Response to reviewer comments: “An open platform for Aerosol
InfraRed Spectroscopy analysis — AIRSpec”

We thank the editor and reviewers for feedback on the manuscript. We have addressed each
comment below with responses in blue font, and submitted revised manuscript (with new additions
highlighted in red font and old text for deletion in gray).

Anonymous Referee #1

General comments This paper reported an open platform for aerosol FTIR (Fourier Transform In-
frared) spectra analysis. It is potentially interesting to the community who uses FTIR method to identify
organic aerosol sources. As the methods and the data used for demonstration have been already published,
I think this paper is an integration of authors’ previous works, and I will not comment on the technique
of these methods have been used. However, in general, the quantification of the ambient aerosols by using
FTIR depends on the functional group (FG) of each component; I encourage the authors to give more
discussion of the FG, or give some introduction of the database that readers can access.

We thank the reviewer for the positive feedback. Moreover, since this work is the companion paper
of the article https://doi.org/10.5194/amt-2018-331 that focuses on methods to quantify FGs, we
did not include an exhaustive discussion of the FG quantification.

We have added the following sentence (Section 3.2.1), to provide the reference to access the article:

“A more detailed discussion of FG quantification in atmospheric aerosol samples by FTIR is pro-
vided by a companion paper of this work (Reggente et al., 2018).”

Specific comments Following is some suggestions may improve the paper.

1 Mid-infrared spectra can be acquired with different methods, such as absorption, reflection, or solvent
extraction of filters. Is the authors’ platform suitable for all of these spectral methods or only valid for
absorption spectra? If it is the last, I suggest the author focuses their title and discussion on absorption
spectra.

While our experience is primarily with transmission mode analysis on particles collected on
PTFE filters, we have also applied this code to spectra obtained with solvent-extracted solutions
deposited on ZnSe crystals (Arangio et al., Applied Spectroscopy, in press, 2018). Furthermore,
independent implementations of the peak fitting algorithm described here has been applied to
ATR-FTIR spectra (Faber et al. 2017) and solvent-extracted spectra using DRIFTS (Chen et
al., 2016). We have added the following text to the manuscript:

“The examples shown are provided for absorbance spectra acquired from transmission mode
analysis. In principle, the methods described [baseline correction, peak-fitting, and calibration
algorithms] are applicable to spectra that can be converted to equivalent absorbance spectra
— for instance, measurements from attenuated total reflectance (ATR) and diffuse reflectance
Fourier Transform spectroscopy (DRIFTS) can be converted to approximate absorbance spectra
using the weak-absorption approximation (Harrick, 1979) or Kubelka-Munk theory (Kubelka
and Munk, 1931), respectively.”

We have additionally modified references in the text which might suggest that the analysis is only
limited to particles collected on PTFE and analyzed by transmission mode analysis. Moreover,
as new chemometric packages can be easily added using the modular structure of AIRSpec, we
would like to keep the title general to indicate that it is an “open platform”.

References:



Arangio, A., Delval, C.E.L., Ruggeri, G., Dudani, N.; Yazdani, A.: Electrospray film deposition
for solvent-elimination infrared spectroscopy, Applied Spectroscopy, in press, 2018.

Chen, Q., Ikemori, F., Higo, H., Asakawa, D., and Mochida, M.: Chemical Structural Charac-
teristics of HULIS and Other Fractionated Organic Matter in Urban Aerosols: Results from
Mass Spectral and FT-IR Analysis, Environmental Science & Technology, 50, 1721- 1730,
doi:10.1021 /acs.est.5b05277, 2016.

Faber, P., Drewnick, F., Bierl, R., and Borrmann, S.: Complementary online aerosol mass
spectrometry and offline FT-IR spectroscopy measurements: Prospects and challenges for the
analysis of anthropogenic aerosol particle emissions, Atmospheric Environment, 166, 92-98,
doi:10.1016/j.atmosenv.2017.07.014, 2017.

Harrick, N. J.: Internal Reflection Spectroscopy, Harrick Scientific Corp., 1979.

Kubelka, P. and Munk, F.: Ein beitrag zur optik der farbanstriche, Zeitschrift fiir technische
Physik, 12, 593-601, 1931.

2 A lot of screenshot of the platform makes the paper looks like a user manual. I suggest the authors to
keep only one or two important figures in the paper.

We agree with the referee, and we have decided to keep two Figures of the platform: (i) the
screenshot of the AIRSpec homepage (Figure 2) because it is the first page that the user en-
counter, and (ii) the screenshot of AIRSpec calibration package tab (old Figure 10) because it
shows the interactive plots functionality, that we have added.

3 In the baseline correction section, figure 5. Is it absolute absorption? What is the method the authors
used to get the absorption spectra?

We thank the reviewer for pointing out this possible missatement. While Beer-Lambert law
strictly applies to pure absorption spectra, our baseline corrected spectra is only an approxima-
tion of absorption spectra in that gross changes in spectra due to drift and scattering obtained
from the ratio of single-beam spectra (of sample and background) are removed with the smooth-
ing spline. We have revised the introductory paragraph of the baseline correction section (Section
3.1) to read:

“Instrumental drift and scattering by particles and substrate used for their collection create
interfering signals that hinder quantitative analysis. For the transmission mode absorbance
spectra of particles collected onto PTFE presented here (obtained by ratioing single beam spectra
of sample to background), the subtraction of the spectrum filter before sample exposure (blank)

from the aerosol spectrum has been shown to provide an insufficient remedy (Takahama et al.,
2013).”

The old Figure 5 now is Figure 4 because we have removed the old Figure 4 as suggested by the
referee at above (point 2). In Figure 4, the absorbance is in arbitrary unit (A.U.), which is now
stated in the Figure caption. The spectra in Figure 4 refer to aerosol collected on Teflon filters
and measured using the transmission method.

4 In absorption method, the baseline should be treated with careful. Otherwise, it will cause wrong
absorption.

We are aware that the baseline correction needs to be treated carefully, and therefore the AIRSpec
implements a chemometric package that has been already reviewed and published as reported
in the text.

5 Fig. 4, it is not clear about segment 1 and segment 2, also there is a misspelling in the figure.
We have removed Figure 4 as suggested by the referee in a previous comment (point 2).
6 Fig. 5, it is not clear about the corresponding functional group of each peak in the figure.

The absorption profiles and the wavenumbers where each functional group (FG) absorbs are
shown in Figure 5 (old Figure 7).

7 Fig. 7, the peaking-fitting package using the decomposed Gaussian peaks for the fitting, how to treat
the unknown absorption and overlapping absorption bands?



The peak-fitting package aims to find the best fit to the baseline corrected measured spectra
of the overlapping Gaussian peaks and line shapes which represent the absorption profile of
individual functional groups. Referring to Figure 5 (old Figure 7) the spectra given by the sum
of the fitted peaks (fitted spectra) are the dashed cyan lines. The divergences between the fitted
spectra and the baseline corrected spectra may due to (i) the baseline correction, or (ii) to the
presence of chemical species not included in the analysis. For example, the peak around 2200
em ™! is due to the presence of COs in the measurement chamber.

8 Page 23, the first sentence. “FTIR spectroscopy is a useful tool for obtaining chemical composition of
atmospheric PM.” It better gives some definition of the chemical composition.

We have rephrased the sentence as follow (Section 4, page 21 lines 2-3): “FTIR spectroscopy is
a useful tool for obtaining the functional group representation of the chemical composition of
atmospheric PM.”

9 Furthermore, an introduction of the potential users is important. What is the progress made with the
new platform with the community? It only simplified the data analysis. Is there any improvement on
the accuracy?

We have added the following sentence in the Abstract (page 1, lines 19-21):

“Moreover, AIRSpec facilitates the exploratory work, can be used by FTIR spectra acquired
with different methods, and can be extended easily with new chemometric packages when they
will be available. Therefore AIRSpec provides a framework for centralizing and disseminating
such algorithms.”

Anonymous Referee #2

The authors present an open source analysis tool to determine the functional group and concentration
of aerosol samples collected on filters. The authors provide details about how the tool analyzes baseline
corrections, functional groups, and organic/elemental carbon concentrations with real world examples
and comparisons. Though the paper reads as a manual, and I agree with referee#1 that more discussion
of functional group quantification would improve the paper, the paper is mostly well written and suitable
for publication in AMT after some minor revisions, listed below (and with the possible inclusion on
further quantification analysis of functional groups).

We thank the reviewer for the positive feedback. Moreover, since this work is the companion paper
of the article https://doi.org/10.5194/amt-2018-331, that focuses on methods to quantify FGs, we
did not include an exhaustive discussion of the FG quantification.

We have added the following sentence (Section 3.2.1), to provide the reference to access the article:

“A more detailed discussion of FG quantification in atmospheric aerosol samples by FTIR is pro-
vided by a companion paper of this work (Reggente et al., 2018).”

Specific comments

1 Similar to referee##1, I was wondering the suitability of this tool for various methods of IR Spectroscopy
analysis, including the use of different filters to collect the samples than the ones analyzed here. It
would be beneficial to have a paragraph to a section describing the feasibility of this tool for other IR
techniques.

We have added the following paragraph in the text (Section 1) also in response to comment #1
of Referee #1:

“The examples shown are provided for absorbance spectra acquired from transmission mode
analysis. In principle, the methods described [baseline correction, peak-fitting, and calibration
algorithms] are applicable to spectra that can be converted to equivalent absorbance spectra
— for instance, measurements from attenuated total reflectance (ATR) and diffuse reflectance
Fourier Transform spectroscopy (DRIFTS) can be converted to approximate absorbance spectra
using the weak-absorption approximation (Harrick, 1979) or Kubelka-Munk theory (Kubelka
and Munk, 1931), respectively.”
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3

Figure 1 vs Figure 3. It seems that Figure 1 and 3 are the same, but 3 has more detail than 1. Is it
necessary to have both figures?

We thank the reviewer for pointing out that it is not clear the difference between Figure 1 and
Figure 2. Figure 1 represents a diagram of the AIRSpec framework and the chemometric packages
implemented and the interaction between them. At the moment, the calibration and peak fitting
packages uses the output of the baseline correction package. We also show that additional
packages can be added (denoted by dotted box and arrows). Figure 3, on the other hand,
represents the modular structure of a single chemometric package. We changed the captions of
these two figures to explain better what they represent.

Fig.1: AIRSpec architecture diagram and workflow. Solid boxes and arrows refer to chemometric
packages implemented in the current version. Dotted box and arrows denotes that it is possible
incorporate new packages in the modular framework.

Fig.3: Chemometric package diagram and workflow. Solid boxes and arrows refer to shiny
modules used by each chemometric package (necessary modules). Supplementary features
are handled by ad-hoc modules and denoted by dotted boxes and arrows.

Similar to referee#1, I think there are too many screen shots of the website in the main manuscript. If
you place them into a supplemental information, it would still be useful for the reader without having
too many figures that may make the flow of the paper difficult.

We agree with the referees, and we have decided to keep two Figures of the platform: (i)
the screenshot of the AIRSpec homepage (Figure 2) because it is the first page that the user
encounter, and (ii) the screenshot of AIRSpec calibration package tab (old Figure 10) because
it shows the interactive plots functionality, that we have added.

General comments There are some typos or suggestions in improving the flow of the paper, including;:

1

Page 1, Line 8 - 9 (and other locations throughout paper). When the name of the functional group and
then the functional group is listed, it would be easier to read it like alcohol (COH) instead of alcohol
COH. Also, it should only be defined once in the paper, and use the short hand for the rest of the

paper.

We thank the referee for the suggestion. We have defined the acronyms in the abstract (page 1,
lines 7-8), and then defined them again the first time they are used in the body of the paper
(page 2, line 35).

Page 2, Line 35. Replace semi-colon with and.
Corrected
Page 8, Line 18. St. Marks, Florida instead of St. Marks (Florida).
Corrected
Page 8, Line 28-29. Hard to tell if you have too many penalty in the sentence.
Corrected
Page 10, Line 27. EDF should be capitalized for consistency.
Corrected

Page 11, Fig. 5 caption: Please refer to Fig. 4 so the read knows where segment one and two are
coming from.

Since we have removed the Figure 4, as suggested by referee #1 (specific comments, item 2) and
referee #2 (specific comments, item 3), we have added in the caption of Fig. 4 (old Fig. 5) the
following sentence:

“In the current implementation of the chemometric package, Segment 1 and Segment 2 refer to
spectra in the regions 4000-1820 cm~! and 2000-1500 cm ™!, respectively (Kuzmiakova et al.,
2016).”

Page 14, Line 7. Space between period and end of sentence



Corrected
8 Page 14, Line 8. No period at the end of sentence
Corrected

9 Page 14, Line 20. Are the units supposed to be umoles/cm2? Slightly confused and wanted clarification,
as you had just stated how you converted everything to ug/m3, and the values in Fig. 7 are ug/m3.

We thank the referees for pointing out the error and ambiguous paragraph. We have rephrased
the statement as follows:

“AIRSpec provides FG abundance in several representations: the areal density (umole/cm?)
calculated from eq. 5, and the areal mass density (ug/cm?) obtained from eq. 8 and the atomic
masses of each element. The OM (in units of pg/cm?) summed from FG contributions is also
provided. To obtain atmospheric concentrations (ug/m?), it is necessary to multiply these areal
mass densities by the substrate collection area and divide by the volume of air sampled (3.53
cm? and 32.8 m?, respectively, for examples shown in this manuscript).”

10 Page 14, Line 25. OM/OC is a ratio, not mass. Not sure why there is mass after OM,/OC.

Corrected

Referee Huinan Yang

This paper outlines a new platform to study, develop and share chemometric analysis of functional
groups for characterization of atmospheric aerosols from measured FTIR spectra. Three chemometric
packages available in the software platform have been listed and detailed. Input and output formats have
been listed. Examples of calibra- tion and data analysis has been included in the paper. Overall, this
paper describes a software platform where baseline correction of FTIR spectra involving aerosol in mea-
surement path can be made, and functional groups of the particulate matter can be identified. More
chemometric analysis can be incorporated by the user. The soft- ware package and analysis method
followed have been well established and such a comprehensive platform is much desired. The article fits
well for publication in AMT considering the intended audience. It is recommended that the article be
accepted for publication.

We thank the reviewer for the positive feedback.

Editorial comments The article is very well written. Although a couple of typographical errors were
noticed. For example: In Section 4. Summary and future development: line 1 “for” is not necessary.
“FTIR spectroscopy for is a useful tool for obtaining chemical composition of atmospheric PM”

We thank the reviewer for pointing this mistake. We have corrected it as suggested.
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An open platform for Aerosol InfraRed Spectroscopy analysis —
AIRSpec

Matteo Reggente, Rudolf Hohn, and Satoshi Takahama
ENAC/IE Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne, Switzerland

Correspondence to: Satoshi Takahama (satoshi.takahama@epfl.ch)

Abstract. AIRSpec is a platform consisting of several chemometric packages developed for analysis of Fourier Transform
Infrared (FTIR) spectra of atmospheric aerosols. The packages are accessible through a browser-based interface, which also
generates the necessary input files based on user interactions for provenance management and subsequent use with a command-
line interface. The current implementation includes the task of baseline correction, organic functional group (FG) analysis, and
multivariate calibration for any analyte with absorption in the mid-infrared. The baseline correction module uses smoothing
splines to correct the drift of the baseline of ambient aerosol spectra given the variability in both environmental mixture compo-
sition and substrates. The FG analysis is performed by fitting individual Gaussian line shapes for alcohol (aCOH), carboxylic
acid (COOH), alkane (aCH), carbonyl (CO), amine (aNH») and ammonium NH (ammNH) for each spectrum. The multivariate
calibration model uses the spectra to estimate the concentration of relevant target variables (e.g., organic or elemental carbon)
measured with different reference instruments. In each of these analyses, AIRSpec receives spectra and user choices on pa-
rameters for model computation; input files with parameters that can later be used with a command-line interface for batch
computation are returned together with diagnostic figures and tables in text format. AIRSpec is built using the open source
software consisting of R and Shiny and is released under the GNU Public License v3. Users can download, modify, and extend
the package, or access its functionality through the web application (http://airspec.epfl.ch) hosted at the Ecole Polytechnique
Fédérale de Lausanne (EPFL). AIRSpec provides a unified framework by which different chemometric techniques can be
shared and accessed, and its underlying suite of packages provides the basic functionality for extending the platform with new
types of analyses. For example, basic functionality includes operations for populating and accessing spectra residing in in-
memory arrays or relational databases, input and output of spectra and results of computation, and user interface development.
Moreover, AIRSpec facilitates the exploratory work, can be used by FTIR spectra acquired with different methods, and can be
extended easily with new chemometric packages when they will be available. Therefore AIRSpec provides a framework for
centralizing and disseminating such algorithms. This paper describes the modular architecture and provides examples of the

implemented packages using the spectra of aerosol samples collected on PMs 5 Polytetrafluoroethylene (Teflon) filters.

1 Introduction

Atmospheric particulate matter (PM) has been associated with increased morbidity and mortality (Janssen et al., 2011; Ander-

son et al., 2012), reduced visibility (Watson, 2002; Hand et al., 2012), and is one of the least understood components of the
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climate system (Yu et al., 2006; Bond et al., 2013). Chemical characterization of PM is paramount for understanding its source
origins and properties such as the extent of oxidation and hygroscopicity, which determine its eventual fate. Fourier transform
infrared spectroscopy (FTIR) is a technique that measures the absorption spectrum of molecules that can be related to its under-
lying structure. A particular challenge of atmospheric PM is that it is composed of a complex mixture of thousands of different
molecules that vary in structure and physicochemical properties (Seinfeld and Pandis, 2016), which poses significant chal-
lenges for chemical characterization by any method or suite of methods. For FTIR, this complexity can lead to broadened and
overlapping absorption bands, with significant scattering or absorption contributions from the substrate additionally impeding
consistent interpretation across users.

Nonetheless, FTIR has provided chemically-informative and cost-effective means for PM characterization in intensive mea-
surements campaigns (e.g., Maria et al., 2002, 2003b; Russell, 2003) and monitoring network samples (e.g., Interagency Mon-
itoring of PROtected Visual Environments (IMPROVE) network and the Chemical Speciation Network/Speciation Trends
Network (CSN/STN) in the USA). For example, inorganic salts (Cunningham et al., 1974; Allen et al., 1994), dust (Foster and
Walker, 1984), organic functional groups (Allen et al., 1994; Maria et al., 2002, 2003b; Chen et al., 2016; Coury and Dillner,
2008; Takahama et al., 2013, 2016; Faber et al., 2017), and carbonaceous content (Dillner and Takahama, 2015a, b; Reggente
et al., 2016) have been estimated by calibration models developed for FTIR spectra. Spectra clustering and factor analysis have
been used to estimate source contributions from fossil fuels, vegetation, marine environements, and biomass burning (Russell
et al., 2009a; Liu et al., 2009; Russell et al., 2011; Takahama et al., 2011; Frossard et al., 2014).

In this paper, we present a framework, AIRSpec (Aerosol InfraRed Spectroscopy), that simplifies the writing and deployment
of chemometric software packages for FTIR spectra processing and analysis for atmospheric aerosols and harmonizes results
across users. The objective of this program is not to re-implement general purpose spectroscopic tools (e.g., Bruker OPUS) or
chemometrics software (e.g., CAMO Unscrambler), but to provide a platform for sharing code specifically developed and used
for the analysis of FTIR spectra of atmospheric aerosol samples.

AlIRSpec is built using the open source R statistical environment (R Core Team, 2016) and the Shiny web application
framework (Chang et al., 2016), which permits the user to install the software locally or access its functionality through the
web at hitp:/fairspec.epfl.ch (hosted at the Ecole Polytechnique Fédérale de Lausanne, EPFL). AIRSpec provides a common
data object that facilitates storage of and operations on spectra using in-memory arrays or relational databases, upon which
chemometric packages that encode common decisions made for processing of spectra are built. A user interface to facilitate
exploratory work consolidates the various packages and allows information to be passed among them; while power users can
extend functionality or carry out batch analyses using scripts. Extensive documentation and template files provided in the demo
folder of the package are provided.

In the current version, AIRSpec implements only chemometric packages of algorithm and methods already published. The
available chemometric package are: (i) the spectra baseline correction algorithm proposed by Kuzmiakova et al. (2016) to
counteract the drift of the baseline of ambient aerosol spectra given the variability in both environmental mixture composition
and substrates; (ii) the multiple peak-fitting algorithm proposed by Takahama et al. (2013) to perform FG analysis for alcohol
(aCOH), carboxylic acid (COOH), alkane (aCH), carbonyl (CO) and amine (aNH,); and (iii) multivariate regression and
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calibration approach described by Dillner and Takahama (2015a, b) and Reggente et al. (2016). Moreover, AIRSpec uses
interactive plots to facilitate the exploratory work as described in Sections 3.1.2 and 3.3.2. Therefore, the objective of AIRSpec
is also to provide a platform to facilitate the utilization of chemometric packages — that can be integrated with new ones —
for the analysis of FTIR spectra of atmospheric aerosol samples. The AIRSpec package also includes a demo folder where
the interested user can find instructions on how to add a new chemometric package or script in a few steps. The examples
shown are provided for absorbance spectra acquired from transmission mode analysis. In principle, the methods described are
applicable to spectra that can be converted to equivalent absorbance spectra — for instance, measurements from attenuated
total reflectance (ATR) and diffuse reflectance Fourier Transform spectroscopy (DRIFTS) can be converted to approximate
absorbance spectra using the weak-absorption approximation (Harrick, 1979) or Kubelka-Munk theory (Kubelka and Munk,
1931), respectively.

We explain the modular architecture (Section 2) and provide further details on the implementation of the chemometric

packages (Section 3). We conclude with a summary and outlook (Section 4).

2 Architecture and workflow

A diagram of the AIRSpec framework and associated chemometric packages is shown in Fig. 1. Each package is a collection
of functions and scripts for accomplishing specific computations or visualizations (e.g., baseline correction); users can access
available functionality through R scripts run interactively or directly through the command-line interface (CLI). Alternatively,
the AIRSpec framework provides a server layer to connect users with existing scripts through Shiny Modules (henceforth
referred to with capital M) that execute common tasks via CLI, and permit each Module to use outputs of other Modules
(formally, Shiny Modules are self-contained pairs of interface and server definitions that comprise an app that can be embedded
within larger apps.) New packages (denoted with a dotted box and dotted arrows in Fig. 1) can furthermore be incorporated

into this modular framework.
2.1 Server

The server layer more generally consists of actions to be performed in response to user interaction with an interface. In the
AIRSpec framework, the server typically invokes pre-defined system calls to the operating system to run package scripts
through the CLI; accepting the name of a single parameter file as input. The directory of the input file also becomes the
destination for all output files, so that the results can be stored together with their input parameters. The input file defines all
necessary information, including location and name of spectra files, and parameters of functions used by the script. The input
parameter file is specified in JSON (Javascript Object Notation) format, which is a standard hierarchical data exchange format
that is human-readable and editable. The scripts and interface-generated input files are stored on the server side and, on account
of security, the user cannot edit them directly through the web interface. Details on implementation as they pertain specifically

to the R language are provided in the package help files, but a basic overview is presented here.
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Figure 1. AIRSpec architecture diagram and workflow. Solid boxes and arrows refer to chemometric packages implemented in the current

version. Dotted box and arrows denotes that it is possible incorporate new packages in the modular framework.

2.2 User interface (UI)

The AIRSpec user interface (UI) module provides a mechanism for generation of input parameter files and execution of
predefined scripts without the requirement for using the CLI directly. The landing page (homepage) provides introductory
information regarding the tool and possibility to download template files on which users can base their input files for the
chemometric packages.

Homepage. On this homepage, the user typically uploads the spectra file, after which 100 random spectra are plotted for
confirmation (Fig. 2). The user can then access the available chemometric packages through the additional navigation tabs.
Each tab corresponds to a chemometric package, and the user can upload required, and optional files or change default inputs

(Table 1 summarizes the list of inputs for each tab). In each package tab, after the computation has concluded, the download
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il AIRSpec - Tools for Aerosol InfraRed Spectroscopy

Home Baseline correction Peak fitting Calibration

Welcome

AlRSpec is an online facility for using the chemometric tools that we have developed for FT-IR spectra processing and analysis of atmospheric aerosol.
AlRSpecis built using the open source web application framework for R, Shiny, and currently hosted at the EPFL. The facilities are provided here via a browser-friendly interactive web-interface.
The available chemometric tools are accessible by clicking on the navigation tab above:

« Baseline correction implements the smoothing splines baseline correction method of Kuzmiakova, Dillner, and Takahama, Atmos. Meas. Tech., 2016.

» Peak fitting implements the multi-peak fitting algorithm of Takahama, Johnson, and Russell, Aerosol Sci. Tech., 2013, with additional modifications for extendibility.

« Calibration consolidates functionality for multivariate regression and calibration using aerosol FT-IR spectra described in the following manuscripts: Dillner, and Takahama, Atmos. Meas. Tech., 2015a, Dillner, and
Takahama, Atmos. Meas. Tech., 2015b and Reggente, Dillner, and Takahama, Atmos. Meas. Tech., 2016.

The site is academically developed and managed by Dr. Matteo Reggente and Prof. Satoshi Takahama. If you use results or developments from these chemometric tools (either via the web interface or source code), please
cite the manuscripts above. A manuscript documenting this software can be found here.

You can download the template files (required and optional) that are used as inputs for the chemometric tools by clicking "Download templates” located in the sidebar in this page.

To start, please upload an IR spectra file.

Spectra file

raw_spectrashort.csv

Absorbance
04
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3
L ) ! .
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Wavenumber (cm™)
Thanks

Please, proceed with the baseline correction, peak fitting or calibration.

Figure 2. AIRSpec homepage.

button appears, and the user can retrieve an archive (zip) file containing results and input parameter files. This folder contains
all the information about the analysis.

Tabs. In its most straightforward configuration, a chemometric package deployed on AIRSpec (solid boxes and arrows
in Fig. 3) requires a script which accepts an input parameter file (JSON format) and four nested Shiny Modules, which are
described in turn. The user input handler module (solid red lines) writes the user inputs to the input parameter file stored in the
server. The program wrapper (solid blue lines) runs the scripts of the chemometric package, passing the location of the input
parameter file and saving the output files in the same folder of the input parameter file. The results and diagnostic renderer
(solid orange lines) plot the output. Finally, the download handler (solid green lines) prepares and archives the input parameter
file and source code output in a downloadable file.

Except for the specifications of the user input handler (e.g., input files, parameters), all the modules are general and used
by each chemometric package. Therefore, to incorporate functionalities of a new package, the user only needs to prepare a

the package scripts and the Module containing specifications of the permitted user inputs. AIRSpec additionally uses nested
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Table 1. List of inputs for each chemometric package.

Tab Mandatory With default value Optional

Home Spectra file

) ) Sequence of EDF values Sample list file
Baseline correction . )
Checkbox for non-negativity constraint

Peak fit Spectra type Sample list file
eak fitting
Bond sequence

Response file  Spectra type ‘Wavenumbers

Case file Variables Minimum detection limit
Max number of PLS components
Number of CV segments for CV

Calibration PLS method

PLS type
Parameters optimization
Segment type

Order response variable

modules to handle ad-hoc features such as dynamic input handling or ad-hoc reactive plots. Again, because of the modular

structure, the addition of ad-hoc features does not require the changing of the necessary modules.
2.3 Relational database integration

AIRSpec uses the APRLspec package to handle its primary data object (spectra matrix) and essential operations (e.g., selecting
and merging of spectra), and I/O (input/output) functions. The primary data object defines a spectrum as a row matrix with
wavenumber attributes, which is a standard data structure for multivariate analysis. A new class for this type of data is defined
so that operations can manipulate spectra columns and wavenumber attributes simultaneously to reduce errors of mismatched
dimensions.

With an increasing number of spectra — for example in Reggente et al. (2016) the authors used thousand of spectra for their
analysis — efficiency may be gained by building a spectra archive in a central, relational database. In this way, all spectra did
not need to be loaded into virtual memory at once (which can be a limiting factor in analyses) but retrieved selectively from
the database as necessary. The APRLspec package provides functions for accessing and storing spectra in a SQL (Structured
Query Language) relational database using the similar syntax used for spectra matrices residing in virtual memory. The current

implementation has been tested and used in the baseline correction package with SQLite, an embedded relational database.
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Figure 3. Chemometric package diagram and workflow. Solid boxes and arrows refer to shiny modules used by each chemometric package

(necessary modules). Supplementary features are handled by ad-hoc modules and denoted by dotted boxes and arrows.
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3 Chemometric packages

In this Section, we briefly summarize the chemometric packages developed for the analysis of atmospheric samples and cur-
rently integrated into AIRSpec: baseline correction (APRLssb R package), peak-fitting (APRLmpf R package), and multivari-
ate calibration (APRLmvr R package). For each package, we first introduce the methods and then we illustrate the analysis that
the user can obtain using AIRSpec. The results are based on aerosols samples collected on PMs 5 Teflon filters. The samples
were collected at IMPROVE sites on every third day in 2011. The sample collection methods and results have been already
discussed in previous works (Kuzmiakova et al., 2016; Takahama et al., 2016; Takahama and Ruggeri, 2017; Dillner and Taka-
hama, 2015a, b; Reggente et al., 2016, 2018), and here we present some of the already published results, to give an example of
what an AIRSpec user can obtain from it.

In the baseline package (Section 3.1.2), we first baseline correct the spectra matrix, discussing the EDF parameters selection.
In Section 3.2.2, we use the baseline corrected spectra of two sample (one collected in the urban site Phoenix, Arizona, and
one collected in the rural location St. Marks, Florida) to quantify the FGs, the OM, and OM/OC. In Section 3.3.2, we use the
baseline corrected spectra and collocated measurements of OC and EC (measured with thermal-optical methods), to calibrate

the spectra to estimate unseen OC and EC concentrations.
3.1 Smoothing spline baseline correction
3.1.1 Background

Instrumental drift and scattering by particles and the substrate used for their collection creates an interfering signals that
hinders quantitative analysis of absorption spectra using the Beer-Lambert law. For the transmission mode spectra of particles
collected onto PTFE presented here (obtained by ratioing sample to background single beam spectra), the subtraction of the
spectrum filter before sample exposure (blank) from the aerosol spectrum has been shown to provide an insufficient remedy
(Takahama et al., 2013). A smoothing spline (Reinsch, 1967) is used to model the baseline by regressing onto background
regions (where no analyte absorption is expected) and interpolating through the analyte region (Kuzmiakova et al., 2016). The
spectrum is divided into multiple regions so that optimal baseline correction parameters can be obtained for each segment.
For each spectrum and each segment, the baseline is obtained for a given smoothness penalty A by minimizing the objective

function
N A ~
min 3 uylys — FE) 4 / Pt (1)
=1

y; and f (7;) are observed and fitted absorbances at wavenumber j, respectively, and A is a smoothing penalty. The first term
represents the fidelity of fitted values to the background absorbance, and the regularization term imposes rigidity on f (7;). The

baseline is approximated by a natural cubic spline basis f(7) = vazl B;(¥)ay; with coefficient « for each basis function. w is
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the weight at wavenumber j, which we define as:

0 if 7; € Wy (analyte region)
wj = (2)
1 if ; € Wp (background region) .
A has a monotonic relationship with the effective degrees of freedom (EDF) of the smoothing spline fit (Hastie and Tibshirani,
1990; Green and Silverman, 1993), for which candidate values can be more easily understood through analogy to that of pro-
jection matrices commonly used in regression more generally. Letting f = [f(7;)], W = diag(w;), Qn = [[ B’ (t) BJ ()dt],
and K = (BT) ' QuB~! with B = [B;(7;)] eq. | can be written as:

min (y - Wy )+ \fFTKF,
for which the solution is given as a transformed version of the original spectrum:
F=Ba=B(B "WB+AQy) B Wy=(W+\K) 'Wy=S,y. 3)

For a given value of )\, the corresponding EDF) = Tr(S,) is defined by the trace of the smoother matrix Sy, which in turn
depends on the penalty matrix K and the regression weights W (eq. 3). EDF replaces A and its value effectively determines
the rigidness of the resulting baseline (EDF = 2 is a straight line) and must be selected by the user. For a candidate set of EDF

values, the negative absorbance fraction (NAF) is used to evaluate whether a physically realistic spectrum is obtained. NAF

represents the contribution of negative analyte absorbance, ||@4—||;, to the total analyte absorbance, ||a4]|;:
as_

NAF = 124= 1 0097 )
laall,

where ||-||; denotes the 1-norm magnitude of a vector (summation of all absolute values of vector elements). NAF is calculated
across the entire wavenumber range in the analyte region of in a given segment.

In our current implementation, we provide Wy for two segments (4000—-1820 cm™'and 2000-1500 cm ') in the high-
frequency region (>1500 cm 1) of the spectrum where stretching and bending modes of bonds in carbon-hydrogen, carboxylic
acid, carbonyl, hydroxyl, and amine groups are present (Maria et al., 2003a). This region has been used extensively for func-
tional group analysis (Russell et al., 2011; Takahama et al., 2013) and estimation of carbon content (Dillner and Takahama,
2015a, b). The values of Wp provided undergo iterative adjustment by the algorithm to further avoid negative regions, and
by this approach have generated suitable baselines for ambient PM samples (Kuzmiakova et al., 2016). Howe