids, samples with little
to no detected monoterpenoids would reduce the ability of the algorithm to differentiate
between fuel types and therefore reduce the overall efficiency. Second, only fuel types that
had three or more samples were retained. Application of these criteria reduced the number
of samples from a total of 74 to 39 and the number of fuel species from 18 to five: pines
(ponderosa pine and lodgepole pine), firs (Douglas fir and subalpine fir) and spruce (Engel-
mann spruce). During the FIREX FL16 study different fuel components were also burned
such as canopy, rotten log, composite, litter and duff. While differences in component emis-
sions may be important for differentiating prescribed burn and wildfire emissions in smoke,
for this application,based on the selection criteria, 32 composite and canopy samples were

retained along with seven litter and duff samples.

4.3.2 Manual versus automated feature selection

Feature selection was performed and evaluated using two approaches: 1) manual
selection; and 2) automated selection based on F-ratios (Eq. 2). The percentage of variance
explained (Eq. 7) using the first two principal components (PCs) was used as the metric
to evaluate the quality of feature selection using the two approaches (see scree plot method
section 3.2.2) following application of PCA. For the automated selection the compounds

were selected as described in Chapter 2, section 2.2. For manual selection, the compounds
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Figure 4.1: Percentage of variance explained per principal component (PC) for the case of
automated (blue) and manual (orange) compound selection using Fisher ratios.

were filtered based on a single criterion: whether a compound was present in more than
three fuel species.

The application of the manual approach resulted in the selection of the following
nine compounds (out of 93): a-pinene, limonene, 3-carene, b-myrcene, camphene, p-cymene,
bornyl acetate, b-phellandrene, and tricyclene. Application of the automated approach
resulted in selection of the following five compounds: tricyclene, camphene, b-pinene, 3-
carene, and bornyl acetate. Figure 4.1 shows the improved performance of automated
feature selection over manual feature selection, based on the single highest explained vari-
ance across PCs 1-4. To make the feature selection results more intuitive, the normalized
emission ratio profiles (ratio of the compound ER to the sum of ERs for the selected com-
pounds) as a function of fuel species are shown for manual selection (Fig. 4.2), automated
selection for ten compounds (Fig. 4.3) and five compounds (Fig. 4.4). The automated

selection with five compounds results in more distinct and consistent profiles for each fuel
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Figure 4.2: Normalized emission ratio profiles for: Douglas fir, subalpine fir, lodgepole pine,
ponderosa pine, and Engelmann spruce based on manual selection of compounds.

family, which translates to a higher potential for separation (greater explained variance) in
the PCA space. The five compounds selected with the automated approach were thus used

for the PR analysis.

4.3.3 PCA and k-means clustering

Following data pre-processing and feature selection, PCA was performed on the
reduced data set. To determine the number of PCs to be retained, a scree test using a
modified version of the Kaiser criterion [46] was performed. Figure 4.1 shows that with
automated feature selection two PCs (PC1 and PC2) were adequate to explain 92% of the
variance in the data set. The scores from the retained PCs (PC1 and PC2) were then used

as input for k-means clustering.
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Figure 4.3: Normalized emission ratio profiles for: Douglas fir, subalpine fir, lodgepole pine,
ponderosa pine, and Engelmann spruce based on automated selection of 10 compounds.

The coupled PCA and k-means results are shown in Fig. 4.5 [a]-[b]. The algorithm
identified four clusters as optimal using the elbow plot method (Fig. 4.5 [a]). The clusters
identified by the algorithm are differentiated using marker color while the fuel families are
differentiated using marker shape. Cluster one included 15 out of 16 pine samples and one
overlapping fir sample. Cluster two included 11 out of 13 fir samples and four overlapping
spruce samples. Clusters three and four included the remaining six spruce samples, one
overlapping pine sample, and one overlapping fir sample. Generally the algorithm resulted
in adequate separation between firs and pines; but poorer separation for spruce, for which

four of ten samples overlapped with another fuel family. The difficulty that the algorithm
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Figure 4.4: Normalized emission ratio profiles for: Douglas fir, subalpine fir, lodgepole pine,
ponderosa pine, and Engelmann spruce based on automated selection of 5 compounds.

encounters separating spruce (Fig. 4.5 [b]) effectively can be explained using the elbow
plot (Fig. 4.5 [a]). The k-means algorithm identified four clusters as the optimum number,
but the steep decrease in the total Euclidean distance actually occurs between one and
two total clusters. The Euclidean distance decreases more between two and four but to
a lesser extent (smaller slope) compared to the decrease between one and two. The lesser
decrease between two and four clusters indicates that the clustering algorithm had difficulty
identifying clusters in the PCA space. From (Fig. 4.4), it can be seen that the spruce and fir
samples have similar normalized tricyclene, camphene, and b-pinene emission ratios. This

limits the ability to fully separate spruce and firs in the PCA space.
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Figure 4.5: Plot [a] shows the elbow plot for k-means clustering with automated compound
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clusters. Plot [b] shows the PCA coupled with k-means clustering results for the PC1 and
PC2 pair.
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4.3.4 Beyond principal components one and two

Thus far, only the first two PCs (from a total of five) were used in the analysis
since they explained 92% of the variance in the data set. Another 8% is shared between PCs
three and four, which could potentially provide better separation for spruce samples. After
testing PCs one with three and one with four, the combination of one and four resulted in
better performance of the PR algorithm. Even though the optimal number of clusters for
the PC1 and PC4 pair (Fig. 4.6 [a]) is the same as with the PC1 and PC2 pair it was found
at a lower total Euclidean distance, which is indicative of more dense clustering. Figure
4.6 [b] shows the results for the PC1 and PC4 pair. Cluster one included 13 out of 16 pine
samples and one overlapping fir sample. Cluster two included 11 out of 13 fir samples and
only one overlapping spruce sample. Clusters three and four included nine spruce samples
out of 10, one overlapping fir sample and three overlapping pine samples. With the PC1 and
PC4 pair, spruce samples have 30% less overlap with firs (Fig. 4.6 [c]), with only moderate
losses in the separation between spruce and pines. These results demonstrate the ability of
the PR algorithm to separate firs, pines, and spruce in the smoke samples, with only two

PCs accounting for most of the variance in the data set (PC1 and PC4 about 82%).

4.3.5 Mixed samples

The PR algorithm selected compounds that separated smoke samples by the con-
tribution of three individual fuel families (firs, pines and spruce). To test the algorithm
for mixed fuel samples, as would be more common in the field, five synthetic fuel mixtures

were used: 60% pine / 40% spruce, 60% fir / 40% spruce, 60% pine / 40% fir, 90% pine
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/ 10% spruce, and 90% fir / 10% pine. From the three 60/40 samples only the fir/spruce
synthetic mixture was clustered with the dominant fuel family (fir). The pine/spruce and
pine/fir synthetic mixtures were clustered with spruce (Fig. 4.7 [a]), clusters one and three
respectively. The grouping of the pine/spruce synthetic mixture as spruce is marginal in the
PCA space and is due to the scatter of the spruce samples rather than the similarity of the
synthetic mixture with spruce. Of the three 60/40 synthetic mixtures, the pine/fir mixture
was grouped with the spruce clusters. The grouping of the pine/fir mixture with spruce is
more intuitive after comparing the normalized ER profile with that of spruce (Fig. 4.8),
where the ER profile for the pine/fir mixtures is similar to spruce. Figure 4.7 [b] shows the
PR results including the 90/10 synthetic mixtures. Both samples were grouped correctly
with their respective dominant fuel family.

The results with the synthetic mixtures suggest that the algorithm can select
marker compounds that can differentiate fuel types even when they are highly mixed (60/40
cases for pine/spruce and fir/spruce) but for some mixtures (60/40 pine/fir) the differentia-
tion might be poor. One approach for improving separation using the PR algorithm, could

be to incorporate more mixed fuel samples in the training and test sets.

4.4 Classification

For the classification algorithm, the scores of the selected PCs were used as input
for the LDA training. PC1 and PC4 were selected since they provided better separation

across the three fuel families (section 3.2.3), while explaining 82% of the variability in the
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data set. In this application the probability score is related to the proximity of sample to a
class of samples (cluster) in the PCA space (Fig. 4.7 [a]-[b]) which is linked to its similarity
with the emission profiles for the three fuel families (Fig. 4.4). The assignment of a sample
to a class is based on the class with the highest probability, even if marginally higher. For
example a sample with a pine probability score of 70% or more will most likely be inside
the pine cluster. Generally, samples with probability scores 60% and higher are most likely
in the cluster space of a fuel family. Samples with a probability score 60% and lower are
more likely to be adjacent to more than one fuel family in the PCA space. For the training

of the classifier all 39 samples from FIREX FL16 were used.
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4.4.1 Synthetic mixtures and FLAME-4 FL12 samples

The classification algorithm was tested using the synthetic mixtures and FLAME-
4 FL12 samples before testing using the BFRS field data. The classification results for
the synthetic mixtures are shown in Fig. 4.9. Two of three 60/40 synthetic mixtures were
classified correctly, pine/spruce and fir/spruce, with classification probabilities of 70% and
higher for the dominant fuel family. The 60/40 pine/fir synthetic mixture was classified as
spruce. Its classification is a result of its clustering in the PCA space with spruce (Fig. 4.7
[a]), which is directly connected to its similarity with the spruce emissions profile (Fig. 4.8).
The two 90/10 synthetic mixtures, pine/spruce and fir/spruce, were correctly classified with
classification probabilities over 80% for the dominant fuel family. Application of the classifier
to the synthetic mixtures demonstrated that the mixtures can be correctly classified based
on the dominant fuel family in mixed fuel samples (4 of 5 mixtures); however, incorrect
classification can occur when the mixed fuel emissions profiles are similar to individual fuel
emissions profiles, resulting in poorer separation with PCA. The results of the classification
algorithm for mixed samples can be improved in future work through expanded testing and
training on a broader range of fuel families and relevant mixtures.

The classification results for the FLAME-4 FL12 samples are shown in Fig. 4.9.
This data set included six fuel species (ponderosa pine, black spruce, Indonesian peat, rice
straw, wiregrass, and sawgrass); only one of which, ponderosa pine, was in the training
set. Both ponderosa pine and black spruce samples were classified correctly (Fig. 4.9),

with classification probabilities over 90%. The Indonesian peat, rice straw, wiregrass, and
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Figure 4.9: Classification results for synthetic mixtures and FLAME-4 samples.

sawgrass samples were classified as firs or pines (Fig. 4.9), with classification probabilities
over 70%. The classification algorithm evaluated partial similarity against only three options
(pine, firs or spruce), none of which represent the fuel families of the four fuel species.
Figure 4.10 shows the average normalized emission ratio profiles for pines and firs, as well
as Indonesian peat, rice straw, wiregrass, and sawgrass. It can be seen that only camphene
appears in the sawgrass and Indonesian peat samples, and thus these fuels are classified
as firs, which also have a high relative abundance of camphene. Wiregrass and rice straw
samples also include camphene, but have higher relative abundances of b-pinene and 3-
carene, and thus were classified as pines, which also have higher relative abundances of
these two compounds (Fig. 4.10). As illustrated by the application to the synthetic fuel
mixtures, the performance of the classification algorithm can be improved in future work

by expanding the range of fuel families and mixtures included in the training and test sets.
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were > 0.6, but for figure clarity, the axis limits were not changed.

4.4.2 Blodgett samples

Figures 4.11 [a]-[c] show the results of the classification algorithm applied to the
BFRS samples from three different prescribed burn plots: 60, 340, and 400. Based on the
fuel bed composition (Figs. 4.12-4.13) there was a total of seven different fuel species in the
three burned plots: white fir, incense cedar, tanoak, sugar pine, ponderosa pine, Douglas
fir, and California black oak. Due to the heterogeneity of the fuels, and the influence of
meteorology and sampling location, it was not possible to determine the relative contribution
of each fuel species to each sample. Instead the average overstory composition (Figs. 4.12
and 4.13) was used to determine likely influences from dominant sources close to each
sampling location. For plot 60 (sites one and two) (Fig. 4.12 [a]) the main influence was

from firs (47%) followed by similar amounts of pines and incense cedar (25% and 27%)
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with no contribution from tanoak or California black oak. For site three in plot 60 (Fig.
4.12 [b]) the main influence was from incense cedar (43%) followed by firs (34%), pines
(26%), and California black oak (10%). For plot 340 (Fig. 4.13 [a]) the main influence
was from firs (63%) followed by pines (21%), incense cedar (12%), and (2%) from tanoak
and California black oak. Finally for plot 400 (Fig. 4.12 [b]) the main influence was from
firs (55%) followed by pines (26%) and incense cedar (18%). The classification algorithm
classified all samples from plots 60 (Fig. 4.11 [a]) and 340 (Fig. 4.11 [b]) as fir dominant.
Nine out of ten samples from plot 400 (Fig. 4.11 [c]) were classified as fir dominant and
one as pine dominant. While spruce was absent in the burned plots, all samples (with the
exception of the pine dominant sample in plot 400) had a higher classification probability
for spruce than pines.

For plot 60 there were a total of 11 samples collected. Five samples in sites one and
two, which is fir dominant (Fig. 4.12 [a]) and six samples in site three which is incense cedar
dominant (Fig. 4.12 [b]). For sites one and two the classifier results are reasonable based on
the overstory composition, but for site three the classification results are inconclusive since
no emissions profiles were available for incense cedar which does not belong to the fir fuel
family. It is likely that incense cedar or the mixture of incense cedar with firs most closely
resembles the fir emissions profile of the selected compounds and thus was classified as firs.
For plots 340 and 400 the classification results are reasonable, 16 out of 17 samples (Figs.
4.11 [b]-[c]) are fir dominant, since in both plots the influence of firs is above 50% with 63%
contribution in 340 and 55% in 400. The one sample that was classified as pines in plot 400

was most likely affected strongly by ponderosa pine emissions during sampling. SI Fig. S4
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(plot 400) in [1] shows that one of the inventoried land plots next to sites one and two had
an average fractional overstory composition of ponderosa pine of more than 50%. Regarding
the elevated probability for spruce, despite its absence from all burned plots, it is likely an
artifact of mixed smoke between pines and firs. In section 3.3.1 the analysis showed that
the synthetic mixture between pine and fir was more similar to spruce (Fig. 4.7 [a] and
Fig. 4.8). Among the three plots, pines and firs together account for more than 70% on
average of the overstory composition. Thus the contribution from both firs and pines could
lead to smoke mixtures that resemble the spruce emissions profile. Tanoak and California
black oak (Figs. 4.12 and 4.13) account for 2% - 10% of the total contributions among
the three plots. Due to insufficient data regarding their emission profiles of the selected
compounds their true contribution to the smoke samples could not be evaluated, but given
their low overstory contribution it is likely that they did not influence the collected samples
substantially. The results for the BFRS data showed that the lab-based emission profiles
selected by the PR algorithm, can be applied to smoke samples collected in the field and
can detect dominant fuel sources even in mixed smoke samples. While the algorithm has
been tested and trained on only three fuel families, widespread application can be achieved
with further training and testing using a more diverse set of compounds and broader range

of fuel types.
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Figure 4.11: Plots [a]-[c] shows the classification probability by fuel class for plots 60, 340
and 400.
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Figure 4.12: Plots [a]-[b] show the average overstory composition for plots 60 sites 1, 2, and
3. The fractional contribution of each species was determined by the proportion of basal
area among all trees with diameter > 11.4 cm at breast height. Data for the overstory
composition were taken from the supplemental material in [1].
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4.5 Summary

A supervised PR algorithm was developed and applied in this study to: 1) dif-
ferentiate sources/fuel types using NMOCs measured in smoke samples and selected with
an ANOVA based feature selection method; and 2) train a classification algorithm to de-
tect dominant sources/fuel types in smoke samples based on the unique speciation profiles
identified by the PR algorithm. The PR algorithm was able to group five fuel species (Dou-
glas and subalpine fir, ponderosa and loblolly pine, and Engelmann spruce) into three fuel
families (pines, firs and spruce), with minimum overlap; only 5 of 39 total samples were
grouped with families that were not representative of the fuel species. The separation was
achieved using five monoterpenoids that the algorithm selected out of a pool of 93. The PR
algorithm was tested with five synthetic fuel mixtures where it successfully separated three
of five (60/40 fir/spruce, 90/10 pine/spruce, and 90/10 fir /spruce) and grouped them with
their dominant fuel type. The same synthetic fuel mixtures were also tested using the clas-
sification algorithm, where four of five were classified correctly (60/40 pine/spruce, 60/40
fir/spruce, 90/10 pine/spruce, and 90/10 fir/spruce). The application of the classification
algorithm to the synthetic mixtures demonstrated that dominant source contributions could
be identified in fuel mixtures. For the FLAME-4 FL12 samples the classification algorithm
correctly classified two of six samples (ponderosa pine and black spruce); these two samples
were the only fuels represented by the three fuel families. For the BFRS field samples, based
on the fractional overstory composition, the classification results were reasonable with 27
out 28 samples being classified as fir dominant and one sample as pine dominant. The

incorrect classifications that occurred with the synthetic fuel mixture (60/40 pine/fir) and
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the FLAME-4 FL12 samples (Indonesian peat, rice straw, wiregrass, and sawgrass) were
due to the similarity or partial similarity of their emissions profiles with the fuels used to
train the classification model. This can be resolved in future applications in two ways; 1)
by introducing a null case in the classification algorithm so that in cases such as with the
grasses the algorithm will have the ability to not classify a specific fuel if there is partial sim-
ilarity only or 2) by including more compounds and a broader range of fuel types, including
mixtures. This will also facilitate the use of this approach for identifying contributing fuels

outside of Western coniferous forests.
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Chapter 5

Application of the Supervised
Pattern Recognition Algorithm for
Identification of SOA Precursors in

Ambient Plume Samples

5.1 Introduction

Western wildland fires constitute a significant part of biomass burning (BB) in
the US along with agricultural and prescribed burning. Overall, BB is globally the largest
source of combustion-related source of NMOCs [20][21]. NMOCs have a significant influence
on the atmosphere, which includes a major contribution to the formation of SOA. Given

the complex chemistry and dynamics of SOA formation from fires[22] [23] there is a need for
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better understanding fire emissions and their contribution to SOA formation. Laboratory
studies of controlled burns have shown that NMOC oxidation results in SOA production
and an enhancement in OA mass but with increased variability. Many studies have tried
to narrow down the variability in observed OA enhancement by focusing on specific SOA
precursor groups: 1) monoterpenes, 2) oxygenated aromatics, 3) heterocyclic compounds,
and 4) polyaromatic hydrocarbons [24][25][26]. Ahern et. al. [24] found that monoter-
penes are important SOA precursors for black spruce and ponderosa pine while furans are
important for grasses. Lim et. al. [27] showed that there is a strong correlation between
SOA produced and the initial NMOC mass, with stronger correlations observed for NMOCs
more volatile than monoterpenes. These previous studies suggest that there is significant
variability among dominant SOA precursors based on fuel type and that there is need to
be able to better understand SOA from biomass-burning sources.

In this work, a method is presented for identifying SOA precursors in wildland fire
smoke plumes. To overcome some of the existing limitations in identifying the contribution
of specific precursors to SOA formation the pattern recognition (PR) algorithm developed
in Chapters 3 and 4 was adapted to be used for data obtained during two field campaigns

in 2018 and 2019 (WE-CAN and FIREX-AQ Field).
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5.2 Data

The data used in this work were collected from airborne platforms from two fields
campaigns that took place in 2018 and 2019. More specifically the Western Experiments
for Cloud Chemistry, Aerosol Absorption and Climate (WE-CAN) and the FIREX-AQ,
already mentioned in Chapter 4. While the WE-CAN campaign took place only in the
pacific northwest (PNW) and focused on wildland fires, FIREX-AQ covered both the PNW
region as well as the midwest that included prescribed fires as well. For the purposes of this
analysis only the PNW data were used. Both campaigns and the instrumentation have been
described in more detail elsewhere [90][91][92][93] as well as their dedicated websites [94][95].
Briefly WE-CAN and FIREX-AQ were multiagency projects to intensively characterize the
emissions and evolution of those emissions from biomass burning. WE-CAN took place
during July - September of 2018 and used the NSF/NCAR C-130 aircraft to sample regional
smoke and smoke emitted from specific wildfires in the Western United States during 19
flights. FIREX-AQ took place during the summer of 2019 in the United States to study
both wildfire and agricultural burning smoke and used both airborne (NOAA Twin Otter
and NASA DC8) and ground means to sample smoke plumes as part of this campaign.

Finally for the purposes of this analysis only the data from the following instru-
ments were used. NMOC mixing ratios were obtained for both campaigns from two instru-
ments; 1) the trace organic gas analyzer (TOGA) [96] and a proton transfer reaction-time
of flight-mass spectrometer (PTR-ToF-MS) (WE-CAN: University of Montana, lonicon
Analytik PTR-TOF-MS 4000, and FIREX-AQ: NOAA ESRL Chemical Sciences Division

NOAA PTR-ToF-MS). Organic aerosol (OA) concentrations using the aerosol mass spec-

73



trometer (AMS) (WE-CAN: Colorado State University, and FIREX-AQ: CIRES and De-
partment of Chemistry, University of Colorado Boulder). For CO, data from two different
instruments were used, the Picarro G2401-m WS-CRDS (National Center for Atmospheric
Research) from WE-CAN and the Los Gatos Research (LGR) N20/CO/H20 instrument

(NOAA ESRL Chemical Sciences Division) from FIREX-AQ.

5.3 Algorithm Implementation, Results and Discussion

5.3.1 Data pre-processing

The data pre-processing methods described in Chapter 2 section 2.1 were all ap-
plied to the data sets prior to the PR analysis but there were also a few additional steps
that were performed for this study. All the additional steps are described in the following
paragraph.

The first step for both WE-CAN and FIREX-AQ data was to align the data from
the different instruments. That step was necessary because the instruments were sampling
at slightly different time resolutions. First for each campaign the instrument with the lowest
time resolution was identified, in both campaigns it was TOGA with a time resolution of half
a minute. All other instruments had an one second time resolution. Then the measurements
from other instruments were averaged for each start and stop time stamps from TOGA.
Following the data alignment the NMOC data from TOGA and the PTR-ToF-MS were
merged. Specifically only the oxygenated aromatics from the PTR-ToF-MS. This was done
because TOGA cannot measure oxygenated aromatics and this group has been shown to

be important for SOA formation[97].
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After the alignment and the merge between the PTR-ToF-MS and TOGA the

normalized mixing ratios (Nl\égc‘ and %) for all NMOCs and OA were calculated in order to
account for plume dilution downwind. The next step in the pre-processing was to calculate
the AOA and ANMOC; for every plume that was intercepted. This was done in two stages.
First all samples were normalized using the min max approach [38] (Fig. 5.1) and filtered
using a CO threshold of 0.1 in order to avoid interference with samples outside the plume.
Then after reversing te normalization using an average time window of approximately an
hour the AOA and ANMOC; were calculated using the first four points right after the
first plume interception as OAjpjtial and NMOCpitia and the last four points as OAgp, and
NMOCsgpa (Fig. 5.1). The AOA and ANMOC; were calculated for two reasons; 1) the
AOA shows in which cases there was a positive OA enhancement and which cases there
was no enhancement, 2) the ANMOC; provide much more information based on the sign
of the value. A positive or almost zero ANMOC; shows that the specific compound most
likely did not contribute to SOA formation while a negative ANMOC; indicates that the
compound reacted away and in some capacity might be informative about SOA formation.
As for the one hour time window it was chosen; 1) so that the AOA and ANMOC; were
calculated for plumes with similar aging and 2) after investigation of the OA time series
the AOA values for a time window of more than an hour were all negative. It is likely that

for longer than an hour time windows processes such as extensive dilution, which leads to

SOA volatilization and therefore SOA losses affected the SOA levels.
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Figure 5.1: Min max normalized levels of toluene, CO and OA for one of the FIREX-AQ
flights. The markers on the toluene plot show the start and end points for the calculation
of AOA and ANMOC;.

Finally after the calculation of the AOA and ANMOC; the data from WE-CAN
and FTIREX-AQ were merged into one data set and the basic pre-processing before the PR
performed as described in Chapter 2, section 2.1. The final data set was consisted of 34

samples and 46 NMOCs.

5.3.2 Pattern recognition results

In order to initiate the algorithm the classes that will be separated need to be
defined. In this application the end goal was to target compounds that provide process level

information about SOA formation. Therefore the classes that were created were based on

76



Table 5.1: Selected compounds for the two cases.

Case 1 (5 compounds)  Case 2 (10 compounds)

i-pentane i-pentane
2-methyl, pentane 2-methyl, pentane
2,2,4-trimethyl, pentane 2,2,4-trimethyl, pentane
toluene toluene
ethylbenzene ethylbenzene
m+p-xylenes
benzene
3-methyl, pentane
phenol
syringol

the AOA. Specifically two classes were created. Class one was for samples that had positive
OA enhancement (AOA > 0) and the second class was for samples that showed negative or
no OA enhancement (AOA < 0). Furthermore in this application of the PR algorithm the
k-means component was not used. Instead the PCA plots and class separation was evaluated
by using different colour coding for the samples in the PCA space between the two classes.
The modified algorithm was tested for two cases; 1) with five selected compounds got out
of 46 and 2) with ten (Table 5.1). Cases with more than ten compounds were investigated
but did not yield better results. Figure. 5.2 shows the results for five and ten compounds.
While in both cases the explained variance from the two retained PCs is over 80% there is

no clear separation between the two classes of samples.
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Figure 5.2: Plot [a] shows the PCA results for five compounds. Plot [b] shows the PCA
results for ten compounds.
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In Chapters 3 and 4 it was shown that the class separation is directly attributable
to the selected compounds and their unique profiles between the two classes. In this case
the average ANMOC; for each selected compound was plotted for the two classes (Figs. 5.3
[a]-[b]) along with their respective error bars. From Fig. 5.3 [a]-[b] it can be seen that while
there are differences between the two classes there is substantial variability per compound
for both cases (five and ten compounds).

While some variability might not pose a problem because the F-ratio is used
for ranking purposes rather performing statistical inference in the algorithm, substantial
variability will negatively impact the feature selection. Along with the calculation of the
F-ratio there is a p-value that accompanies it and determines whether or not the difference
between the classes reflected in the F'-ratio is significant or not. As a rule of thumb a p-value
< 0.05 points to a significant different between the examined classes while a p-value > 0.05
means that any difference observed might be due to random variation. Figure 5.4 shows
the F-ratio value for all the compounds in the data set along with respective p-values and
the 0.05 threshold. From both Figs. 5.3 and 5.4 two things are evident. First the selected
compounds have substantial variability and second the broader suit of compounds suffers
from the same problems as it renders any difference between the classes statistically not

significant.
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Figure 5.3: Plot [a] shows the average ANMOC; for 5 compounds. Plot [b] shows the same
as [a] but for 10 compounds.
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5.3.3 Dealing with feature dispersion

In order to work around the high variability in the data set there were two options.
One is to try to collect more samples in order to constrain the variation. In this case though
that is not feasible. The second option, which was followed, is to try to use a different set
or variables that might not be as affected from the natural variation in the data while they
provide similar information with the original variables (ANMOCG;).

One set of variables was tested with the PR algorithm. This time the ANMOC;
were calculated but for entire groups of compounds. Specifically alkanes, terpenes, furans,
aromatics and oxygenated aromatics. While individual compounds vary substantially as
shown in Fig. 5.3 [a]-[b] the entire group can be more robust to natural variation. The
algorithm results for the five groups of compounds are shown in Fig. 5.5 [a]-[b]. The
algorithm with the five groups of compounds did not yield better results in terms of class
separation (Fig. 5.5 [a]). At the same time the variability in the features was not reduced

based on the average ANMOC; plot (Fig. 5.5 [b]).
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Figure 5.5: Plot [a] shows the PCA results for the 5 groups of compounds. Plot [b] shows
the average ANMOC; for every group between the two classes.
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5.4 Summary

In conclusion, the PR algorithm did not manage to separate the samples between
the two specified classes of positive OA enhancment and no OA enhancement. The main
issue was found to be the substantial variability of the NMOCs between the two specified
classes. One alternative approach was tested in order to overcome this problem. Instead
of using individual NMOCs the ANMOC; were calculated for entire groups of compounds.
Specifically alkanes, terpenes, furans, aromatics and oxygenated aromatics. While this
approach provided more distinct ANMOC;s (Fig. 5.5 [b]) there was no separation between
the two classes (Fig. 5.5 [a]) and the variation was not reduced.

The major issue in both cases was the excessive variability or else the signal to
noise ratio of each variable between the two classes. This was mostly the result of plume to
plume variability attributed to different factors such as different fire intensities, differences
in the photochemical age of the plumes, plume edge-to-center variations for the NMOCs,
and oxidant levels (OH, O3 and NOgs) which are expected to be highly variable in the
field compared to the lab. Future efforts for data driven SOA precursor detection should
focus first on constraining the plume to plume variability by either targeting and analyzing
plumes with similar properties (e.g. plume photochemical age, oxidant levels, etc.) to the
extent possible or focus on a single plume analysis by increasing the sampling efforts on an

individual plume.
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Chapter 6

Conclusions

This thesis presents two tools for fingerprinting analyses of gaseous non-methane
organic compounds (NMOCs) from emerging sources developed and tested in three appli-
cations. The first tool was a chromatographic alignment algorithm. The algorithm was
successfully applied in the analysis of eight different tailpipe emissions samples (Chapter
3) and reduced the time required for manual alignment from several months to a few min-
utes. By minimizing time spent on chromatographic alignment there is more time to collect
and analyze additional samples if needed, including for quality control analysis of samples.
Further, automation of this task may help reduce errors associated with manual alignment.

The second tool was a supervised pattern recognition algorithm (Chapters 3 and
4) for the detection of unique emission profiles among different fuel types. The algorithm
was successful in its application in two different projects, the eight different tailpipe emis-
sions samples (Chapter 3) and the laboratory biomass burning smoke samples (Chapter 4).

The algorithm; 1) found unique NMOC profiles among the tailpipe and smoke emissions
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samples and 2) using the the selected compounds in each case differntiated the samples.
Furthermore using the unique NMOC profiles from the biomass burnng laboratory samples,
a classification model was created that successfully classified prescribed burn smoke sam-
ples based on their dominant fuel source. The algorithm is particularly useful for detecting
unique emission profiles for different fuels that can be used for smoke source identification
in the field. This also allows selection of unique NMOC profile(s) that could be used to
represent the emissions of the specific fuel types in air quality models.

The use of the second tool (pattern recognition algorithm) was explored in a third
application. Using data from two field campaigns, WE-CAN and FIREX-AQ (Chapter 5)
the algorithm was applied on selected plume transects in order to target compounds of
interest that can potentially provide process level information regarding SOA formation.
While the algorithm did select specific compounds there was no clear separation between
samples with positive and neutral/negative enhancement. Further investigation showed
that the plume to plume variability overwhelmed the NMOC concentrations which resulted
in poor statistical power for proper NMOC selection. Future efforts should focus first on
mitigating plume to plume variability by grouping plumes using metrics such as plume age

and then applying data driven models.
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The chromatographic alignment and pattern recognition algorithms developed and
presented in this thesis are not application specific. The chromatographic alignment algo-
rithm also has been used successfully in aligning urban NMOC emission samples collected
in the Los Angeles Basin during the COVID-19 shutdown. The pattern recognition algo-
rithm can also be used for the analysis of urban NMOCs. An interesting future application
would be to couple the pattern recognition algorithm with a source apportionment method
in order to detect unique decomposed emission profiles and help with the identification of
emission sources based on algorithm-selected compounds. Documentation of the pattern
recognition and classification algorithms, and example implementations can be found at the

following GitHub repository: Pattern Recognition
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https://github.com/christos-stamatis/supervised_pattern_recognition
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