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A B S T R A C T   

Fire detection faces challenges of increasing sensitivity, accuracy, and response speed while reducing false 
alarms. Air quality sensors measure fire emission signatures similar to smoke detectors but are often more 
sensitive. Recent advancement in air quality sensors provides an opportunity to improve fire detection. This 
study used low-cost and research-grade gas and particle sensors to detect and characterize emissions from lab-
oratory smoldering and flaming tests of three spacecraft-relevant materials. The electrochemical carbon mon-
oxide (CO) sensor sensitively detected fire emissions in all but a pyrolysis test, whereas the metal oxide volatile 
organic compound (VOC) sensor with cross sensitivity for CO detected fire emissions in all tested cases. Several 
low-cost particle sensors, although saturated at high concentrations, detected smoke at low concentrations. A 
combination of CO/VOC and particle sensors would provide sensitive fire detection distinct from non- 
combustion nuisance sources. In support of the ongoing Spacecraft Fire Safety Experiments (Saffire), the Dust-
Trak DRX aerosol monitor was evaluated for smoke measurement. It measured particle concentrations over a 
wide range and its single particle counting provided additional size distribution data similar to that of an optical 
particle counter. However, the single particle counting accuracy degraded at high concentrations due to coin-
cidence errors.   

1. Introduction 

Fire is a threat to human society. Over the 2012–2016 period, resi-
dential structure fires caused an annual average of 2,560 civilian deaths 
and $6.5 billion in direct property damage in the U.S [1]. Although fire 
detectors are common in U.S. households and have alerted many occu-
pants for emergency response, about 60% of home fire deaths were 
caused by fires in properties with no or failed fire alarms [2]. On the 
other hand, there were over 750,000 false alarms responded to by U.S. 
fire departments in 2017 due to alarm system malfunctions, leading to 
loss of productivity, waste of resources, and reduction of public confi-
dence [3]. Rapid and accurate fire detection is critical for saving lives 
and avoiding fire damage. 

Fire detection technology faces challenges of increasing sensitivity, 
selectivity, and response speed while reducing false alarms. Conven-
tional fire detectors measure ultraviolet or infrared radiation, heat, gas, 
or particulate emissions from combustion [4,5]. Due to variabilities of 

fire signatures, no single indicator can detect all freshly started fires and 
discriminate between real and false fire signals. For example, photo-
electric detectors are more sensitive to smoldering smoke and are better 
at ignoring cooking emissions than ionization detectors, but they are less 
sensitive to smoke from flaming fire with smaller (≲ 100 nm) particles 
and they generate false alarms due to dust and other nuisance particles. 
Carbon monoxide (CO) sensors can detect both flaming and smoldering 
fires and decrease false alarms from non-smoke particles, but they can 
generate false alarms due to vehicle and fireplace exhaust. 
Multi-detectors that combine different type of sensors (e.g., photo-
electric/gas, ionization/gas, and photoelectric/ionization/gas) are 
considered an effective approach to reduce the deficiencies of individual 
sensors [4,6]. Gas sensors have been widely studied and used for fire 
detection, especially in environments with high particle concentrations 
[7,8]. CO is one of the most abundant and toxic gases in fire emissions, 
and several studies have shown that combining CO with particle sensors 
can provide fast and sensitive fire detection while discriminating against 
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false alarms from common nuisance sources [9,10]. CO sensors have the 
additional benefit of warning occupants about hazardous CO concen-
trations independent of their sources. 

Recent advances in low-cost air quality sensors provide an oppor-
tunity to improve fire detection. Air quality and fire detection are two 
related fields that address gas and particle pollutants over different 
concentration ranges. Air quality sensors typically measure lower con-
centrations than fire detectors. Some sensitive fire detectors have been 
used to study air quality [11], but not many air quality sensors have 
been evaluated for fire detection, probably due to their relatively high 
cost. A suite of low-cost air quality sensors have emerged in recent years 
that are changing the air quality monitoring paradigm by increasing 
spatial and temporal coverage [12]. It is reasonable to hypothesize that 
the sensitivity of modern air quality sensors is well suited for detecting 
gas and/or particle emissions from an early stage fire. An array of these 
sensors is evaluated for detecting emissions from combustion of 
spacecraft-relevant fuels under smoldering and flaming conditions in 
this study. 

Fires are catastrophic to spacecraft activities due to limited options 
to extinguish them. As mission durations increase, the chances of fire (e. 
g., due to component overheating) are likely to increase [13]. Spacecraft 
fires are different from those on the ground in several aspects: (1) the 
absence of buoyant flow results in fire emissions not rising to the ceiling; 
(2) microgravity causes particles to stay in the flame and concentrate in 
the surrounding air for a longer time and grow larger by agglomeration; 
and (3) low- and non-flammable materials used in spacecraft generate 
fire emissions differently from those used in standard fire detector tests 
on the ground [13–16]. Therefore, spacecraft smoke sensors need to be 
optimized for the spacecraft environment, considering sensitivity im-
provements and false alarm amelioration. A system of distributed small, 
robust, and low-power sensors measuring different fire signatures could 
discriminate from nuisance signals, detect and locate fires rapidly, and 
allow early deployment of fire suppressants [17]. 

The U.S. National Aeronautics and Space Administration (NASA) has 
been conducting experiments to characterize fire behavior, smoke 
properties, and smoke detector performance using combustion products 
of spacecraft-relevant materials. The Comparative Soot Diagnostics 
(CSD) experiment confirmed that soot or unburned fuel particles pro-
duced by low-gravity combustion have larger sizes than in normal 
gravity [18]. The Smoke Aerosol Measurement Experiment (SAME) 
generated repeatable small-scale smoke aboard the International Space 
Station (ISS) by heating fuel samples. Particle size distributions were 
inferred from three distribution moments by assuming spherical shapes 
and lognormal size distributions [13,15,16]. Currently, NASA is con-
ducting a series of large-scale Spacecraft Fire Safety Experiments (Saf-
fire) to reduce spacecraft fire risks [19]. Fuel samples representative of 
those in spacecraft fires are burned inside an empty Cygnus resupply 
vehicle after it leaves the ISS and before it re-enters Earth’s atmosphere. 
This provides a unique opportunity to study a realistic fire and gain 
knowledge of fire behavior in low gravity, including fire growth and 
dynamics. Other objectives include demonstrating the performance of 
prototype flight hardware, including a smoke detector, gas sensors, and 
post-fire cleanup equipment. The reference instrument chosen to mea-
sure smoke particle concentrations in Saffire experiments IV, V and VI is 
the DustTrak DRX (DRX) aerosol monitor [20] and the data are used to 
quantify the smoke particle removal rate and validate computational 
models of smoke transport in low gravity. The DRX internally measures 
more particle size channels than the reported five particulate matter 
(PM) mass fractions. However, the higher-resolution size distribution 
data of the DRX have not been evaluated for ground or space smoke 
characterization. 

With an aim to provide insights into optimizing fire detection with 
low-cost air quality sensors, and to support the Saffire DRX measure-
ments, this study provides a comprehensive characterization of gas and 
particle emissions from smoldering and flaming combustion for three 
spacecraft-relevant materials burned under Earth’s normal gravity. 

Smoke particle chemical compositions, size distributions, optical prop-
erties, and emission factors were reported in a previous publication 
[21]. This paper focuses on: (1) the responses of gas and particle sensors 
to spacecraft-relevant fire emissions; and (2) performance of the DRX 
optical particle counting for smoke particles. 

2. Material and methods 

2.1. Fuels 

Three commonly used spacecraft materials, cotton lamp wick, 
Nomex fabric, and Poly(methyl methacrylate) (PMMA), were used for 
combustion experiments. Cotton lamp wick represents cellulose mate-
rials such as paper, wood, and fabric; Nomex® is a heat and flame- 
resistant woven textile for cargo bags, thermal blankets, acoustic insu-
lation, and pressure suits; and PMMA (also known as Plexiglas or acrylic 
glass) is a window material for spacecraft components. Elemental 
analysis found carbon and hydrogen mass contents of 43% and 7% for 
cotton, 64% and 5% for Nomex, and 59% and 9% for PMMA, respec-
tively [21]. 

The three fuels have different combustion and emission character-
istics. Depending on test conditions, the cotton lamp wick burns in either 
smoldering or flaming phases. Thermal decomposition of cellulose emits 
gases, tar (mainly levoglucosan, a marker for biomass burning), and char 
[22]. Nomex is not flammable under ambient conditions, as the chlorine 
atoms in the Nomex act as a fire inhibitor. When heated, Nomex un-
dergoes complex depolymerization, amide bond rupture, and restruc-
turing [23]. This process liberates many organic species (e.g., benzene, 
benzoic acid, and benzonitrile), CO, carbon dioxide (CO2), hydrogen 
cyanide, and water, leaving a carbon-rich char [24]. When heated to 
above 260 �C in air, PMMA undergoes pyrolysis involving thermal 
oxidative decomposition, thereby emitting odorous monomers and other 
volatile organic compounds (VOCs) such as 2-methyl-oxirane, carbonic 
acid, and methanol, as well as CO, CO2, and water [25]. As will be shown 
later, emissions of CO and CO2 were low during PMMA thermal 
decomposition, indicating that this process is more accurately described 
as pyrolysis than smoldering combustion. During flaming combustion, 
PMMA first depolymerizes to monomers which further decompose to 
small molecular gaseous products such as methane, methanol, and 
formaldehyde; these molecules further combust to generate CO, CO2, 
water, and energy [26]. Combustions may also generate hydrogen gas 
(H2) from hydrolysis of water molecules. 

In this study, each lamp wick test used ~5 g samples in 6 mm long 
and 3 mm diameter sections, while each Nomex test used 25 � 25 mm 
size sheets with a total mass of ~5 g. Each PMMA pyrolysis and flaming 
experiment used ~40 g and 100 g masses, respectively, with pieces cut 
into a ~38 � 38 � 12 mm size. 

2.2. Experimental method 

Details of the combustion experiment were described by Wang et al. 
[21] and only a brief description is given here. As shown in Fig. 1, each 
fuel sample was placed in a ceramic crucible inside an 8 m3 volume 
combustion chamber [27]. During smoldering tests, each fuel was 
heated with a temperature-controlled heater to ~450 �C, while during 
flaming tests with cotton and PMMA fuels, the sample was ignited with a 
propane torch. Each fuel/burning condition was repeated 2–6 times. The 
ventilation rate through the combustion chamber was adjusted to dilute 
smoke concentrations inside the chamber to <400 mg/m3 as measured 
with a DRX aerosol monitor (Model 8534, TSI Inc.). Exhaust air tem-
perature and pressure were ~26 �C and ~84.6 kPa, respectively, and the 
relative humidity was <30%. 

Table 1 lists the gas and particle analyzers used during the com-
bustion experiment and summarizes their properties. Instruments inside 
the chamber were mostly low-cost portable air quality sensors. CO was 
measured with an electrochemical sensor (Model T15n, Langan 
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Products, Inc.). Compared to many other electrochemical CO sensors, 
the T15n has a wider dynamic concentration range (0.05–200 ppm) and 
can measure CO levels in both ambient air and fire plumes [28]. CO2 was 
measured with a non-dispersive infrared (NDIR; Model SBA5, PP Sys-
tems) detector. VOCs were measured with a metal oxide-based sensor 
(Model Atmotube with a CCS801 sensor, NotAnotherOne Inc.) that 
utilizes changes in electric resistance upon VOC exposure [29]. While 
this sensor is sensitive to a range of VOCs (including alcohols, aldehydes, 
ketones, aliphatic and aromatic hydrocarbons, and amines), it has 
different sensitivities to different VOC species and reports total VOC 
concentrations calculated by a proprietary algorithm. Furthermore, this 
sensor has cross sensitivity to CO and H2 [30]. Two commercially 
available α-radiation ionization smoke detectors (First Alert Model SA 
303 and Kidde i9040) were modified to produce continuous voltage 
readouts. The radioactive sources in these detectors ionize air and 
generate an ion current, which is reduced when smoke particles are 
present. Particle concentrations were measured with four light scat-
tering devices. The DRX is a research-grade instrument and was used as a 
reference for measuring PM mass concentrations. Recent work by 
Mehadi et al. [31] has compared DRX performance with that of a Federal 

Equivalent Method (FEM) for measuring PM2.5 mass concentrations for 
wildland fire smoke. The PMS5003 (Beijing Plantower Co., Ltd), SDL607 
(Nova Fitness Co., Ltd.), and Speck PM2.5 monitor (Airviz Inc.) are 
low-cost light scattering sensors that report one or multiple PM size 
fractions. However, little information is available about how these 
sensors differentiate particle sizes and how they are calibrated by the 
manufacturers. 

Fire emissions were extracted from the exhaust stack and charac-
terized by several research-grade instruments placed outside the com-
bustion chamber (see Fig. 1). CO concentrations were measured with a 
FEM analyzer (Model 48i, Thermo Scientific) and with a Langan T15n 
electrochemical sensor. The Langan T15n does not have an active 
sampling pump; to reduce its response time, the Langan T15n inlet was 
connected to the exhaust port of the DRX so that the DRX pump actively 
pushed the sample flow to the Langan T15n. CO2 concentrations were 
measured with a NDIR detector (Model 840A, LI-COR). Total VOC 
concentrations were measured by a photoionization detector (PID; 
Model 102þ, HNU PID Analyzers, LLC) using a 10.6 eV lamp. Depending 
on ionization potential, different VOC species have different response 
factors [32]. The PID reports total VOC concentrations as isobutylene 

Fig. 1. Experimental setup of the combustion experiment [21]. More instruments were used in the tests and only those with data reported in this paper are shown.  

X. Wang et al.                                                                                                                                                                                                                                   



Fire Safety Journal 113 (2020) 102977

4

equivalent values. A photoacoustic soot spectrometer (Model PASS-3; 
Droplet Measurement Technologies, Inc.) was used to measure particle 
light scattering and absorption coefficients at three wavelengths (i.e., 
405, 532, and 781 nm) [33]. When multiple scattering is negligible, the 
scattering (βsca; Mm� 1) and absorption (βabs; Mm� 1) coefficients by the 
PASS can be converted to obscuration (Ou; %/m) using Eq. (1) [34]: 

Ou¼

�

1 � e�
βscaþβabs

106

�

� 100 (1)  

With a nominal minimum detection limit (MDL) of ~10 Mm� 1 for a 2-s 
integration, the PASS has an obscuration MDL of ~10� 3%/m. The MDL 
can be further reduced with longer integration time. Particles classified 
by PM2.5 and PM10 impactors were collected on Teflon-membrane and 
quartz-fiber filters for mass concentration and chemical composition 
measurements [21]. 

Size segregated particle concentrations and size distributions were 
measured with a DRX and an optical particle spectrometer (OPS; Model 
3330, TSI Inc.) outside the chamber. The DRX is a hybrid of a 
photometer that measures light scattering from an ensemble of particles 
in its detection volume and an optical particle counter that measures 
particle optical equivalent diameters (~0.5–15 μm in 12 channels; listed 
in Table A1 of the Appendix) based on single particle light scattering 
[20]. The photometric and single particle counting signals are combined 
to produce PM mass concentrations every second in five channels (i.e., 
PM1, PM2.5, PM4, PM10, and PM15). The scattering signal to mass con-
centration conversion is based on calibration with ultrafine Arizona 
Road Dust (ISO 12103–1, A1 dust). The OPS measures particle diameters 
in the range of 0.3–10 μm in 16 channels (Table A1) every second based 
on single particle light scattering. This instrument was calibrated using 
polystyrene latex (PSL) spheres. The OPS has a lower aerosol flow rate 
(1 L/min) than the DRX (2 L/min) and uses a more focused laser beam 
and a nozzle with a smaller inner diameter. These features allow the OPS 
to detect smaller particles (�0.3 μm), thereby yielding fewer coinci-
dence errors compared to the DRX. Coincidence errors occur when 
multiple particles scatter light in the sensing volume, resulting in po-
tential uncertainties: (1) electric pulses generated by light scattering are 
higher leading to an overestimation of particle size and underestimation 
of number concentration; (2) scattering pulses are wider and may be 
rejected as valid signals by the signal processing algorithm; and (3) the 
“dead time” incurred from signal processing increases during which the 
instrument does not measure incoming particles [35,36]. The photo-
metric scheme allows the DRX to measure particles at much higher 
concentrations. However, its single scattering measurement has a larger 
minimum detectable size (~0.5 μm) and yields more coincidence errors 
than the OPS. 

Modified combustion efficiency (MCE) was calculated from CO and 
CO2 concentrations as an indicator of the combustion phase (i.e., 
flaming or smoldering) [37]: 

MCE¼Δ½CO2� = ðΔ½CO2� þΔ½CO�Þ (2)  

where Δ[CO] and Δ[CO2] are the background-subtracted CO and CO2 
concentrations during combustion. MCE ≳ 0.9 indicates flaming-domi-
nated combustion, while MCE ≲ 0.85 is characteristic of smoldering- 
dominated combustion [38]. The MCE criteria for flaming and smol-
dering are not definitive and may vary with actual combustion 

Table 1 
Gas and particle sensors used in the fire emission measurement experiments.  

Make/Model Equipment 
Type and 
Operating 
Principle 

Nominal 
Measurement 
Range 

AveragingTime Approximate 
Cost (US$) 

Inside the Combustion Chamber 

Langan T15n CO by 
electrochemical 
sensor 

0.05–200 
ppm 

1 s $1,500 

PP Systems SBA5 CO2 analyzer by 
non-dispersive 
infrared (NDIR) 

15–5000 
ppm 

1.5 s $2,000 

Atmotube with 
CCS801 sensor 

Total VOCs by 
metal oxide 
detector 

Not 
available 

1 min $100 

First Alert Model 
SA 303 

Smoke detection 
by ionization 

1.67–4.03% 
obscuration/ 
m 

1 s $10 

Kidde i9040 Smoke detection 
by ionization 

1.71–3.67% 
obscuration/ 
m 

1 s $10 

TSI DustTrak DRX 
Model 8534 

PM1, PM2.5, PM4, 
PM10, and PM15 

by light 
scattering 

0–400 mg/ 
m3 

1 s $9,000 

Plantower 
PMS5003 

PM1, PM2.5, and 
PM10 by light 
scattering 

0 - >1 mg/ 
m3 

1 s $40 

Nova SDL607 
Laser PM2.5 

Monitor 

PM2.5 and PM10 

by light 
scattering 

PM2.5: 0–1 
mg/m3 

PM10: 0–2 
mg/m3 

1 s $100 

Speck PM2.5 

Monitor 
PM2.5 by light 
scattering 

0–0.64 mg/ 
m3 

5 s $150 

Outside the Combustion Chamber 

Thermo 48i CO 
Analyzer 

CO analyzer by 
gas filter 
correlation 
infrared 
absorbance 
(Federal 
reference 
method) 

0–100 ppm 10 s $13,000 

LI-COR Model 
840A 

CO2 analyzer by 
non-dispersive 
infrared (NDIR) 

0–20000 
ppm 

1 s $4,500 

HNU PID analyzer 
Model 102þ

Total VOC 
(isobutylene 
referred) by 
photoionization 
at 10.6 eV 

0.1–3000 
ppm 

1 s $5,000 

TSI DustTrak DRX 
Model 8534 

PM1, PM2.5, PM4, 
PM10, and PM15 

by light 
scattering 

0–400 mg/ 
m3 

1 s $9,000 

TSI Model 3330 
Optical Particle 
Spectrometer 
(OPS) 

Particle size 
distribution 
between 0.3 and 
10 μm in 16 
channels by light 
scattering 

0-3000 
#/cm3 

1 s $12,500 

DMT PASS-3 Soot 
Spectrometer 

Light absorption 
by photoacoustic 
spectrometry 
and light 
scattering by 
integrated 
nephelometry at 
3 wavelengths: 
405, 532, and 
781 nm 

Absorption 
(2-s 
average): 
3 Mm� 1 

@781 nm, 
10 Mm� 1 (@ 
532 and 405 
nm) 

2 s $60,000 

DRI Multi- 
Channel Low- 
volume Filter 
Sampler 

Two Teflon- 
membrane and 
two quartz-fiber 
filters (PM2.5 and 

Flow: 5 L/ 
min 

30–120 
min 
integrated 

$10,000  

Table 1 (continued ) 

Make/Model Equipment 
Type and 
Operating 
Principle 

Nominal 
Measurement 
Range 

AveragingTime Approximate 
Cost (US$) 

PM10) for 
laboratory 
analysis  
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conditions. 

3. Results and discussion 

Time series of gas and particle emissions from the five test conditions 
are first analyzed to examine combustion behaviors, fire emission sig-
natures, and sensor responses. The performance of low-cost sensors is 
then compared to research-grade instruments to assess their accuracy 
and applicability for fire detection. Finally, the size distribution mea-
surements by the DRX are compared to those by the OPS to evaluate the 
advantages and limitations of the DRX in smoke measurement. 

3.1. Time series of fire emission signature evolution 

Fig. 2 shows an example of gas and particle temporal variability 
during a cotton smoldering combustion test. In Fig. 2a, CO2 and CO 
concentrations increased by ~160 and ~40 ppm above the background 
concentrations of ~430 and 0.3 ppm, respectively. Higher CO2 con-
centrations at the beginning of the test were residuals from the breath of 
personnel during setup, highlighting that CO2 is not a unique fire indi-
cator. The MCE was as low as ~0.75 (around 400 s) during the main 
smoldering phase. All gas and particle sensors detected the fire signals. 
Both DRXs (Fig. 2b and c) outside and inside the combustion chamber 
showed similar PM1, PM2.5, and PM10 mass concentrations, consistent 
with filter measurements of gravimetric PM10 mass concentrations being 

Fig. 2. Time series of gas and particle concentrations during a cotton smoldering combustion test. The CO concentration was multiplied by a factor of 10 and the CO2 
concentration was decreased by 400 ppm to be plotted on the same scale. Inside or outside indicates that the measurement instrument was located inside or outside 
the combustion chamber. 
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only ~2% higher than PM2.5 mass concentrations [21]. The ratios of 
PM2.5 concentrations measured by DRX and filter, both located outside 
the chamber, were 1.37 � 0.03. As the fire emissions were better mixed 
and diluted with ventilation air after being sampled from the combus-
tion chamber, the DRX outside the chamber showed lower concentra-
tions and slower changes than the one inside the chamber. In contrast to 
similar PM10 and PM2.5 concentrations measured with the DRX, the 
PM10 concentrations measured with the Plantower (Fig. 2d) and SDL 
(Fig. 2e) sensors were about twice those of the PM2.5 concentrations, 
indicating that these sensors did not measure particle size accurately 
[39]. During the test, SDL PM2.5 and PM10 readings saturated at 1.0 and 
2.0 mg/m3, respectively. The DRX has a ducted flow path with a pump 
pulling the flow while the Plantower, SDL, and Speck sensors use a fan to 
pull air without a ducted flow path. Therefore, particles have a shorter 
transit time and fewer losses in the DRX, resulting in faster responses 
(Fig. 2c) as compared to those in Fig. 2d and e. The PM concentrations 
reported by the four light scattering instruments (i.e., DRX, Plantower, 
SDL, and Speck) were very different, likely due to their different optical 
designs, different algorithms to convert scattering signals to PM con-
centrations, and the low-cost sensor signals saturated at different PM 
concentrations. Both ionization smoke detectors showed decreased ion 
current (measured as analog voltage) in response to the smoke (Fig. 2f). 
The smoldering cotton generated a strong smell of organic vapors, which 
were detected by both the PID and Atmotube VOC monitors (Fig. 2g). 

The PASS soot spectrometer data showed that light absorption at 
405 nm was much higher than absorption at 532 nm and 781 nm, while 
light scattering signals were over an order of magnitude higher than the 
absorption signals (Fig. 2h and i), indicating smoke particle single 
scattering albedos above ~0.9. Particles emitted from cotton smoldering 
combustion had a brownish appearance with an absorption Ångstr€om 
exponent (AAE) of 7.4 � 1.1 and single scattering albedos >0.94 at the 
three PASS wavelengths [21]. The maximum obscuration, calculated 
from light scattering and absorption coefficients by the PASS (Eq. (1)), 
varied from ~5 to 12%/m for the three wavelengths (Fig. 2j). 

Fig. 3 plots obscuration at 532 nm against PM2.5 by DRX and CO by 
Langan T15n, all measured outside the combustion chamber. Because 
the obscuration was dominated by light scattering for smoldering cotton 
(Fig. 2i), the obscuration and PM2.5 mass concentration has a first-order 
power law relationship with a correlation coefficient (r) of 0.997. Both 
the DRX and Langan T15n can reliably detect fire emissions corre-
sponding to obscuration levels below 0.1%/m from the cotton smol-
dering combustion test. To evaluate the low-cost sensor response as a 
function of obscuration, the obscuration vs. DRX regression equation (y 
¼ 0.33 x) in Fig. 3a was used to convert the PM2.5 concentration by the 
DRX (inside the chamber) to obscuration. The Langan T15n, Atmotube, 
Plantower, SDL, and two ionization detectors all can detect smoke at 

obscuration levels below 0.1%/m (Figure A1). 
The signal correlations between instruments during cotton smol-

dering tests are summarized in Table 2 as an example. All measurements 
taken outside the combustion chamber (Table 2a) had r � 0.90 except 
for CO2 concentrations and light absorption coefficients at a wavelength 
of 781 nm. The lower correlation between CO2 concentration and other 
parameters was likely due to interferences from the breath of experi-
ment operators, as is evident from the CO2 peak in Fig. 2a before 
smoldering starts. The lower correlation of light absorption coefficients 
at 781 nm was due to the very low absorption at this wavelength as 
shown in Fig. 2h. The instruments inside the combustion chamber 
(Table 2b) showed lower correlations than those placed outside. There 
are three causes for these lower r values: (1) combustion emission 
plumes were less uniformly distributed inside the chamber, while the 
plume was well mixed after transport outside the chamber; (2) gas and 
particle concentrations inside the chamber changed quickly and in-
struments had different response times, while the temporal concentra-
tion variations were damped when sampling outside the chamber; and 
(3) gas and particle concentrations were much higher inside the cham-
ber and caused the low-cost sensors to saturate. The high correlation (r 
¼ 0.95) between the CO concentration measured with Langan T15n and 
VOCs concentrations measured with Atmotube was likely due to the 
Atmotube’s cross sensitivity to CO. 

Time series of measured fire emission parameters during a cotton 
flaming combustion test (Figure A2) were similar to the cotton smol-
dering combustion test (Fig. 2) except that the MCE, with a minimum 
value of 0.89, was higher than that for the smoldering combustion test. 
Time series of a Nomex smoldering combustion test (Figure A3) shows 
that the MCE was <0.8 over most of the duration of the test. Similar to 
other smoldering combustion tests, light scattering was about an order 
of magnitude higher than absorption. 

Distinct differences were found between pyrolyzing and flaming 
PMMA time series (Figs. 4 and 5). The maximum CO2 and CO concen-
trations above background were ~1400 and 4 ppm during flaming, 
much higher than the respective ~30 and 0.5 ppm during pyrolysis. The 
MCE was >0.98 during flaming (Fig. 5a), indicating very efficient 
combustion, while it was as low as ~0.93 during pyrolysis (Fig. 4a). 
Similar to the cotton combustion tests, the DRX PM mass concentrations 
in different size fractions were similar during both PMMA pyrolysis and 
flaming tests. While the PM10 mass concentrations measured with the 
Plantower and SDL sensors were about twice those of PM2.5 during 
PMMA pyrolysis tests, PM10 mass concentrations were <15% higher 
than PM2.5 mass concentrations during PMMA flaming combustion tests. 
Mobility size distribution measurements showed that the particle geo-
metric mean diameter from flaming PMMA (167 nm) was larger than 
that from pyrolyzimg PMMA (107 nm) [21]. Particles from PMMA 

Fig. 3. Relationship between obscuration and (a) PM2.5 by DRX, and (b) CO by Langan T15n during a cotton smoldering test. All parameters were measured outside 
the combustion chamber. 
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pyrolysis absorbed little light, with absorption being <1% of scattering 
at all three PASS wavelengths. In contrast, particles from flaming PMMA 
strongly absorbed light, with absorption being over a factor of two 
higher than scattering (single scattering albedo <0.3). The mass scat-
tering efficiencies of particles from flaming PMMA were less than half of 
those from pyrolysis, which was the likely reason for smaller differences 
between PM10 and PM2.5 mass concentrations measured with the Plan-
tower and SDL sensors for flaming than for pyrolyzing PMMA particles. 
While both PID and Atmotube VOC detectors responded to PMMA py-
rolysis emissions, only the Atmotube showed concentration changes for 
flaming PMMA emissions. It appears that VOCs in flaming PMMA 
emissions are not effectively ionized by the 10.4 eV lamp in the PID. 
Even though the Atmotube readings could be due to VOCs, CO, and/or 
H2, its performance to detect fires was better than the PID; it was also 
more sensitive than the Langan CO sensor for PMMA pyrolysis emis-
sions. Both ionization smoke detectors responded to PMMA pyrolysis 
and flaming combustion emissions. 

Table 3 summarizes sensitivity of gas and particle sensors expressed 
as the signal-to-noise ratios (SNRs) when the obscuration level at 532 
nm was 0.1%/m. A SNR level of 10 was taken as a tentative sensitivity 
threshold for the sensors to report fire emissions reliably. Note that the 
setup used in this study was not a standard smoke alarm test setup [34] 
and there is no existing sensitivity standard at this low obscuration level. 
The Langan T15n CO sensor had SNR >10 for all tested cases except 
during PMMA pyrolysis tests. The Atmotube sensor that was sensitive to 
both VOCs and CO, with a SNR of 16 for the PMMA pyrolysis tests. The 
time series analyses show that CO concentration is a good fire emission 
indicator in most cases, with increased signal when smoldering or 
flaming combustion emissions are present. CO evolves almost exclu-
sively from combustion processes, and therefore will have low false 
alarm rates from other potential sources. CO2 is not a good fire indicator. 

Its concentration only increased slightly from background during 
smoldering or pyrolysis (SNR<10), and it suffered interference from 
human breath. 

Light scattering based PM sensors (e.g., DRX, Plantower, SDL, and 
Speck) had SNR >10 in most cases. Although these devices are mostly 
sensitive to particles >100 nm [20], they responded to smoldering 
Nomex smoke, which had a geometric mean diameter of only 34 nm 
[21]. Larger particles in the tail of the size distribution can produce 
sufficient light scattering to be detected by these instruments. However, 
the responses of the light scattering instruments to potential in-
terferences, such as vacuuming and exercising (in the spacecraft envi-
ronment), or cooking and shower steam (on Earth) were not 
characterized in this study. Further experiments are needed to evaluate 
their selectivity in separating fire smoke from other sources. The two 
ionization detectors had SNR<10 for all tested cases except smoldering 
cotton as they were not designed to respond at this low obscuration 
level. The smoke detectors did alarm at peak smoke concentrations. 

The light absorption signals and their ratios with corresponding 
scattering signals at the same wavelength by the PASS provide an 
indication of particle properties: black carbon, brown carbon, and non- 
light absorbing carbon. Black and brown carbon are generated from 
incomplete combustion; while black carbon is dominant in flaming 
combustion, brown carbon is dominant in smoldering combustion. 
Multi-wavelength scattering and absorption measurements provide a 
potential tool to differentiate among combustion and non-combustion 
sources as well as combustion phases. 

3.2. Comparison between low-cost sensors and research grade instruments 

Fig. 6 compares CO by Langan T15n and Thermal 48i, VOCs by 
Atmotube and PID, and PM2.5 (�0.5 mg/m3) by Plantower and DRX for 

Table 2 
Pearson correlation coefficients (r) among measured parameters during cotton smoldering tests. Bold font indicates |r| � 0.9.  

a) Instruments outside the combustion chamber 

Parameter CO2 

(Licor) 
CO 
(48i) 

CO 
(Langan) 

VOC 
(PID) 

PM2.5 

(DRX) 
βabs,405

a 

(PASS) 
βabs,532

a 

(PASS) 
βabs,781

a 

(PASS) 
βsca,405

a 

(PASS) 
βsca,532

a 

(PASS) 
βsca,781

a 

(PASS) 

CO2 (Licor) 1.00           
CO (48i) 0.71 1.00          
CO (Langan) 0.71 0.99 1.00         
VOC (PID) 0.69 0.99 0.99 1.00        
PM2.5 (DRX) 0.72 0.99 0.97 0.98 1.00       
βabs,405 

(PASS) 
0.71 0.99 0.97 0.98 1.00 1.00      

βabs,532 

(PASS) 
0.71 0.99 0.98 0.98 1.00 1.00 1.00     

βabs,781 

(PASS) 
0.64 0.87 0.85 0.85 0.89 0.89 0.88 1.00    

βsca,405(PASS) 0.71 0.99 0.97 0.98 1.00 1.00 1.00 0.89 1.00   
βsca,532 (PASS) 0.72 0.98 0.97 0.98 1.00 1.00 0.99 0.89 1.00 1.00  
βsca,781 (PASS) 0.74 0.97 0.96 0.97 0.99 0.99 0.99 0.88 0.99 1.00 1.00  

b) Instruments inside the combustion chamber 

Parameter CO2 

(PP) 
CO 
(Langan) 

VOC 
(Atmotube) 

PM2.5 

(DRX) 
PM1 

(PMS) 
PM2.5 

(PMS) 
PM10 

(PMS) 
PM2.5 

(SDL) 
PM10 

(SDL) 
PM2.5 

(Speck) 
First 
Alarm 

Kidde 

CO2 (PP) 1.00            
CO (Langan) 0.50 1.00           
VOC 

(Atmotube) 
0.44 0.95 1.00          

PM2.5 (DRX) 0.53 0.92 0.90 1.00         
PM1 (PMS) 0.50 0.80 0.74 0.74 1.00        
PM2.5 (PMS) 0.38 0.90 0.87 0.75 0.80 1.00       
PM10 (PMS) 0.43 0.96 0.95 0.84 0.80 0.95 1.00      
PM2.5 (SDL) 0.43 0.80 0.74 0.66 0.88 0.91 0.84 1.00     
PM10 (SDL) 0.44 0.80 0.75 0.67 0.89 0.91 0.84 1.00 1.00    
PM2.5 (Speck) 0.45 0.90 0.86 0.80 0.87 0.95 0.93 0.90 0.91 1.00   
First Alarm -0.27 -0.83 -0.83 -0.81 � 0.68 -0.76 -0.82 -0.67 -0.67 -0.74 1.00  
Kidde -0.47 -0.96 -0.94 -0.88 � 0.74 -0.87 -0.96 -0.78 -0.79 -0.84 0.85 1.00  

a βabs,405, βabs,532, and βabs,781 are light absorption coefficients at 405, 532, and 781 nm, respectively; and βsca,405, βsca,532, and βsca,781 are light scattering coefficients 
at 405, 532, and 781 nm, respectively, measured by the PASS. 
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cotton and PMMA smoldering and flaming tests. The electrochemical 
Langan T15n output was correlated (r ¼ 0.99) with the FEM Thermo 48i 
for CO, with a slope of ~1.0 � 0.1. The Langan T15n had a constant 
positive offset (~3–4 ppm), which was intentionally set to record po-
tential negative signal drift. It reported data every second; active sam-
pling by drawing smoke samples to the sensor using the DRX pump 
exhaust resulted in a fast response to changes in CO concentrations. 
Therefore, the Langan T15n is a suitable candidate for fire detection, 
especially with active air sampling. However, the PMMA pyrolysis 
generated very low CO concentrations, highlighting that the CO sensor 
might not be sufficiently sensitive in some thermal decomposition con-
ditions. The Atmotube responded to all fire emission tests and its data 
were correlated (r ¼ 0.93–0.98) with the PID measurements, except for 
flaming PMMA tests. The slope between Atmotube and PID varied from 

0.1 to 13.9, illustrating their different responses to different types of 
gaseous combustion products. Further testing is required to evaluate the 
extent to which the Atmotube is sensitive to non-fire interferences, such 
as air freshener. The cross sensitivity of MOS sensors to H2 should be 
studied in more detail because H2 is typically generated from hydrolysis 
of water molecules during fires as well as from other sources such as the 
human metabolism [40]. One limiting factor is the lack of suitable 
reference instruments for H2 concentrations in the low ppm range. 

PM2.5 mass concentrations by the Plantower were well correlated (r 
¼ 0.96–0.99) with those from the DRX at lower concentrations (�0.5 
mg/m3 by DRX) with a slope of 0.7–0.8. Figure A4a shows that the 
Plantower saturated at PM2.5 mass concentrations ~2 mg/m3, whereas 
SDL and Speck sensors (Figures A4d and e) had reasonable correlations 
(r ¼ 0.91–0.96) with DRX at PM2.5 mass concentrations �0.5 mg/m3 but 

Fig. 4. Time series of gas and particle concentrations during a PMMA pyrolysis test. CO2 and CO only maximally increased by ~30 and ~0.4 ppm above the 
background concentrations of ~400 and 0.4 ppm, respectively (a). Higher CO2 concentrations at the beginning of the test were residuals from the breath of 
experimental personnel during experimental setup, highlighting that CO2 is not a unique fire marker. The MCE was as low as ~0.93 (at ~1200 s) during the main part 
of pyrolysis. The low MCE region around ~2900 s was an artifact due to the CO2 concentration being very close to background. The PMMA pyrolysis generated a 
strong smell of organic vapors, which was detected by both the PID and Atmotube VOC monitors (f). Light absorption by the smoke was detectable at 405 nm and 
532 nm by the PASS, but the absorption at 781 nm was not distinguishable from background (g). The absorption was <1% of scattering at respective wavelengths (h). 
The obscuration was low (<4.5%/m; [i]). 
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saturated at higher concentrations. Since fire detection does not require 
accurately measured particle concentrations, the low-cost light scat-
tering sensors all had good response to smoke in the cases tested. Further 
tests are required to evaluate their responses to interferences from non- 
smoke particles. 

3.3. Comparison of DRX and OPS for smoke detection 

Time series of PM mass concentrations during combustion tests show 
that the DRX is sensitive (SNR>40 in Table 3) to smoke concentrations 
with a wide dynamic range (nominally 1 μg/m3 – 400 mg/m3). This 
section further evaluates the internal size distribution measurement 
with its single particle optical counting in comparison with that of the 
OPS. 

Fig. 7 shows mass and number concentrations for 0.5–10 μm 

particles during two consecutive PMMA pyrolysis tests. Similar trends in 
mass and number concentrations were found for the single scattering 
measurements by DRX and OPS during the first burn (~2000–4000 s), 
which had lower emissions than the second burn. During the rising 
concentration period of the second burn when the DRX PM10 mass 
concentration exceeded ~2 mg/m3 (~5500 s), both DRX and OPS 
number concentrations (Fig. 7b) dropped due to coincidence errors. The 
concentrations were underestimated during the peak concentration 
period of the second burn, with higher concentrations reported by the 
OPS than by the DRX. After the DRX total concentration (thin black lines 
in Fig. 7 and right-side y-axis) dropped below ~2 mg/m3 (~7500 s), 
both DRX and OPS number concentrations returned to normal. Both the 
DRX and OPS PM10 mass concentrations by single particle counting were 
an order of magnitude lower than those measured with the DRX using 
combined single scattering and photometric methods. This is consistent 

Fig. 5. Time series of gas and particle concentrations during a PMMA flaming combustion test. The DRX inside the chamber did not run for this test. CO2 and CO 
concentrations maximally increased by ~1400 and ~4 ppm above the background concentrations, respectively (a), much higher than those in the PMMA pyrolysis 
test. The MCE was >0.98, indicating very efficient combustion. While the DRX PM size fractions were similar (b), the PM2.5 and PM10 by Plantower and SDL 
converged (<15% difference) (c and d). The ionization smoke detectors responded well to the flaming smoke (e). The PID VOC monitor did not respond to the PMMA 
flaming combustion emission, while the Atmotube did (f). The flaming smoke has strong light absorption and scattering, with absorption being higher than scattering 
by a factor of two (g and h). The maximum obscuration ranged from 3 to 9%/m at the three wavelengths (i). 
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with the size distribution measurement showing that most of the particle 
mass was in the <0.3 μm size range [21] and was not measured with the 
single particle scattering method of the DRX or OPS. 

Fig. 8 compares mass and number size distributions measured by the 
DRX and OPS based on single particle light scattering when the DRX 
mass concentration was ~100 μg/m3 with low coincidence error. The 
DRX and OPS reported similar concentrations and distributions for 
particles >1 μm. The key advantage of the DRX for smoke measurement 

is its high sensitivity (~1 μg/m3) and wide dynamic mass concentration 
range (~0–400 mg/m3). For low concentrations, the single scattering 
measurement provides reasonable size distribution information. Note 
that the light scattering measurements by both DRX and OPS are 
correlated but not equal to gravimetric mass. Calibration factors, which 
vary with particle size, optical properties, and density, are needed to 
convert the scattering measurement to gravimetric mass. 

Table 3 
Signal-to-noise ratiosa of gas and particle instrument responses when the obscuration level was 0.1%/m at 532 nmb.  

Parameter Smoldering Cotton Flaming Cotton Pyrolysis PMMA Flaming PMMA Smoldering Nomex 

CO by Langan 27.4 � 6.9 34.8 � 3.5 1.1 ± 0.9 49.9 � 8.5 35.4 � 0.6 
CO2 by PP 2.4 ± 0.9 11.3 � 1.5 4.7 ± 1.3 36.0 � 12.8 5.0 ± 2.8 
VOCs by Atmotube 18.4 � 7.0 20.3 � 3.0 16.0 � 3.8 10.1 � 0.3 NAc 

VOCs by HNU 1.0 ± 0.0 0.8 ± 0.4 13.0 � 2.8 0.1 ± 0.0 1.0 ± 0.0 
PM2.5 by DRX 90.3 � 4.9 107.3 � 2.2 190.8 � 22.4 47.5 � 3.1 140.6 � 15.1 
PM2.5 by Plantower 93.8 � 6.4 95.5 � 1.3 78.2 � 15.0 105.0 � 36.7 40.7 � 6.0 
PM2.5 by SDL 44.0 � 4.1 26.7 � 2.3 30.6 � 11.8 13.9 � 0.4 62.8 � 4.7 
PM2.5 by Speck 44.0 � 3.5 112.6 � 64.3 26.7 � 10.0 4.2 ± 1.2 187.6 � 76.5 
First Alert Ionization Detector 15.4 � 1.4 1.3 ± 0.6 4.2 ± 1.0 2.7 ± 2.6 NAc 

Kidde Ionization Detector 10.6 � 3.2 1.8 ± 0.5 6.4 ± 4.6 0.9 ± 0.1 NAc  

a Signals are instrument readings after subtracting background room air levels. For gas sensors and ionization detectors, noise values are calculated from three times 
standard deviations when measuring background room air. For DRX, Plantower, SDL, and Speck, the standard deviations when reading background room air was often 
zero; so the noise levels were taken as 0.003 mg/m3 (i.e., three times their nominal sensitivity). 

b Signal-to-noise ratios are expressed as (average � standard deviation) from multiple tests under similar conditions (n ¼ 3 for smoldering cotton, flaming cotton, 
and smoldering Nomex tests; and n ¼ 2 for pyrolyzing PMMA and flaming PMMA tests). Bold font indicates average signal-to-noise ratio <10. 

c Data not available due to instrument not available or malfunction. 

Fig. 6. Correlation for cotton and PMMA smoldering and flaming combustion emissions between: Langan T15n (outside) vs. Thermo 48i (outside) for CO; Atmotube 
(inside) vs. PID (outside) for VOCs, and Plantower (inside) vs. DRX (inside) for PM2.5. 
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4. Conclusions 

This study evaluated the performance of gas and particle sensors, 
many of which are commonly used for air quality monitoring, for 
detecting fire emissions from smoldering and flaming combustions of 
spacecraft-relevant materials. The performance of single particle optical 
counting of the DRX was also evaluated with these smoke sources. 
Conclusions are:  

(1) The Langan T15n electrochemical CO sensor is sensitive to fire 
emissions corresponding to an obscuration level 0.1%/m for all 
test cases except PMMA pyrolysis tests. The Lagan CO sensor 
showed reasonable agreement with an FEM CO monitor (Thermal 
48i). Although the Atmotube metal oxide sensor is not specific for 
VOCs and CO, it could be useful for detecting fires as it can be 
more sensitive than a VOC- or CO-specific sensor (e.g., PMMA 
pyrolysis tests in this study). Metal oxide sensors are relatively 
inexpensive, small, lightweight, and have long lifespans as 
compared to electrochemical sensors [41].  

(2) PM sensors based on light scattering are responsive to both 
smoldering and flaming smoke. Although the low-cost PM sensors 
saturate at relatively lower concentrations than the research- 
grade DRX, their sensitivities are sufficient for detecting smoke. 
The alarm triggering levels of low-cost PM sensors, however, 

need to be adjusted depending on their responses to smoke 
concentrations.  

(3) CO and PM are abundant in fire emissions and many low-cost 
sensors are commercially available. A hybrid sensor network 
that concurrently measures CO and PM with active sampling by a 
pump or a fan may be a good choice for sensitively detecting fires. 
Sensitivity may further increase if the CO sensor is also sensitive 
to VOCs. This hybrid, with appropriate signal and data processing 
algorithms, can discriminate against nuisance sources, which 
would reduce false alarms. This study only evaluated sensors’ 
performance with emissions from combustion of three spacecraft- 
relevant materials. Future tests should expand to other fuels as 
well as evaluate sensor responses to potential false alarm sources.  

(4) Multi-wavelength light scattering and absorption measurements 
are useful to obtain particle optical properties related to com-
bustion behavior.  

(5) CO2 alone is not a good fire indicator because human breath may 
cause false alarms and some smoldering or pyrolysis scenarios 
generate only low CO2 signals that are slightly above the ambient 
background level. The PID VOC sensor could be unresponsive to 
some fire emissions. 

(6) The combination of single particle counting and photometry al-
lows the DRX to measure PM concentrations over a wide range. 
Its single particle counting provides additional size distribution 
data, similar to an optical particle counter. However, at higher 

Fig. 7. Comparison of: (a) mass and (b) number concentrations for 0.5–10 μm diameter particles measured during two consecutive PMMA pyrolysis tests using the 
single particle counting principle by the DRX and OPS. The total PM10 mass concentrations measured by DRX using combined single particle counting and 
photometry are also plotted on the right side y-axis for reference. 

Fig. 8. Comparison of: (a) mass and (b) number distributions measured during a PMMA pyrolysis test using the single particle counting principle by the DRX and 
OPS. The DRX mass concentrations during these measurements were ~100 μg/m3. The particle diameter reported by the DRX is aerodynamic diameter based on 
calibration with polystyrene latex (PSL) spheres and Arizona road dust (ARD). The particle diameter reported by the OPS is optical equivalent diameter based on PSL 
calibration. 
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PM concentrations (≳ 2 mg/m3 during a PMMA pyrolysis test), 
the concentrations by single particle counting were under-
estimated due to coincidence errors. 
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Appendix A. Supplementary Data 

 
Table A1. Particle sizing channels of the DustTrak DRX and Optical Particle Spectrometer (OPS).  

 

Channel DRX (µm) OPS (µm) 
1 0.5-1.0 0.3-0.374 
2 1.0-1.25 0.374-0.465 
3 1.25-1.6 0.465-0.579 
4 1.6-2.0 0.579-0.721 
5 2.0-2.5 0.721-0.897 
6 2.5-3.2 0.897-1.117 
7 3.2-4.0 1.117-1.391 
8 4.0-5.0 1.391-1.732 
9 5.0-6.3 1.732-2.156 
10 6.3-8.0 2.156-2.685 
11 8.0-10.0 2.685-3.343 
12 ~10-15  3.343-4.162 
13  4.162-5.182 
14  5.182-6.451 
15  6.451-8.032 
16  8.032-10 

 
 

 



 

A2 
 

  
Figure A1. Relationship between obscuration at 532 nm and (a) CO by Langan T15n; (b) VOCs by Atmotube; (c) 
PM2.5 by Plantower; (d) PM2.5 by SDL; (e) ion voltage by the First Alert ionization detector; and (f) ion voltage by the 
Kidde ionization detector during a cotton smoldering test. The obscuration was calculated from the DRX inside the 
chamber using the regression equation in  Figure 3a. All sensors were located inside the combustion chamber.  
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Figure A2. Time series of gas and particle concentrations during a cotton flaming combustion test. The CO 
concentration was multiplied by a factor of 10 and the CO2 concentration was subtracted by 400 ppm to be plotted in 
the same scale. Inside or outside indicates that the measurement was inside or outside the combustion chamber. The 
SDL sensor was not used for this test. The MCE, with a minimum value of 0.89, was higher than that for the smoldering 
test in Figure 2a. Some signal spikes were detected by both ionization smoke detectors. Both the PID and Atmotube 
detected VOC signals from smoldering and flaming cotton. Similar to smoldering cotton, light scattering from the 
flaming cotton smoke was over an order of magnitude higher than light absorption. 
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Figure A3. Time series of gas and particle concentrations during a Nomex smoldering 
combustion test. The DRX concentration inside the chamber dropped intermittently for unknown 
reasons. The CO concentration was multiplied by a factor of 10 and the CO2 concentration was 
decreased by 400 ppm to be plotted in the same scale. Inside or outside indicates that the 
measurement was inside or outside the combustion chamber. The ionization smoke detectors and 
the Atmotube did not log data during this test. 
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Figure A4. Comparison of PM2.5 mass concentration measured by DRX with those by Plantower (a and b), SDL (c 
and d), and Speck (e and f) during a cotton smoldering test. The left panels are comparisons for the full concentration 
range, while the right panels are comparisons for concentrations below 0.5 mg/m3.  
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