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Abstract: In this study, we reviewed smog chamber systems and methodologies used in secondary
organic aerosol (SOA) formation studies. Many important chambers across the world have been
reviewed, including 18 American, 24 European, and 8 Asian chambers. The characteristics of the
chambers (location, reactor size, wall materials, and light sources), measurement systems (popu-
lar equipment and working principles), and methodologies (SOA yield calculation and wall-loss
correction) are summarized. This review discussed key experimental parameters such as surface-to-
volume ratio (S/V), temperature, relative humidity, light intensity, and wall effect that influence the
results of the experiment, and how the methodologies have evolved for more accurate simulation
of atmospheric processes. In addition, this review identifies the sources of uncertainties in finding
SOA yields that are originated from experimental systems and methodologies used in previous
studies. The intensity of the installed artificial lights (photolysis rate of NO2 varied from 0.1/min to
0.40/min), SOA density assumption (varied from 1 g/cm3 to 1.45 g/cm3), wall-loss management, and
background contaminants were identified as important sources of uncertainty. The methodologies
developed in previous studies to minimize those uncertainties are also discussed.

Keywords: emission; measurement system; secondary organic aerosol; smog chamber; wall loss

1. Introduction

Solid and liquid aerosol particles floating in the air can originate from various sources,
such as sea spraying, volcanic eruptions, industrial emissions, and fossil fuel combus-
tion [1]. Aerosols have complex chemical structures, and their sizes vary depending on
their source [2]. Aerosols larger than 2.5 µm in diameter are primarily composed of soil
dust, sea salts, and plant fragments, whereas those smaller than 2.5 µm in diameter are
formed in the atmosphere through fuel combustion and gas/particle conversion of volatile
compounds [3]. These aerosols are important research topics because they can significantly
affect visibility by scattering and absorbing solar radiation and influence climate by act-
ing as cloud condensation nuclei [4,5]. Aerosols can also affect air quality and human
health [6,7].

Organic aerosols (OAs) are the major components of atmospheric pollution and ac-
count for 20–50% of global aerosol loading [8,9]. Among OAs, primary organic aerosols are
directly emitted from natural and anthropogenic sources, and secondary organic aerosols
(SOAs) are formed by photochemical reactions of volatile organic compounds with oxi-
dants. SOAs account for a significant portion of total OAs. Zhang et al. [10] showed that
64%, 83%, and 95% of total OAs at urban, urban downwind, and rural sites, respectively,
were SOAs.
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Because of the abundance of SOAs, many previous studies have examined their
formation mechanisms and measured their production yields based on smog chamber
experiments. These SOA yield data have been used in atmospheric models to forecast
the total SOA mass concentrations [11]. Because the accuracy of the yield data is critical
for the accurate prediction of SOA concentrations, it is very important to closely review
previous SOA formation studies and understand the factors influencing the accuracy of
SOA yield data.

Many previous researchers have identified key chamber parameters such as volume,
surface-to-volume ratio (S/V), temperature, relative humidity, light intensity, and wall
effect that influence the results of experiments, and they developed methodologies for more
accurate simulation of atmospheric processes. Large chambers sized up to hundreds of
cubic meters were built to reduce S/V, thereby reducing the wall loss [12–14]. EUPHORE
(European Photoreactor) built in 1995 has dual 200 m3 semispherical reactors [15]. SAPHIR
(Simulation of Atmospheric Photochemistry in a Large Reaction Chamber) built in 2000
has a 270 m3 cylindrical reactor [16]. HELIOS (cHambrE de simuLation atmosphérique à
Irradiation naturel d’OrléanS) built in 2007 has a 90 m3 semispherical reactor [17]. These
chambers were built in semispherical or cylindrical shape to reduce the surface area at
a given volume [13]. In addition, researchers have improved the SOA yield calculation
method by measuring aerosol density instead of using aerosol density assumptions for
more accurate calculation of SOA yield [18,19]. The wall loss correction methods have also
been evolved from the averaged method [20,21], where the average wall loss rate is obtained
and corrected for the total aerosol concentration, to the size-dependent method [22,23],
where the multiple wall loss rates for various particle sizes are calculated and corrected in
order to account for the variability of wall loss depending on particle size.

This review summarizes smog chambers, measurement systems, and the methods
used in previous studies on chamber-based SOA formation. The characteristics of chambers
and measurement systems, as well as the underlying reasons for their widespread use in
research studies, are explained. Various yield calculation and wall-loss correction method-
ologies developed in previous studies are summarized and compared. The characteristics
of the chambers that influence the SOA simulation and the sources of uncertainties in
the SOA yield data originated from the experimental systems and methodologies were
identified. This review specifically focuses on chamber systems in SOA formation studies,
offering a higher level of detail than that found in previous review papers on chamber-
based atmospheric process studies [11–13]. The information summarized in this review
will guide researchers in understanding the sources of uncertainties in SOA yield data and
performing smog chamber experiments.

2. Methods

Research articles on smog chamber studies related to SOA formation, written in
English, were reviewed. To search papers to review, we took two approaches. First,
we listed well-known major indoor and outdoor chambers across the world, especially
European chambers. Then, we found the SOA formation studies conducted in those
chambers using Google Scholar and keywords such as secondary aerosol, SOA, and the
name or the institute of the chambers. Second, we also searched SOA studies on Google
Scholar without specifying the chambers. The following keywords were used in the search:
secondary aerosol, SOA, chamber, and chamber experiment. Among numerous articles
found in the search, we selected ones that provided detailed information regarding chamber
specifications and experimental procedures.

In addition to reviewing the chamber studies, we identified key chamber parameters,
considerations, methodologies, and source of uncertainties related to the SOA formation.
The relevant studies were found either from the reference list of the reviewed chamber
studies or from Google Scholar search. As a result, we reviewed 65 studies on SOA
formation in total, which were published between 1978 and 2023. This study focused
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on reviewing the characteristics of chambers, key considerations, methodologies, and
uncertainties related to SOA formation studies.

3. Results
3.1. Chamber

Table 1 summarizes general information on the chambers used in previous studies,
such as the type, reactor size, wall material, and light source of the chamber, and usage
location by country and institute. Chambers can be classified as indoor, outdoor, and mobile.
Indoor chambers were the dominant choice in previous chamber studies (44 out of 65)
because they were designed to control input materials and meteorological conditions, such
as temperature, relative humidity, and light intensity. The high level of control makes them
suitable for performing experiments under diverse environmental conditions and facilitates
reproducibility through multiple iterations. However, emulating the real atmosphere in
indoor chamber experiments remains challenging [11].

Table 1. General information on chambers used in secondary organic aerosol studies.

Location Country Institute (Chamber) Reactor Size Wall
Material Light Source Reference

Indoor USA Caltech 11.3 m3 TFE Fluorescent bulb [24]

Indoor USA Caltech Dual
28 m3 FEP Blacklight lamp [19,25,26]

Indoor USA Carnegie Mellon U. Dual
1.5 m3 PTFE UV lamp [27]

Indoor USA Georgia Institute of
Technology

Dual
12 m3 FEP Blacklight lamp [23,28,29]

Indoor USA National Exposure Research
Lab 14.5 m3 PTFE Fluorescent bulb [30,31]

Indoor USA U. of San Diego 0.3 m3 Tedlar/Teflon N/A [32]
Indoor USA UC Riverside 18 m3 Teflon Dark [33]
Indoor USA UC Riverside 30 m3 FEP Blacklight lamp [34]
Indoor USA UC Riverside 7 m3 PTFE Dark [35]

Indoor USA UC Riverside Dual
90 m3 FEP Argon arc lamp,

Blacklight lamp [20,36]

Indoor USA UT Austin 10 m3 Teflon Blacklight lamp [37]
Indoor USA U. of New Hampshire 6 m3 FEP Blacklight lamp [38]
Indoor USA Washington State U. 2 m3 PVF Blacklight lamp [39]
Indoor Germany U. of Wuppertal (QUAREC) 1.08 m3 Quartz Blacklight lamp [40]

Indoor Germany Institute for Energy and
Climate Research 1.45 m3 Teflon UV lamp [41]

Indoor Germany TROPOS (LEAK) 19 m3 Teflon Blacklight lamp [42,43]
Indoor Germany KIT (AIDA) 84 m3 Aluminium LED [44] *
Indoor France LISA (CESAM) 4.2 m3 Stainless steel Xenon arc lamp [45,46]
Indoor France ICARE 7.3 m3 FEP N/A [46]

Indoor France U. of the Littoral Opal Coast 8 m3 Altuglas Dark, Fluorescence
tube [47]

Indoor UK Manchester U. (MAC) 18 m3 FEP Xenon arc lamp [48,49]
Indoor UK U. of Leeds (HIRAC) 2 m3 Stainless steel Blacklight lamp [50]
Indoor Ireland U. College Cork (IASC) 27 m3 FEP UV lamp
Indoor Italy INFN (CHAMBRe) 2.2 m3 Stainless steel UV lamp [51] *

Indoor Denmark Aarhus University Research
on Aerosol 5 m3 Teflon UV lamp [52]

Indoor Finland U. of Eastern Finland
(ILMARI) 29 m3 Teflon Blacklight lamp [53]

Indoor Romania Alexandru Ioan Cuza U.
(CERNESIM) 0.76 m3 Quartz Blacklight lamp
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Table 1. Cont.

Location Country Institute (Chamber) Reactor Size Wall
Material Light Source Reference

Indoor Sweden Lund U. 6 m3 FEP UV lamp [54]

Indoor Switzerland U. of Applied Sciences 76 mL Quartz
Mercury lamp,

UV lamp,
Halogen lamp

[55]

Indoor Switzerland Paul Scherrer Institute (PACS) 5.5 m3 Teflon UV lamp [56]
Indoor Switzerland Paul Scherrer Institute (PACS) 27 m3 FEP Xenon arc lamp [18,57]
Indoor China Beijing U. 10 m3 Quartz Dark/UV lamp [58]

Indoor China Chinese Academy
of Sciences 30 m3 FEP Blacklight lamp [59,60]

Indoor China Shandong Jianzhu U. 1 m3 FEP Blacklight lamp [61]
Indoor China Shanghai U. 1.2 m3 Teflon Blacklight lamp [62]
Indoor China Zhejiang U. 3 m3 Teflon Blacklight lamp [63]

Indoor Republic of
Korea

Kyungpook
National U. 7 m3 FEP UV lamp [64]

Outdoor USA Caltech 60 m3 PTFE Sun [65,66]

Outdoor USA U. of Florida
(UF-APHOR)

Dual
52 m3 FEP Sun [67,68]

Outdoor USA U. of North Carolina 190 m3 Teflon Dark/Sun [69–71]

Outdoor USA U. of North Carolina Dual
270 m3 Teflon Sun [72,73]

Outdoor Germany Forschungszentrum
Jülich (SAPHIR) 270 m3 FEP Sun [74,75]

Outdoor Spain CEAM (EUPHORE) Dual 200 m3 Teflon Sun [46,76,77]
Outdoor France ICARE (HELIOS) 90 m3 FEP Sun [17]

Outdoor China Chinese Research Academy of
Environmental Sciences 56 m3 FEP Sun [78]

Outdoor India Indian Institute of Technology
Kanpur 12.5 m3 FEP Sun [79]

Mobile USA Carnegie Mellon U. 7 m3 Teflon Blacklight lamp/Sun [80]

Mobile Greece Foundation for Research and
Technology Hellas (FORTH)

Dual
1.5 m3 PTFE UV lamp/Sun [81,82]

Mobile Switzerland Paul Scherrer Institute (PACS) 9 m3 FEP UV lamp [83]

* Not an SOA formation study; AIDA: Aerosol interaction and dynamics in the atmosphere; CEAM: Fundación
centro de estudios ambientales del mediterráneo; CERNESIM: Integrated centre of environmental science studies
in the north east region; CESAM: Chamber for experimental multiphase atmospheric simulation; CHAMBRe:
Chamber for aerosol modelling and bio-aerosol research; EUPHORE: European Photoreactor; FORTH: Founda-
tion for research and technology Hellas; HELIOS: Chambre de simulation atmosphérique à irradiation naturel
d’Orléans; HIRAC: Highly instrumented reactor for atmospheric chemistry; IASC: Irish atmospheric simulation
chamber; ICARE: Institute of combustion, aerothermics, reactivity and environment; ILMARI: Aerosol physics,
chemistry and toxicology research unit; INFN: Istituto nazionale di fisica nucleare; KIT: Karlsruhe institute of
technology; LEAK: Leipziger aerosolkammer; LISA: Laboratoire interuniversitaire des systèmes atmosphériques;
MAC: Manchester aerosol chamber; PACS: Paul Scherrer institute atmospheric simulation chambers; QUAREC:
Quartz reactor; SAPHIR: Simulation of atmospheric photochemistry in a large reaction chamber; TROPOS:
Leibniz institute for tropospheric research; UF-APHOR: University of Florida—The atmospheric photochemical
outdoor reactor.

Overall, 17 of the 65 studies used outdoor chambers, which are normally installed on
the rooftops and terraces of buildings. Outdoor chambers allow input material control but
have limited controllability against meteorological conditions because they are typically
exposed directly to outdoor conditions such as temperature and sunlight. Ambient air [69],
purified air [78], or their mixture [72,73] is used as the background air of experiments.
Relative humidity can be controlled even in outdoor chambers using dry purified air
or humidifiers [65,72]. The advantage of outdoor chambers is that the experiments are
conducted under conditions similar to those of the real atmosphere, thereby limiting
controllability and reproducibility. Behera and Sharma [79] selected an outdoor chamber
using sunlight and claimed that artificial light sources do not have the same spectrum as that
of sunlight. Zhou et al. [73] used outdoor chambers to investigate the effects of humidity on
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aerosol formation under real atmospheric conditions. The last type of chamber is a mobile
chamber that can be moved and installed in any place, including indoors, outdoors, and
in vehicles such as cars and airplanes. Miracolo et al. [80] used a mobile chamber in an
airplane to investigate the effect of airplane exhaust on SOA formation, and Platt et al. [83]
used a mobile chamber to study SOA formation from gasoline vehicle emissions.

The reactor size (part of the chamber where the reactions were conducted) used in
previous studies varied from 76 mL to 270 m3. Typically, outdoor chambers (12.5 to 270 m3)
were larger than indoor chambers (76 mL to 90 m3). Large chambers are preferred to
minimize the effect of wall loss (see Section 3.7 for more details) because they could have a
small surface-area-to-volume ratio. However, cleaning, mixing, and conducting reaction
studies in large volumes of large chambers can be time-consuming [84]. Eight chambers
have dual reactors, in which one reactor can serve as the experimental chamber while the
other can serve as the control chamber [27]. This allows for an examination of the effects
of a parameter that was designed to be different in the two reactors. This characteristic is
essential for outdoor chambers to overcome the difficulty in recreating weather conditions.

The chamber walls were typically fabricated using fluoropolymers, such as polyte-
trafluoroethylene (PTFE), fluorinated ethylene propylene (FEP), tetrafluoroethylene (TFE),
and polyvinyl fluoride (PVF). These polymers have outstanding chemical, thermal, and
ultraviolet (UV) resistance, making them suitable as reactor wall materials. PTFE is mechan-
ically stable [85] and has excellent abrasion resistance [86], electrical stability, low coefficient
of friction, and low dielectric constant [87]. FEP is more transparent than the other materials
and is desirable for delivering external light inside a chamber for photochemical reaction
experiments. Paulsen et al. [57] showed that FEP transmits >90% light in the 290–800 nm
wavelength range, whereas PVF has a high UV light filtration capacity. Other than fluo-
ropolymers, quartz, stainless steel, and aluminium were used as wall materials. Quartz
is also known for its chemical resistance and high UV transmittance. Among 65 previous
studies, only four chambers used quartz as the chamber wall material. Table 1 summarizes
the wall materials used in previous studies. The brand names Teflon, Tedlar, and Altuglas
were listed rather than the actual material names in some previous studies, because the
material name was not specified in the manuscripts.

3.2. Experimental Method and Procedure

The majority of previous chamber-based studies followed a typical experimental
method and procedure explained in this section. Prior to SOA experiment, researchers
performed characterization of lighting, background contaminants, and wall effect [20].
They also calibrated measurement devices based on synthetic standard samples. For an
accurate simulation of SOA formation processes, chambers were flushed for several hours
with background air (purified or ambient air) to remove any unwanted contaminants
previously captured inside the chamber system. Pure air generators or filters were used
to supply purified air. Carter et al. (2005) [20] used a pure air generator (Aadco 737,
Cleves, OH, USA) and achieved background concentrations of particles <0.2 cm−3, non-
methane hydrocarbons < 1 ppb, and NOx < 10 ppt. Babar et al. (2016) [64] used activated
carbon beds and HEPA filters to purify ambient air to achieve background concentrations
of particles < 10 cm−3, VOCs (C5–C10) < 1 ppb, NOx < 1 ppb, and O3 < 1 ppb. Unlike
these two studies, there are also many chamber studies, which used unpurified ambient
air in order to simulate SOA formation under real atmospheric environment. Instead of
removing contaminants, these studies typically reported the characterization of background
contaminants [69–71,73,77,79]. Temperature and relative humidity were set to the target
and maintained to reach steady-state conditions. After the cleaning and initialization of the
chamber, pollutants (parent hydrocarbon, oxidants, and other gaseous pollutants) were
injected and their concentrations were monitored throughout the experiment. The gaseous
and particulate product of the reaction were identified and measured using a measurement
system connected to the outlet of the chamber. The amount of generated SOA was corrected
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for the wall loss. In-depth discussions related to light, temperature, humidity, measurement
system, SOA calculation, and wall loss can be found in Sections 3.3–3.7.

3.3. Light Sources

Light affects oxidation reactions and plays an important role in the formation of SOAs.
For example, Bejan et al. (2020) showed that the photolysis of nitrophenols is an importance
source of SOA [40]. Therefore, most previous studies have used artificial or natural light
to simulate atmospheric photooxidation inside the chamber. Most indoor chambers are
equipped with gas-discharge lamps, such as fluorescent bulbs, blacklight lamps, UV lamps,
argon arc lamps, and xenon arc lamps, as artificial light sources, whereas outdoor chambers
are designed to receive sunlight (Table 1). The mobile chamber used by Miracolo et al. [80]
uses either black light or sunlight, and the mobile chamber used by Kaltsonoudis et al. [81]
uses either UV lamps or sunlight.

One of the primary considerations in selecting artificial light sources is the similarity
of their spectral distribution to that of sunlight. Xenon and Argon arc lamps offer closely
comparable simulations of sunlight within the UV and visible spectral ranges [18,20].
However, blacklight lamps primarily emit UV light, with very little visible light. Therefore,
the photolysis rates of O3 and NO3, which are affected by long wavelengths of light, are
significantly reduced by blacklight [20].

The intensity of light is also very important parameter in SOA formation, since it
affects the formation rate. The intensity is determined by many factors such as the number
of light bulbs, installation location, and spectral characteristics of each lamp. The light
bulbs were typically installed on the inner surface of the exterior enclosure [20,34,58,59],
and tens of centimeters away from the reactor wall to prevent from overheating the reactor
surface [61,64].

The aggregated characteristics of the set of lights must be empirically determined
based on the measurement of the spectral distribution using spectroradiometer or chemical
actinometry experiments such as NO2 photolysis. The spectral distribution or photolysis
rate measured inside the chamber must be similar to those of sunlight for an accurate
simulation of atmospheric process. Table 2 summarizes the information on the intensity
and spectral characteristics of artificial lights used in previous studies. Sixteen previous
studies reported the photolysis rate of NO2, which ranged from 0.1/min to 0.40/min. Only
two studies provided the full spectral distribution of their light sources with respect to that
of sunlight [20,64]. Carter et al. (2005) [20] showed how the spectrum of argon arc light
resembled that of sunlight between wavelengths of 300 nm and 600 nm (Figure 2 of [20]).
Babar et al. (2016) [64] compared the spectral distributions of the UV lamp and sunlight
between wavelengths of 200 nm and 600 nm (Figure 6 of [64]). Twenty studies provided
information on the peak wavelengths of their lights instead of the full spectrum.

Table 2. Intensity and spectrum of artificial light sources.

First Author Year Light Intensity Light Spectrum Ref.

Al-Naiema 2020 NO2 photolysis rate (0.34/min) Peak wavelength (300–400 nm) [31]
Babar 2016 NO2 photolysis rate (0.17/min) Full spectral distribution [64]
Bejan 2020 - Peak wavelength (360 nm) [40]
Boyd 2015 NO2 photolysis rate (0.28/min) Peak wavelength (354 nm) [28]
Cai 2008 - Peak wavelength (365 nm) [38]

Carter 2005 NO2 photolysis rate (0.26/min) Full spectral distribution [20]
Chen 2020 NO2 photolysis rate (0.38/min) - [63]
Deng 2020 NO2 photolysis rate (0.25/min) - [60]

Du 2022 NO2 photolysis rate (0.11~0.18/min) - [48]
Hartikainen 2018 - Peak wavelength (350 nm) [53]

Jahn 2021 - Peak wavelength (354 nm) [37]
Kaltsonoudis 2019 NO2 photolysis rate (0.1/min) Peak wavelength (350–400 nm) [81]
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Table 2. Cont.

First Author Year Light Intensity Light Spectrum Ref.

Keller 2012 - Peak wavelength (254 nm) [55]
Kleindienst 2007 - Peak wavelength (300–400 nm) [30]
Kristensen 2020 NO2 photolysis rate (0.2/min) Peak wavelength (350 nm) [52]

Lee 2006 - Peak wavelength (354 nm) [25]
Ma 2022 NO2 photolysis rate (0.40/min) Peak wavelength (371 nm) [58]

Murphy 2007 - Peak wavelength (354 nm) [26]
Nordin 2013 NO2 photolysis rate (0.2/min) Peak wavelength (350 nm) [54]
Paulsen 2005 NO2 photolysis rate (0.12/min) Note 1 [57]

Platt 2013 NO2 photolysis rate 0.24 /min Peak wavelength (368 nm) [83]
Pullinen 2020 - Peak wavelength (365 nm) [41]

Qi 2020 NO2 photolysis rate (0.17/min) Peak wavelength (365 nm) [62]
Schuetzle 1978 Note 2 - [39]
Seinfeld 2003 - Peak wavelength (244 nm) [24]
Stefenelli 2019 - Peak wavelength (400 nm) [56]

Vu 2019 NO2 photolysis rate (0.23/min) Peak wavelength (365 nm) [34]
Wang 2021 NO2 photolysis rate (0.117/min) - [61]

Note 1. Authors claimed that Xenon arc lamp has a spectral density similar to that of sunlight. Note 2. Authors
claimed that the light intensity corresponds to 75% of noontime sunlight.

3.4. Temperature and Humidity

Temperature is one of the important parameters in SOA formation, since high temper-
ature increases the vapor pressure of VOCs. As a result, heat typically has a negative effect
on SOA formation, as shown in many previous studies. Kristensen et al. [52] claimed that
the SOA formed from α-pinene under the presence of ozone increased due to increased
condensation of semivolatile oxidation products at lower temperature, and Von Hessberg
et al. [88] showed that SOA yield from ozonolysis of β-pinene increased as the temperature
decreased under dry condition.

Humidity is another important parameter in SOA formation, since it affects the proton
transfer and oxidation processes in SOA formation. Previous studies have identified how
the water vapor intervenes the partitioning of key precursors and oxidants, which in turn
may positively and negatively affect the yield of SOA formation. For example, nitrogen
dioxide (NO2) reacts with water vapor (hydrolysis) to form nitrous acid (HONO) and nitric
acid (HNO3) [89]. Ozone photolysis in the presence of water vapor forms hydroxyl radical
(OH) [90]. These reactions can be formulated as below.

2NO2 + H2O → HONO + HNO3 (1)

O3 + hν → O2 + O (2)

O + H2O → 2OH (3)

In addition, humidity perturbs the thermodynamic equilibrium between gas- and
particle-phase organics. As a result, gas-phase organic mass may condense into wet seed
particles, increasing the yield of SOA formation [91,92]. Seinfeld et al. (2001) [92] showed
that the SOA yield increases with increased relative humidity in α-pinene-, β-pinene-,
sabinene-, ∆3-carene-, and cyclohexene-ozone systems.

Due to their important roles, accurate measurement of temperature and humidity is
critical in an atmospheric simulation chamber. A temperature measurement device can
be a thermocouple, resistant sensor, ultrasonic anemometer, or fiber optic sensor, and it
must be selected based on the consideration of the measurement range, precision, and time
resolution [93]. For example, fast sensors with low heat capacities may not be suitable
for simulation with condensable compounds due to latent heat transfer. In addition, the
temperature sensor needs to be covered to prevent direct exposure to light radiation [20].
Humidity can be measured using thin-film capacitive humidity sensors or dew point mirror
sensors [93]. The capacitive sensors measure the humidity-induced change in dielectric
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constant between a pair of electrodes. Researchers need to be careful in using the capacitive
sensors in an experiment with high concentrations of oxidizing reactants, since they may
destroy the sensors. Dew point mirror sensors measure the dew point temperature based
on the light reflection caused by condensed water on the mirror. This type of sensor is
suitable when the major condensing species in the chamber is water [93].

The ability to control temperature and humidity is also important to simulate SOA
formation under a wide range of temperature and humidity. For indoor chambers, temper-
ature is controlled by an air conditioning system installed inside the enclosure. For outdoor
chambers, the reactors are directly exposed to outdoor temperature, however temperature
can still be controlled by cooling the floor of the reactor [12]. Relative humidity can be
controlled in both indoor and outdoor chambers using purified air and humidifiers which
are connected to the inlet of the reactors.

Table 3 summarized the temperature and humidity conditions used in previous cham-
ber studies. Most experiments were conducted under room temperature (between 20 and
30 ◦C) and dry condition (relative humidity of <10%). As can be seen in Table 3, there were
a few studies that used multiple temperature and humidity conditions to assess the effects
of temperature and humidity on SOA formation. Kristensen et al. [52] used a subzero
temperature and showed that the α-pinene ozonolysis rate increased significantly at low
temperatures. Jahn et al. [37] conducted a chamber simulation under both dry and humid
conditions and showed higher SOA yields for decane without any oxidants at the humid
condition, whereas Na et al. [33] showed that a high humidity condition has a negative
effect on the SOA formation from styrene ozonolysis.

Table 3. Temperature and humidity conditions of chamber experiments.

Location First Author Year Temperature Humidity Ref.

Indoor

Al-Naiema 2020 - 30% [31]
Babar 2016 24 ◦C <3% [64]

Bahreini 2005 20 ± 2 ◦C <10%, 55 ± 5% [19]
Bejan 2020 10–40 ◦C - [40]
Boyd 2015 - <2%, 50%, 70% [28]
Cai 2008 24–27 ◦C - [38]

Carter 2005 27–32 ◦C - [20]
Chen 2020 37 ◦C 7%, 63–68% [63]
Deng 2017 24.6–26.9 ◦C 50.5–63.7% [59]
Deng 2020 25 ± 1 ◦C 2.7–10.3% [60]

Du 2022 25 ◦C 50% [48]
Docherty 2005 25 ± 3 ◦C <0.5% [35]
Fisseha 2004 20 ◦C 40–50% [18]

Gatzsche 2017 - <55% [43]
Hastings 2005 20 ◦C 22–44% [32]

Hartikainen 2018 18 ± 2 ◦C 60 ± 5% [53]
Henry 2008 21 ± 2 ◦C 6–10% [47]
Jahn 2021 - <5%, 40–55% [37]
Jorga 2020 23–25 ◦C 20–70% [27]
Keller 2012 25–35 ◦C <4%, 21–24% [55]

Kristensen 2020 −14.5–20.3 ◦C 0–19.8% [52]
Lamkaddam 2017 50 ◦C <1% [45]

Lee 2006 20–22 ◦C 40–56% [25]
Ma 2022 15–30 ± 1 ◦C <10% [58]

Murphy 2007 20–25 ◦C <10% [26]
Na 2006 20 ± 1 ◦C <2%, 50–60% [33]

Nah 2016 25 ◦C <5% [23]
Nah 2017 25 ◦C <5% [29]

Nordin 2013 22 ± 2 ◦C 3–10% [54]
Paulsen 2005 23.5 ± 1 ◦C 50% [57]
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Table 3. Cont.

Location First Author Year Temperature Humidity Ref.

Indoor

Qi 2020 25 ± 2 ◦C <20% [62]
Song 2005 27 ◦C <2% [36]

Stefenelli 2019 −10, 2, 15 ◦C 50% [56]
Vu 2019 25, 30 ◦C <7% [34]

Wang 2021 25 ± 3 ◦C 29 ± 3% [61]
Wang 2022 25 ± 2 ◦C 50 ± 5% [49]

Outdoor

Behera 2011 35.8 ± 5.7 ◦C 58.3 ± 17.5% [79]
Couvidat 2018 21–36 ◦C 0.4–37% [77]

Jang 1999 −5–24 ◦C 55–100% [70]
Jang 2001 29–31 ◦C 34–38% [71]

Kamens 1999 6–23 ◦C 55–100% [69]
Leungsakul 2005 8–40 ◦C - [72]

Li 2021 2–44 ◦C <1% [78]
Madhu 2023 4–52 ◦C 12–99% [68]
Zhou 2011 2–40 ◦C 9–98% [73]

Mobile
Jorga 2021 13–24 ◦C 30–45% [82]

Miracolo 2011 23 ± 2.5 ◦C 14.7 ± 3.8% [80]
Platt 2013 22 ◦C - [83]

3.5. Measurement Systems

Tables 4 and 5 summarize the detection devices used in SOA studies. These devices
can be classified as general pollutant detectors, which can be used to detect a wide range of
pollutants, or as specific pollutant detectors, which can be used to detect specific pollutants.

Table 4. Commonly used detection equipment in secondary organic aerosol studies.

Category Pollutant Basis for Detection Equipment Typical Result

General pollutant
detector

Gas

Surface affinity (SA)
GC-ECD Nitrate concentration
GC-FID Hydrocarbon concentration
GC-PID Hydrocarbon concentration

Mass
ESI-MS, LDI-MS,

MS, PTR-MS,
SPI-MS, CI-MS

Mass spectrum of gas-phase
oxidation product

SA and mass GC-MS, GC-MSD Mass spectrum of gas-phase
oxidation product

Ion
Ion affinity IC, PILS-IC Ion concentration

Ion affinity and mass IC-MS Mass spectrum of ion
oxidation product

Particle

N/A CPC Count of SOA

Size
EAA,

SEMS (DMA-CPC),
SMPS (DMA-CPC)

Size spectrum of SOA

Mass AMS Mass spectrum of SOA
Size and mass APM-SMPS Density spectrum of SOA

Light absorption FTIR Infrared absorption spectrum
of SOA
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Table 4. Cont.

Category Pollutant Basis for Detection Equipment Typical Result

Specific pollutant
detector

NOx - NOx analyzer NOx concentration
O3 - O3 analyzer O3 concentration

CO, CO2 - CO, CO2 analyzer CO, CO2 concentration
SO2 - SO2 analyzer SO2 concentration
NH3 - NH3 analyzer NH3 concentration

AMS: Aerosol mass spectrometer; APM-SMPS: Aerosol particle mass analyzer-scanning mobility particle sizer;
CI-MS: Chemical ionization-mass spectrometer; CPC: Condensation particle counters; DMA: Differential mobility
analyzer; EAA: Electrical aerosol analyzer; ESI-MS: Electrospray ionization-mass spectrometry; FTIR: Fourier-
transform infrared; GC-ECD: Gas chromatograph-electron capture detector; GC-FID: Gas chromatograph-flame
ionization detector; GC-MS: Gas chromatography-mass spectrometry; GC-MSD: Gas chromatograph-mass se-
lective detector; GC-PID: Gas chromatograph-photoionization detector; IC: Ion chromatography; IC-MS: Ion
chromatography-mass spectrometry; LDI-MS: Laser desorption ionization-mass spectrometry; MS: Mass spec-
trometry; PILS-IC: Particle into liquid sampler-ion chromatography; PTR-MS: Proton transfer reaction-mass
spectrometry; SEMS: Scanning electrical mobility spectrometer; SMPS: Scanning mobility particle sizer; SPI-MS:
Single photon ionization-mass spectrometry.

Table 5. General pollutant detectors used in previous secondary organic aerosol studies.

First Author Year
Gas Ion Particle

Ref.
Detector MS Hybrid Detector Hybrid Sizer MS Hybrid FTIR

Al-Naiema 2020 GC-FID IC [31]
Babar 2016 GC-PID SMPS [64]

Bahreini 2005 GC-FID SEMS AMS [19]
Behera 2011 [79]
Bejan 2020 SMPS FTIR [40]
Boyd 2015 GC-FID CI-MS SMPS AMS [28]

Brownwood 2021 CI-MS SMPS AMS [75]
Cai 2008 GC-FID SMPS AMS [38]

Carter 2005 GC-FID SEMS [20]
Couvidat 2018 SMPS [77]

Chen 2020 GC-MS SMPS AMS [63]
Deng 2017 GC-FID PTR-MS GC-MS SMPS AMS [59]
Deng 2020 GC-FID PTR-MS GC-MS SMPS AMS [60]

Du 2022 CI-MS [48]
Docherty 2005 GC-FID SMPS AMS [35]

Emanuelsson 2013 PTR-MS SMPS [74]
Fisseha 2004 PTR-MS GC-MS IC-MS SMPS AMS [18]

Gatzsche 2017 PTR-MS SMPS [43]
Hastings 2005 ESI-MS GC-MS SMPS [32]

Hartikainen 2018 PTR-MS GC-MS SMPS AMS [53]
Henry 2008 GC-FID SMPS [47]
Jahn 2021 CI-MS SEMS [37]
Jang 1999 GC-MS FTIR [70]
Jang 2001 GC-MS FTIR [71]
Jorga 2020 PTR-MS SMPS AMS [27]
Jorga 2021 PTR-MS SMPS AMS [82]

Kaltsonoudis 2019 PTR-MS SMPS AMS [81]
Kamens 1999 GC-FID EAA [69]
Keller 2012 SMPS [55]

Kleindienst 2007 GC-MS [30]
Kristensen 2020 GC-FID PTR-MS SMPS [52]

Lamkaddam 2017 PTR-MS SMPS FTIR [45]
Lee 2006 GC-FID PTR-MS [25]

Leungsakul 2005 GC-
ECD SMPS FTIR [72]
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Table 5. Cont.

First Author Year
Gas Ion Particle

Ref.
Detector MS Hybrid Detector Hybrid Sizer MS Hybrid FTIR

Li 2021 GC-MS SMPS FTIR [78]

Ma 2022 SPI-MS,
PTR-MS SMPS [58]

Madhu 2023 GC-FID PILS-IC SMPS [68]
Miracolo 2011 GC-MS SMPS AMS [80]
Murphy 2007 LDI-MS PILS-IC DMA AMS [26]

Na 2006 GC-FID SEMS [33]
Nah 2016 GC-FID SMPS AMS [23]
Nah 2017 GC-FID SMPS AMS [29]

Nordin 2013 PTR-MS GC-MS SMPS AMS [54]
Odum 1997 GC * SEMS [66]
Pandis 1991 GC-FID GC-MS SEMS [65]

Paulsen 2005 GC-FID LDI-MS,
PTR-MS GC-MS IC IC-MS SMPS FTIR [57]

Platt 2013 SMPS FTIR [83]
Pullinen 2020 PTR-MS GC-MS AMS [41]

Qi 2020 SPI-MS SMPS AMS [62]
Schuetzle 1978 MS [39]
Seinfeld 2003 GC-FID SMPS [24]

Song 2005 GC-FID SMPS [36]
Stefenelli 2019 PTR-MS GC-MS SMPS AMS [56]

Vu 2019 SMPS AMS APM-
SMPS [34]

Wang 2021 GC-FID GC-MS SMPS [61]
Wang 2022 AMS [49]

Yu 2021 GC-FID PILS-IC SMPS FTIR [67]
Zhou 2011 SMPS [73]

* Detector unspecified; AMS: Aerosol mass spectrometer; APM-SMPS: Aerosol particle mass analyzer-scanning mo-
bility particle sizer; CI-MS: Chemical ionization-mass spectrometry; CPC: Condensation particle counters; DMA:
Differential mobility analyzer; EAA: Electrical aerosol analyzer; ESI-MS: Electrospray ionization-mass spectrome-
try; FTIR: Fourier-transform infrared; GC: Gas chromatograph; GC-ECD: Gas chromatograph-electron capture
detector; GC-FID: Gas chromatograph-flame ionization detector; GC-PID: Gas chromatograph-photoionization
detector; GC-MS: Gas chromatography-mass spectrometry; GC-MSD: Gas chromatograph-mass selective detector;
IC: Ion chromatography; IC-MS: Ion chromatography-mass spectrometry; LDI-MS: Laser desorption ionization-
mass spectrometry; MS: Mass spectrometry; PILS-IC: Particle into liquid sampler-ion chromatography; PTR-MS:
Proton transfer reaction-mass spectrometry; SEMS: Scanning electrical mobility spectrometer; SMPS: Scanning
mobility particle sizer.

Generally, pollutant detectors are equipped with an apparatus that separates monodis-
perse pollutants from mixtures. The most popular separation method used in SOA studies
for gaseous pollutants is gas chromatography (GC), which separates gases based on their
affinity with the GC column material, while the gas mixture passes through a long and
thin GC column. The separated monodisperse gas exiting a GC is commonly detected
using a flame ionization detector (FID), which measures the number of ions formed during
the combustion of the gas in the FID flame (22 studies used GC-FID, see Table 5). This
equipment provides reliable concentration measurements with a wide dynamic range for
hydrocarbon measurements. An electron capture detector (ECD) and a photoionization
detector (PID) can also be used in SOA studies because the ECD is effective in detecting
nitrates, and the PID is effective in detecting both organic and inorganic compounds that
can be ionized by ultraviolet light. Detectors that effectively detect the chemicals of interest
have been chosen in previous studies. The majority of previous studies used GC-FID
to detect reactive organic gases (ROGs). Leungsakul et al. (2005) [72] used GC-ECD to
detect peroxyacetyl nitrate (PAN), as a reaction byproduct of d-limonene in the presence
of NO and NO2. Babar et al. (2016) [64] used GC-PID to detect ROGs such as α-pinene,
d-limonene, isoprene, toluene, benzene, ethyl benzene, styrene, and 1,3,5-trimethylbenzene.
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Another technique commonly used in SOA studies is mass spectrometry (MS), which
separates pollutants by mass and produces a mass spectrum (mass versus abundance). In
the majority of SOA studies (34 out of 65 studies), MS has been used to identify gas-phase
oxidation products and measure their concentrations. Gas chromatography-MS (GC-MS),
also known as gas chromatography-mass selective detector (GC-MSD), is the most widely
used technique (used in 17 studies), which first separates gas mixtures into monodisperse
gases using GC and then detects their mass spectra using MS. This configuration makes
the interpretation of the mass spectrum much easier (because the spectrum is generated
from a monodisperse gas) and allows isomers to be distinguished. However, GC-MS
measurements cannot be performed in real-time. Proton transfer reaction-MS (PTR-MS)
is another type of MS that is widely used in SOA studies (17 studies). It is based on a
proton transfer reaction mechanism that ionizes the sample gas and offers soft ionization,
which causes less molecular fragmentation [25,57]. Because of soft ionization, it can be used
without GC, which makes continuous measurement of the mass spectrum possible. Other
MS devices, such as those with electrospray ionization, laser desorption ionization, single
photon ionization, and chemical ionization, have been used only in a few previous studies.

The measurement of SOA, a particle-phase oxidation product, is also critical for SOA
research. For this purpose, a scanning mobility particle sizer (SMPS) (also known as
a scanning electrical mobility spectrometer (SEMS)) is the most widely used device in
SOA studies (46 out of 65 studies). This uses a combination of a differential mobility
analyzer (DMA) for size-based particle separation and a condensation particle counter
(CPC) for particle counts to measure the size distribution of SOAs [94]. Aerosol mass
spectrometer (AMS) is also widely used (23 out of 65 studies) to identify SOAs based on
their mass profiles. Other devices, such as an electrical aerosol analyzer (EAA), which
detects the size distribution of particles, and an aerosol particle mass analyzer (APM),
which separates polydisperse particles into monodisperse particles by mass, have also
been used in previous studies. Vu et al. [34] used APM before SMPS to detect the density
distribution of SOAs. Fourier-transform infrared (FTIR) is another popular equipment
used in previous studies (9 out of 65 studies) to identify ROG or the oxidation product
of their experiments [71,72]. FTIR measures the amount of light absorbed by a sample
for various frequencies of infrared radiation. Since different functional group absorbs
different frequencies of infrared radiation, we can identify ROG or the oxidation product
by comparing the FTIR spectra of a sample with the spectra of synthetic standards [57].

In conjunction with the general pollutant detectors explained above, many previous
SOA studies have used specific pollutant detectors to measure the concentrations of oxi-
dants, such as NOx, O3, CO, CO2, SO2, and NH3. These were the key factors influencing
the rate of SOA formation; thus, they were monitored throughout the experiment.

3.6. SOA Yield

Estimating SOA yield under various formation mechanisms is one of the main pur-
poses of chamber-based SOA studies. The yield is defined as follows [66]:

Y =
∆M0

∆ROG
× 100 (4)

where ∆M0 is the total mass concentration of secondary organic aerosol produced, usually
in µg/m3, and ∆ROG is the mass concentration of reacted organic gas (ROG).

The mass concentration of the gas-phase parent hydrocarbon (or ∆ROG) is most
commonly measured using GC-FID (see Table 5). The mass concentration of formed SOA (or
∆M0) was calculated based on the particle size measured using SMPS or SEMS (assuming
the particle to be spherical), as well as the density information to convert the size into mass.
Table 6 summarizes the density information used in previous SOA studies. Some studies
assumed the density to be 1 g/cm3 (10 studies, see Table 6), 1.2 g/cm3 [68], 1.25 g/cm3 [25],
1.35 g/cm3 [63], 1.4 g/cm3 (eight studies, see Table 6), or 1.3–1.45 g/cm3 [58], whereas some
other studies calculated the aerosol density using a combination of a particle sizer and
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an AMS [18,19,23,26,27,29,43,67,80]. Note that the density of SOA measured by Bahreini
et al. [19] largely varied according to the parent hydrocarbon from 0.64 g/cm3 (linalool) to
1.45 g/cm3 (cyclohexene).

Table 6. Aerosol density for secondary organic aerosol yield calculation.

First Author Year Density for SOA Yield
Calculation Ref.

Babar 2016 1 g/cm3 (assumed) [64]
Bahreini 2005 0.64–1.45 g/cm3 (measured) [19]

Cai 2008 1 g/cm3 (assumed) [38]
Chen 2020 1.35 g/cm3 (assumed) [63]
Deng 2017 1.4 g/cm3 (assumed) [59]
Deng 2020 1 g/cm3 (assumed) [60]

Docherty 2005 1 g/cm3 (assumed) [35]
Emanuelsson 2013 1.4 g/m3 (assumed) [74]

Fisseha 2004 1.38 g/m3 (measured) [18]
Gatzsche 2017 1 g/cm3 (measured) [43]

Henry 2008 1.4 g/cm3 (assumed) [47]
Jorga 2020 1.25–1.35 g/cm3 (measured) [27]

Kristensen 2020 1.4 g/m3 (assumed) [52]
Lee 2006 1.25 g/cm3 (assumed) [25]

Leungsakul 2005 1 g/cm3 (assumed) [72]
Ma 2022 1.3–1.45 g/cm3 (assumed) [58]

Madhu 2023 1.2 g/cm3 (assumed) [68]
Miracolo 2011 1.1 g/m3 (measured) [80]
Murphy 2007 1–1.1 g/cm3 (measured) [26]

Na 2006 1 g/cm3 (assumed) [33]
Nah 2016 1.37–1.39 g/cm3 (measured) [23]
Nah 2017 1.37 g/cm3 (measured) [29]

Odum 1997 1 g/cm3 (assumed) [66]
Pandis 1991 1.4 g/cm3 (assumed) [65]
Paulsen 2005 1 g/cm3 (assumed) [57]

Qi 2020 1.4 g/cm3 (assumed) [62]
Song 2005 1 g/cm3 (assumed) [36]
Wang 2021 1.4 g/cm3 (assumed) [61]
Wang 2022 1.4 g/cm3 (assumed) [49]

Yu 2021 1.38 g/cm3 (measured) [67]
Zhou 2011 1 g/cm3 (assumed) [73]

The aerosol density (ρp) can be measured using SMPS and an AMS based on the fol-
lowing equation [24,26,95,96], assuming the simple case of spherical particle without voids.

ρp =
dva

dm
(5)

Here, dva is the vacuum aerodynamic diameter measured by AMS, and dm is the
electrical mobility diameter measured by SMPS. A more generalized equation that can be
applied for various particle types can be found in [24,26,95,96].

The APM-SMPS used by Vu et al. [34] can also provide direct measurement of the
aerosol density, as follows [96].

ρp =
mp

π
6 d3

m
(6)

Here, mp is the particle mass classified by APM, and dm is the electrical mobility
diameter measured by SMPS. A detailed calculation theory related to APM-SMPS system
can be found in [96].

Various factors such as precursor category, carbon number, molecular structure (e.g.,
branched, linear and cyclic), seed particle concentrations (e.g., ammonium sulfate), gaseous
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pollutant concentrations (e.g., HOx and NOx), and oxidant concentrations (e.g., OH, NO3,
and O3) affect SOA yield. A detailed discussion regarding the effects of such factors can be
found in Srivastava et al. (2022) [11], Lim et al. (2016) [13], and Carlton et al. (2009) [97]. In
addition, a review on the properties of SOAs (optical properties, carbon oxidation state,
and physical phase state) can be found in Srivastava et al. (2022) [11].

3.7. SOA Losses on Chamber-Wall (Wall Loss)

The smog reactor wall generates static electricity, which captures the SOA particles.
This phenomenon may have resulted in an underestimation of SOA yield. Previous studies
have quantitatively analyzed this phenomenon to understand SOA wall loss [98–101] and
have shown that the amount of wall loss varies with particle size [99] and the carbon
number of the compound [100]. In addition, the amount of wall loss depends on various
factors such as charge distribution, level of turbulence inside the Teflon reactor bag [101],
reactor bag size [12], charge-to-mass ratio based on the size of the charged particles [23],
precursor VOC concentration, the oxidation rate of participating pollutants, and experiment
duration. Chu et al. [12] compiled wall loss rates in some of the previous studies.

To prevent or alleviate wall loss, previous studies have used two approaches. Jorga
et al. [27] used an ionizing fan for 15 min before conducting an experiment to clear the
charges on the reactor wall to lower the particle loss rate. In their experiments, they
demonstrated that using an ionizing fan reduced the wall loss by a factor of four. The other
approach involves using large chambers with small surface-area-to-volume ratios to reduce
the effect of wall loss.

To compensate for the effect of wall loss, researchers first calculated the wall loss
coefficient based on the decay behavior of SOA concentration and applied this coefficient to
correct for the effect of particle wall loss in SOA formation. To do so, previous researchers
used number-averaged, volume-averaged, and size-dependent methods. Carter et al. [20]
used the number-averaged method, in which they calculated the wall loss rate based on the
total aerosol number concentration. Pathak et al. [21] used the volume-averaged method,
in which they obtained the loss rate based on the total aerosol volume concentration. Loza
et al. [22] and Nah et al. [23] used the size-dependent method, where wall loss coefficients
were determined for each particle size bin. They used these coefficients to correct for the
wall loss effect in SOA formation more accurately.

The method for obtaining the wall loss coefficient is based on the following particle
number or mass balance equations [101],

d
dt
[Csus] = −kwCsus +

.
psus (7)

d
dt
[Cwall ] = kwCsus +

.
pwall (8)

where Csus is the number or mass concentration of the suspended particle in the chamber,
kw is the wall loss constant,

.
psus is the rate of production the SOA, Cwall is the particle

number or mass concentration on the wall, and
.
pwall is the loss rate of the condensable

vapors to the wall. The wall loss constant (kw) can be obtained by using a discrete general
dynamics equation based on the algorithm proposed by Weitkamp [102] or by measuring
the decay rate of the particle number or mass concentration when the light sources are
turned off. The wall loss constant (kw) and time series of the measured and uncorrected
SOA concentrations (which correspond to Csus in the above equation) can be used to
calculate the wall-loss-corrected SOA production rate (

.
psus) based on the method described

by Weitkamp et al. [101].

4. Discussion

The SOA yield is the key parameter in atmospheric models for forecasting total SOA
mass concentrations [11]. Because the prediction accuracy relies on the accuracy of the SOA
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yield data obtained from smog chamber experiments, it is very important to understand
the potential sources of uncertainties in SOA studies.

First, the characteristic gap between artificial light and sunlight presents a source
of uncertainty for indoor chambers. The photolysis rate of NO2, which is typically used
as a proxy for light intensity, varied from 0.10/min to 0.40/min in previous studies (see
Table 2). The same photolysis rate of NO2 between artificial light and sunlight is desired
for better simulation of the atmospheric environment. In addition, the photolysis rates of
different oxidants are sensitive to the different wavelengths of light. This makes it difficult
to maintain identical photolysis rates for multiple oxidants, unless the spectral distributions
of artificial light and sunlight are identical. Xenon and Argon arc lamps are known to
generate radiation with similar spectral distribution to sunlight [29,54]. However, they are
not widely used in chamber studies.

Second, the assumption of SOA density contributes to another source of uncertainty
in the SOA yield data. The density assumed in previous studies ranged from 1 g/cm3 to
1.45 g/cm3, which is a significant variation. It is desirable to measure the density of the
produced SOA using a combination of a particle sizer and AMS.

Third, wall loss contributes to a significant uncertainty in the SOA yield. Although
researchers have attempted to minimize the wall loss by building a larger chamber and
developed a method to correct the effect, small chambers with a size of less than 10 m3

are still actively used in SOA studies, and not all chamber studies have applied wall loss
correction. In addition, the SOA formation process is typically very complex, and involves
various gases, radicals, and particles. Therefore, it is difficult to measure the wall loss rate
of all compounds involved.

Fourth, background contaminants often influence the SOA formation result, and they
make it more complex to analyze the result. This uncertainty is significant when ambient
air, which normally contains highly complex mixtures of VOCs, is used as a background
air of the experiment. To eliminate this uncertainty, a chamber cleaning procedure using
purified air is needed.

5. Conclusions

This review summarizes smog chamber systems and methodologies used in 65 chamber-
based SOA formation studies. Indoor chambers have the advantage of better controllability
for simulating meteorological conditions than outdoor chambers do. However, they are
typically built smaller than outdoor chambers and face challenges in closely simulating the
wavelength spectrum of sunlight.

A typical experimental method and procedure for a chamber study was explained in
this review. The procedure involves characterization of lighting, background contaminants,
and wall effect, calibration of measurement devices, cleaning and initialization of chamber,
atmospheric simulation, and monitoring. After the experiment, researchers calculate the
SOA yield and correct for wall loss.

This review also discussed key chamber parameters that influence SOA formation.
Such parameters include temperature, humidity, light intensity, background contaminants,
and wall effect. Temperature affects the vapor pressure of VOCs, and humidity affects
oxidation processes and gas-particle partitioning of VOCs. The intensity and spectrum
of artificial light must be similar to those of natural sunlight, and unwanted background
contaminants must be removed.

In addition, potential source of uncertainties in SOA formation experiments were
summarized. In previous studies, the intensity (photolysis rate of NO2 was 0.1–0.40/min)
and spectral distribution of artificial lights varied, which contributed to uncertainty in the
SOA yield calculation. The methodologies for the SOA yield estimation are discussed in
detail. A large number of previous studies assumed an aerosol density of 1–1.45 g/cm3

to convert the measured particle size distribution into mass distribution. This is another
important source of uncertainty, and it is desirable to avoid assuming aerosol density, but
instead measure it using a particle sizer and AMS in future studies. The effect of SOA losses



Atmosphere 2024, 15, 115 16 of 20

on the chamber and reactor walls was mitigated using an ionizing fan or corrected based on
the particle mass balance equations and the wall loss constant. Wall loss is the third source
of uncertainty that must be corrected for all compounds involved in the formation process.
Last source of uncertainty may be provided by background contaminants. Elimination or
through characterization of the contaminants is necessary to reduce this uncertainty.
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