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Abstract: Nitrogen dioxide (NO,) is a major air pollutant in urban areas, and achieving
good accuracy and sensitivity in low-cost measurements is desirable to monitor NO,
levels in settings with high spatio-temporal variability. This paper describes a ratiometric
approach that uses the different absorption at two nearby wavelengths to quantify NO;.
The response to NO, and other potential interferences is calculated at 437.3 and 439.4 nm
for a low-resolution (1.44 nm) system. Owing to its elevated concentration and strong
absorption compared to other absorbing gases, NO, dominates the ratio of light absorption
at these wavelengths in urban settings. The approach is experimentally demonstrated
in a simple measurement system comprising a blue LED, narrow bandpass filters and
non-dispersive detectors. The approach was validated in atmospheric simulation chamber
experiments over an 8 m pathlength and achieved a high level of agreement against
a reference DOAS spectral analysis (R? = 0.97). Mixing ratios of up to 12 ppm were
measured with a standard deviation of 51 ppb, suggesting that low ppb-level sensitivity
can be achieved in pathlengths of a few hundred metres. The spectral stability of the
ratiometric method was demonstrated in the open atmosphere using a short open-path
system with a pathlength of 45 m. The standard deviation of the ratio of intensities in the
two channels was 0.2%, despite changes in the transmitted intensity of almost 90%. The
ratiometric two-channel approach developed in this work can be used in both in situ and
remote sensing configurations, and we suggest that it has potential for use in a range of
settings, including for low-cost monitoring in low-income cities and towns and continuous
emission monitoring.

Keywords: nitrogen dioxide; air pollution; spectroscopy; low-cost sensor; in situ; remote sensing

1. Introduction

Air pollution is a major health problem and the leading environmental cause of prema-
ture mortality around the world [1,2]. Nitrogen dioxide (NO,) is one of the air pollutants
of greatest concern and is associated with a range of serious health effects, including car-
diovascular and respiratory mortality [3-5], increased risk of asthma development and
onset [6-10], foetal and neonatal health [11,12] and neurological impacts [13-15]. The
atmospheric processing of NO, also produces secondary air pollution by forming particu-
late matter and ground-level ozone [16,17]. Based on evidence of NO,'s health impacts,
the WHO recently reduced its guideline value for annual exposure to NO, fourfold from
40 pug m~3 to 10 ug m 3 and introduced a 24 h limit of 25 ng m~3[2].

NO,, along with nitric oxide (NO), is largely produced under the high-temperature
combustion conditions found in internal combustion engines, power plants and some
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industrial processes. These nitrogen oxides are therefore strongly associated with human
activities, reaching mixing ratios of tens of ppb in urban areas. Petrol and (especially) diesel
vehicles are a major source of NOyx (NOy is defined as the sum of NO and NO;), with
both primary and secondary emissions of NO, as NO is rapidly oxidised [18,19]. NO; is
therefore elevated near busy roads and has a large spatial variability in cities [20,21].

Regulatory monitoring of ambient (outdoor) air pollution allows environmental agen-
cies to identify areas where air quality is poor and develop air quality management
plans [22]. Regulatory monitoring of NO; typically uses chemiluminescence NOy in-
struments that measure NO; NO, is determined by sequentially measuring NO and then
measuring NOy by converting NO, to NO. This approach gives an indirect measurement of
NO; and is not suited to high measurement frequencies. Chemiluminescence monitors are
also susceptible to interference from O3 and other reactive nitrogen species that can lead
to an overestimation of NO, [23]. Regulatory monitoring requires expensive air quality
monitoring infrastructure. As a result, even wealthy cities have relatively few monitoring
stations, and the spatial distribution of NO; is poorly captured. Another consequence of
the high costs and operational demands is that cities in low-income countries, as well as
towns in high-income countries, have minimal air quality-monitoring infrastructure.

Given the importance of NO, as a primary air pollutant and its high spatial and tem-
poral variability, the development of novel NO, monitoring techniques is an area of active
research. Low-cost approaches based on metal oxides or electrochemical sensors and gas
diffusion tubes can complement expensive regulatory monitoring infrastructure and lead to
deeper insight into the spatial and temporal characteristics of ambient air pollution [24-27].
However, these approaches have drawbacks. Diffusion tubes provide a time-averaged con-
centration over a period of weeks, losing temporal information. Electrochemical sensors for
NO; are vulnerable to chemical interference, temperature and relative humidity, depending
on the characteristics of the materials used. Their time resolution of several minutes is
also not suited to studying the rapid fluctuations in NO, levels that are found in personal
exposure or urban measurements. Chemiresistive sensors can have a fast recovery time and
good temporal resolution, but are not yet widely used [28,29]. Low-cost electrochemical
sensing has been used to map urban air pollutants, but recent work has demonstrated that
their time resolution is not suitable for monitoring fast changes in NO, [30]. Despite these
limitations, low-cost sensors have been used to increase the spatial and temporal resolution
of standard chemiluminescence or DOAS monitoring sites [31,32]. Low-cost sensing also
led to the expansion of citizen science projects [33].

A wide range of spectroscopic approaches have been used to develop sensitive in situ
and remote sensing instruments for NO,. The methods include cavity-enhanced absorption
spectroscopy [34-39], cavity ring-down spectroscopy [40-46], differential optical absorption
spectroscopy [47-49], differential absorption LIDAR (DIAL) [50,51], cavity attenuated
phase-shift spectroscopy (CAPS) [52], photometry [53], gas correlation spectroscopy [54],
photoacoustic spectroscopy [55-59] and laser-induced fluorescence (LIF) [60,61].

One of the notable features of NO; is that it is the dominant absorbing gas at blue
wavelengths (400 to 450 nm) in urban areas and transport microenvironments. The absorp-
tion spectrum of NOj is also highly structured. The few atmospheric gases that absorb in
this region include glyoxal (GLY), methylglyoxal (MGLY), H,O, ozone (O3) and O4. Com-
pared to NO;, these gases either have much smaller changes in absorption cross-sections
(MGLY, O3, O4 and H,O) or occur at much lower concentrations in urban settings (GLY
and MGLY). Absorptions from these other gases are therefore unlikely to interfere with
NO, measurements in urban settings where NO, concentrations are elevated [62-64]. We
note that folded-path photometry and CAPS systems, which measure across a broader
spectral window, also ignore the weak absorption of other gases compared to NO, [52,53].
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The strong and structured absorption of NO; therefore presents an opportunity to develop
a simplified optical strategy to detect NO, in a low-cost spectroscopic system that could be
used in both in situ and remote sensing configurations.

This paper presents a measurement approach based on monitoring the intensities
transmitted through the sample in two narrow wavelength bands. One channel matches a
strong absorption feature of NO;; the other channel matches a wavelength with weaker
absorption. NO; is quantified by measuring the ratio of intensities of the two bands.
Monitoring the relative change in intensity of strong and weak NO,-absorbing wavelengths
is expected to give significant selectivity to NO, and mitigate the effect of interference from
absorbers that have less structured absorption. The approach is similar to that in DIAL
measurements, where “on” and “off” wavelengths are produced by a tuneable laser and
beam paths are identical [51,65]. DIAL systems use closely spaced wavelengths so that
changes in optical depth from other gas absorptions and aerosol extinction are modest
between the “on” and “off” channels [66]. Recently, Flowerday et al. [67] demonstrated
a related two-channel approach to measure ambient glyoxal to 10 ppt based on glyoxal’s
large differential absorption cross-section between 450 and 460 nm.

Our approach uses light from a single broadband LED that, after passing through a
gas sample, is split into two narrow spectral channels. By reducing the measurement to
two wavelength bands, the cost and complexity of high-resolution spectral measurement
and analysis can be avoided. The use of a single LED light source and a single optical path
through the atmosphere or sample is a key feature, allowing common-mode noise such as
fluctuations in the light source intensity or atmospheric transmission to be suppressed by
measuring the ratiometric response of two channels. The atmosphere is a complex, dynamic
environment where transmission is dependent on factors such as the refractive index,
precipitation, aerosol extinction, gas absorption, polarisation and cloud cover. A ratiometric
approach is advantageous for in situ and remote-sensing applications because it reduces
uncertainties associated with signal changes that arise from atmospheric phenomena and
instrument effects that have minimal spectral dependence.

Our goal in this work is to demonstrate that a two-wavelength band approach can
achieve good selectivity and sensitivity to NO; in urban settings. The objectives are to:

1.  Develop the theory of the measurement principle and simulate the sensitivity of the
approach to NO; and potential interferences.

2. Demonstrate a two-wavelength optical system using narrowband optical filters with
non-dispersive detectors and validate its response against a conventional, full-spectral
DOAS analysis.

3. Demonstrate the spectral stability of the ratiometric approach in a short open-path system.

4. Discuss applications of the approach and strategies to improve sensitivity and reduce
the cost of the method.

2. Materials and Methods
2.1. Dependence of Intensity Ratio on Concentration

The Beer-Lambert law relates the observed intensity to the sample’s extinction at a
given wavelength, A, and time, ¢:

I(A, t) = Io(A, t)exp(—e(A, t)L) (1)

where Iy(A, t) is the initial light intensity, I(A, f) is the light intensity after losses to sample
extinction, (A, t) is the sample extinction coefficient (cm ') and L is the pathlength (cm).
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For two wavelengths A1 and A, the corresponding light intensities, I1 (A1, t) and I(Ay, t),
can be written as
Iy = Lip exp(—e1L) 2)

I = Iy exp(—e¢2L) 3)

Here, the wavelength and time dependence of Iy, I and ¢ have been omitted for brevity
so that I1y = I19(Aq, t), etc. The ratio of the two intensities is then:

or more conveniently expressed as

Ly I
ln<12> = ln(120> —L(e1 —e2) (5)

The difference in extinction at the two wavelengths can be determined if both wave-
length channels are assumed to be quasi-monochromatic and spectrally stable (i.e., that
(%g) is constant with time).

In some scenarios (such as NO; in urban environments), a single (target) absorber may
dominate the difference in extinction at two wavelengths:

e1 = Noy + ¢ (6)

e = Nop + & )

where N is the number density of the target gas (molecules cm~3), 07 and o, are the
absorption cross-sections of the target at A; and A, and ¢, is the (assumed) spectrally flat
extinction arising from other gases and particles (i.e., (A1) = €:(A2)). In this case,

€1 — & = N(oqp — ) = NAo (8)
where Ao = (07 — 07). Substituting Equation (8) into Equation (5) and rearranging gives
I I
(i) —in() o
LAc

Thus, the concentration of the target absorber N can be determined based on the measured

the absorber concentration:

ratio at two intensities if the intensity ratio of the light source (g—g) in the absence of sample
absorption is known and the difference in the absorption of the target species dominates

that of other atmospheric components at the two wavelengths.

2.2. Simulated Spectra

High-resolution spectra were simulated to calculate the dependence of the intensity
ratio on the concentration of NO;, GLY, MGLY, O3 and water vapour. The simulation
procedure is shown schematically in Figure 1. Synthetic intensity spectra were created with
a wavelength interval of 0.01 nm, and the effect of absorption by different concentrations of
the species of interest was calculated using high-resolution literature spectra for NO, [68],
GLY [63], MGLY [69] and O3 [70]. The high-resolution absorption spectrum of water
vapour was calculated between 22,000 cm ™! (454.5 nm) and 23,000 cm ! (434.8 nm) with
an interval of 0.02 cm~! using the HITRAN line parameters for H,!'°O. A temperature
of 296 K and 1 atm was assumed [71]. The intensity spectra were then convolved with a
Gaussian distribution with a full width at half maximum (FWHM) of 1.44 nm, matching the
resolution of the commercially available narrow bandpass filter used in the chamber optical
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system, smoothing some of the absorption structure. Non-Beer-Lambert Law behaviour
arising from not resolving the narrow absorption lines is not expected to pose a problem
as the fractional intensity change from gas absorption in this spectral region is small even
over kilometre pathlengths.
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Figure 1. The high-resolution intensity spectrum (Igr) after NO; absorption was convolved with
a Gaussian curve that was fitted to the narrow bandpass filter transmission band, producing the
lower-resolution intensity spectrum (I r). The intensity in the absence of absorption is given as
Ip. Spectra for glyoxal, methylglyoxal, ozone and the oxygen dimer were obtained using the same
method (Figure S1).

2.3. Chamber Optical System

The optical system used to demonstrate the two-wavelength approach was constructed
across a 2.65 m3 atmospheric simulation chamber (Figure 2) [72]. A blue LED (Ushio
LED450-06, Tokyo, Japan) with a passive heat sink produced an output spectrum centred
at 450 nm with a half-width of 25 nm. A shortpass filter (Schott KG3, Mainz, Germany)
removed wavelengths above 700 nm, and a convex lens focused the light through a Perspex
window in the atmospheric simulation chamber. An 8 m path through the chamber interior
was achieved by reflecting the LED beam four times across the chamber (length = 2.0 m)
using planar mirrors.

(a)
(b) From gas sample

Y

3 437.3nm, C > L
7 Atmospheric simulation chamber 14°
PMT2] Lit=80m /
1 — PMT1 < i
2-ch system [« | 7 Beam splitter
M ™
Im \
B Narrow BP filters 439.4nm,
T -1 205
L e e i
20m
PMT2

Figure 2. (a) Optical setup across a 2.65 m3 atmospheric simulation chamber with an optical path-
length of 8.0 m through the chamber. Transmitted light was measured by a spectrometer for DOAS
analysis and by the two-channel detection system. (b) Optical and detector configuration of the
two-channel system.

After the fourth pass, the beam was split into two channels. In one channel, the
spectrum was measured with a spectrograph (Andor, Shamrock 163, Belfast, UK) and a
CCD detector (Andor iDUS, DV420A-BU, Belfast, UK) with a spectral resolution of 0.4 nm. In
the other channel, the beam was collimated with a lens (a focal length of 250 mm), split into
two arms (Figure 2b), each of which comprised a narrow bandpass filter (Semrock LLO1-
442-12.5, New York, NY, USA) and a photomultiplier tube (PMT) module (Hamamatsu
H12405, Shizuoka, Japan). The narrow bandpass filters (FWHM = 1.44 nm) were oriented
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for maximum transmission at 437.3 nm and 439.4 nm. The angle dependence of the spectral
transmission band and bandwidth is shown in Figure S2.

The signal from the ratiometric two-wavelength system was compared against the
results from an analysis of the spectrograph spectra using the spectral analysis software
package DOASIS 3.2. As the pathlength through the sample was accurately known, the
DOAS measurements were used as a reference method for NO, concentrations in the
chamber to validate the ratiometric system [73,74]. NO; (98.5% purity) was added stepwise
to the chamber, where it was mixed with a fan to ensure a homogeneous gas sample. Given
the short optical pathlength through the sample, ppm-level mixing ratios of NO, were
used in the chamber.

2.4. External Open-Path Optical System

A spectrometer similar to a DOAS system was set up to test the spectral stability of the
system across an optical path of 45 m in the open atmosphere (Figure 54). The system com-
prised a blue LED (Ushio LED435-03, Tokyo, Japan) with a maximum intensity at 440 nm,
two refracting telescopes and a spectrograph (Andor Shamrock 163 spectrograph with
iDus 420A CCD, Belfast, UK). The transmitting and receiving telescopes were constructed
parallel to each other in a coupled optical cage system with 25 mm diameter optics. The
transmitter telescope had plano-concave and plano-convex lenses (focal lengths of —50 mm
and 125 mm), and the receiving telescope used a 100 mm focal length plano-convex lens
to focus the collected beam into a fibre connected to the spectrograph. The spectrograph
resolution was 0.46 nm.

The transmitter—detector system was located inside a chemistry laboratory (51°53'32" N
8°29/37" W), and the beam was projected 22.5 m to a 100 cm? plastic retroreflector array
mounted on a fence 1.9 m above ground level. The beam path crossed a car park and road
(Gaol Walk Rd) and was occasionally blocked by large vehicles or passing pedestrians.

3. Results and Discussion
3.1. Simulated Response to NO; and Potential Interferences

Strong and weak absorption features are still appreciable in the convolved spectrum
of NO, (Figure 1). For example, the high-resolution absorption cross-sections at 435.0
and 437.3 nm are 8.0 x 107 and 3.3 x 107! cm? molecule™!, respectively, with a ra-
tio of % = 242. The corresponding convolved cross-sections are 6.1 x 10~ and
4.2 x 10712 cm? molecule™ (gﬁ% = 1.45). Similar large differences in absorption cross-
sections are found at 437.3 nm and 439.4 nm where the ratio of absorption cross-sections is
also 1.5.

The convolved absorption cross-sections at 437.3 and 439.4 nm for NO,, GLY, MGLY,
O3, 04 and H,O are given in Table 1, which also reports the typical number densities of these
pollutants in urban environments. We provide a lower limit for NO, (10'! molecules cm~3,
approximately 4 ppb), although its concentration in urban centres is typically much higher
(e.g., [75]). In contrast, the maximum GLY concentrations reached 4 x 1010 molecules cm 3
in Mexico City [76] and 1 x 10'! molecules cm ™2 in Beijing in winter (with an average
concentration of 3 x 10'%) [77]. GLY concentrations in Mexico City were, on average, less
than 10% of the concurrent NO, concentration, indicating that GLY is a relatively small
interference for NO, measurements in this environment [52]. Concentrations of MGLY were
higher than GLY in Beijing, reaching maxima of 5 x 10" molecules cm~3 and an average
of 1 x 10" molecules cm 3 [77]. Nevertheless, the contribution of MGLY is expected to be
small because the difference in absorption at the two wavelengths is 40 times weaker for
MGLY compared to NO,. These megacities may also be exceptional, as peak concentrations

of GLY and MGLY in a mid-sized Japanese city were an order of magnitude lower [78,79].
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Table 1. Comparison of convolved absorption cross-sections, ¢, of NO; and other absorbing gases
at 437.3 and 439.4 nm, the difference in absorption cross-section, Ac, and typical number densities
in urban environments, Niyp. The resulting difference in extinction coefficient, Ae = NiypAo, is
calculated. For NO,, Niyp corresponds to a mixing ratio of 4 ppb, near the lower limit in most urban
atmospheres. The number density of water vapour is given for 80% relative humidity and 25 °C.
Units for the absorption cross-section of Oy are cm® molecule™2, and the square of the Oy number
density is used to calculate Ae.

Compound 0437.3nm 0439.4 nm Ao Niyp Ae
cm? molecule™! molecules cm 3 cm !

NO, 42 x 107 6.1 x 10719 1.9 x 10719 >101 >2 x 1078
Glyoxal 1.0 x 1071 1.6 x 1071 0.5 x 10~ 3 x 10%0 1.5 x 1077
Methylglyoxal 1.00 x 10~ % 1.05 x 1071 5x 1072 101 5x 1010
03 7.7 x 1072 9.7 x 1072 20x 10728 1012 2x 1071

Oy 4.0 x 10748 7.2 x 10748 32 x 10748 (5 x 10'8)2 8 x 10~ 1

H,0 02 x 107% 1.3 x 107% 1.1 x 107% 6 x 1017 7 x 10710

Concentrations of O3 are generally higher than those of NO; but can be neglected
since the difference in absorption cross-section is four orders of magnitude smaller than
that of NO, [75,80]. At these wavelengths and number densities, the difference in extinction
coefficients is more than an order of magnitude larger for NO, than potential interferences
from other absorbers, even at these lower limits for urban NO, concentrations. As a result,
NO; is expected to dominate the ratio of absorption at the two wavelengths.

The simulated response of a two-channel instrument, where A; = 437.3 nm and
A2 =439.4 nm, is shown in Figure 3 for NO,, glyoxal and methylglyoxal under differ-
ent loading conditions over a pathlength of 1000 m. The use of a narrow bandpass filter to
choose the system operating wavelengths allows the selection of operating wavelengths
that are less affected by these interfering compounds. As expected from Table 1, the spectral
interference from methylglyoxal is negligible at these mixing ratios, especially consider-
ing that methylglyoxal is typically at sub-ppb levels in urban environments [78,79]. The
response to glyoxal is larger, resulting in positive interference and the overestimation of
NO;. Nevertheless, glyoxal normally occurs at sub-ppb mixing ratios in urban environ-
ments [76,77,81,82]; at these concentrations, the effect on NO, measurements will also be
minor [83,84]. Ozone absorption is negligible—for example, 40 ppb O3 would contribute
0.1% of that of 4 ppb NO; (Table 1).

Among other absorbers, the difference in O4 absorption, caused by O,-O; collision
pairs, is less than 1% of that of NO,. Moreover, the O4 absorption is expected to be
relatively constant across typical atmospheric temperature and pressure variations and
could be corrected if temperature and pressure are known [85]. Absorption by water
vapour will be a significant interference when NO, concentrations are low and water
vapour concentrations are elevated (at high temperatures and relative humidities). At 80%
relative humidity and 25 °C, water accounts for less than 4% of the difference in extinction
compared to that of 4 ppb NO, (Table 1). The interference from water vapour absorption
can be substantially reduced by shifting to shorter wavelengths where water absorption is
weaker. Alternatively, the contribution from water vapour absorption can be calculated
from the temperature and relative humidity and subtracted to correct Ae.

Interference from Mie scattering by aerosols and Raleigh scattering in the air must
also be considered. Different aerosol loading parameters were considered to cover a
range of scenarios. The Angstrom extinction exponent, &, increases with the aerosol
concentration and depends on particle size and composition. Lv et al. [86] reported that
« = 0 is characteristic of clean environments with Cpy ~ 10 pg m~3, while « > 1is
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typical of extremely polluted environments (Cpy > 150 pg m~3) when relative humidity
is less than 90%. As discussed by Papachristopoulou et al. [87], the optical depth, 7, is
<0.25 for low aerosol loading, 0.25-0.5 for medium loading and >0.5 under high aerosol
loading conditions. The wavelength dependence of aerosol extinction for a range of loading
conditions is shown in Figure S3. Under clean conditions, the aerosol optical depth varies
slowly with wavelength, with a small effect on the narrowband retrieval for a ratiometric
two-channel system. As aerosol loading increases, the slope of the optical depth function
increases, as shown in Figure S3, creating more interference in ratiometric two-channel
measurements as the difference between nearby wavelengths is increased.

5{ — NO,
— GlY
—— MGLY
<4
©
Q 31
C
C
©
N
(9}
u— 21
o
o
-
©
m 1.
0_
0 20 40 60 80 100

Mixing ratio  (ppbv)

Figure 3. Simulated change in ratio of 437.3 and 439.4 nm channels for different mixing ratios of
absorbing gases over a pathlength of 1000 m. Urban mixing ratios of glyoxal (GLY) and methylglyoxal
(MGLY) are typically sub-ppb (see text).

The extinction coefficient By (m~1) can be calculated from the optical depth, T, and
pathlength, L (m):
T
Bext = I (10)
and the mass concentration, C4, of aerosols can be estimated from the mass extinction

efficiency (MEE =2 m? g~! at 440 nm) [88,89]:

_ ,Bext
Ca= MEE (11)

For optical depths of T = 0.1, 0.3 and 0.6, the difference in extinction at 437.3 and 439.5 nm
would be 4.5 x 1072, 1.35 x 10~8 and 2.25 x 108 cm~!. These differences in extinction
are comparable to the change in signal seen for low urban concentrations of NO; (Table 1).
However, NO, is generally present at higher values than reported here, and these extinction
values correspond to polluted particulate mass concentrations (50, 150 and 300 pg m~3).
As aresult, the interference under low aerosol loading conditions is likely to be acceptably
small, whereas high concentrations of particulate matter would have a greater effect on
system selectivity to NO, since the change in ratio of intensities caused by aerosols would
lead to an overestimation of NO,.

A number of strategies can be used to handle the influence of aerosols. For in situ
measurements, an in-line filter can be used to remove interferences from aerosols [38,39].
In open path configurations, the contribution of aerosols can be calculated if the particulate
matter (PM) concentration is known. Choosing operating wavelengths that are sufficiently
close will reduce the effect of aerosols on the measured NO, signal, although this requires
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a narrower filter passband [65]. Alternatively, introducing a third measurement channel,
while increasing the system complexity, would allow the aerosol extinction to be separated
from that of NO, and the PM concentration to be retrieved [51].

Distinguishing small signals from large background noise may require careful consid-
eration of light detection and amplification to achieve the desired signal-to-noise ratio (SNR)
for different monitoring environments. For low NO, mixing ratios (<1 ppb), for example,
the change in ratio is below 0.1% (depending on the pathlength). Amplification strategies,
such as lock-in amplification, or the use of highly sensitive detectors, such as photomulti-
plier tubes or silicon photomultipliers, may be required for these situations. In contrast,
for applications with higher NO, concentrations (such as continuous emissions monitor-
ing) [90,91], the two-channel approach will have a stronger response. Increasing the optical
pathlength also improves system sensitivity to small changes in intensity, although at the
expense of the overall signal magnitude. In stationary or mobile measurements in the traffic
microenvironment, a detection system with a high time resolution and good sensitivity to
NO; would be required to study rapid changes in NO, concentrations [47,92,93].

3.2. Chamber Experiments

A demonstration of the approach was carried out in a 2.65 m3 atmospheric simulation
chamber with an 8.0 m optical pathlength (Figure 2). The response of both PMT detectors in
the absence of NO, in the chamber was recorded with a 1 s time resolution to characterise
the time dependence of the system’s precision. Figure 4 shows the Allan deviation of
the PMT signals and that of their ratio. The PMTs have distinct noise characteristics: the
precision of PMT1 is worse than that of PMT?2 at short times but continues to improve up to
100 s averaging time, whereas the precision of PMT2 is higher but only improves up to 20 s
averaging. The ratio of the two signals reaches a minimum deviation of 6 x 10~ over 100 s,
equivalent to an NO, mixing ratio of 152 ppb. This sensitivity is reasonable considering
the short, 8 m pathlength and that the instrument was intended only as a demonstration
system of the two-channel approach.

— Ratio
— PMT1
— PMT2

103

Allan deviation

1074

10° 10! 102 10°
Time (s)
Figure 4. Allan deviation of two PMTs and of their ratio in the 8 m system across the atmospheric

simulation chamber.

Figure 5 shows the normalised intensities of the PMTs at 437.4 and 439.3 nm, re-
spectively, averaged over 1 s upon the addition of NO, to the chamber. The respec-
tive absorption cross-sections at the system’s resolution (defined by the measured nar-
row bandpass filter bandwidth of 1.44 nm) are 7 = 4.2 x 107 cm~2 molecule™! and
02 =6.3 x 107! cm 2 molecule !, yielding a differential absorption cross-section, Ac, of
2.1 x 10712 em~2 molecule™!. At the maximum mixing ratio of NO; (12.5 ppm), the
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expected difference in signal in the two channels is readily apparent: an 8.0% decrease is
seen at 439.3 nm versus 4.5% at 437.4 nm. Before adding NO;, the standard deviations
of PMT1 and PMT2 are 0.2% and 0.1%, respectively, again indicating the different noise
characteristics of these photodetectors.

1.00 r'»-'“") —— 437.3nm
—— 439.4 nm

Normalised PMT response
o
O
[*)]

0.921

500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 5. Normalised response of PMT1 and PMT2 to NO, additions in the atmospheric simulation
chamber with an 8 m pathlength. The PMT responses were normalised to the baseline period before
the first addition of NO,.

Based on the ratio of the measured intensities calibrated against the DOAS reference,
the 10 measurement precision of the two-channel system is 136 ppb over 1 min (Figure 6),
comparing favourably with the DOAS reference, which has a limit of 145 ppb for the same
averaging time. Here, the two-channel system was calibrated based on that of the DOAS
reference. While our approach only has two detector channels (compared to about 90 pixels
used in the DOAS spectral analysis), more light is transmitted to the detector. In contrast,
a large portion of the signal is lost at the spectrometer slit in the DOAS system. Applying
Savitsky-Golay filtering with a window of 60 data points sampled at 1 s intervals improved the
two-channel system limit to 51 ppb. Figure 7 shows that the ratiometric two-channel method
is well-correlated with the DOAS reference (R? > 0.97, y-intercept = 0.99). Assuming that other
factors do not affect the SNR, we estimate the detection limit would be 2.3 ppb over a 250 m
pathlength. However, these measurements were made in a controlled environment, and
ambient conditions may affect the system’s accuracy. The signal amplitude also decreases
over longer pathlengths, decreasing the SNR. Nonetheless, this theoretical improvement
compares favourably with a limit of detection of 2 ppb in a ratiometric open-path dual-
beam laser spectroscopy instrument across a longer pathlength of 1.3 km [94]. Longer
pathlengths can be realised using either long open paths or optical cavities, albeit at the
cost of signal magnitude. Even so, this demonstration system is already sensitive enough
to be applied over short pathlengths (for example, industrial exhaust stacks) for continuous
emission monitoring, where NO, concentrations could be much higher than ambient levels.

3.3. Spectral Stability in the External Atmosphere

To evaluate the spectral stability of the two-channel approach in the open atmosphere,
the time dependence of the ratio of transmitted intensity in two channels (438.0 nm to
438.5 nm and 439.0 nm to 439.5 nm) was compared against their normalised intensity. The
open-path system was a simple, thermally unregulated system with an optical pathlength
of 45 m. The intensity measured by the system is a combination of light from the LED
transmitted through the atmosphere, background light in the environment and noise
associated with the spectrographs.
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Figure 6. Calibrated ratiometric two-channel response (Savitsky—Golay filtered over 60 data points)
compared with DOAS reference concentrations.
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Figure 7. Correlation plot of 1 min averaged concentrations measured by the ratiometric two-channel
and DOAS reference instruments (R? = 0.97, intercept = 1 ppm).

Figure 8 shows the variation of the two channels over four days (7 to 11 November
2024), along with the rainfall and visibility measured at Cork Airport situated 5 km to
the south. Rainfall and visibility would reduce the measured intensity if they also occur
at the measurement site. Large intensity changes are observed over this time, with an
almost 10-fold increase from the lowest to the highest measured intensity. Some periods
of relatively stable transmission were seen (e.g., on 11 November), while at other times,
large and rapid intensity changes occurred, with the intensity changing by up to 50% over
a few hours. Periods of low transmitted intensity corresponded to periods of rainfall and
low visibility. The retroreflector array was fully exposed to rain, and residual water on the
array surface reduced the amount of light returned to the receiver telescope. Analysing
wide changes in absolute measured intensity over a four-day period allows the stability of
the intensity ratio to be more clearly evident.

Compared to the large variations in the measured intensity, the ratio of intensities
of the two wavelengths was remarkably stable. The standard deviation of the ratio of
the two channels was 0.2%, two orders of magnitude smaller than the standard deviation
of the transmitted intensity (27%). These measurements demonstrate the high spectral
stability of this two-wavelength method, with the mean ratio being 0.998. This stability is
achieved despite changes in atmospheric transmission or drifts in the measurement system
(light source output, changes in the optical alignment of the telescopes and retroreflector
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array). Typical long-path DOAS systems have pathlengths of hundreds of metres to several
kilometres, and accordingly, our system is not expected to be sensitive to NO, over this

short pathlength.
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Figure 8. A composite time series of measurements from 7 to 11 November 2024. The upper panel
shows the measured intensity at 438 nm (normalised to the peak intensity) and the ratio of intensities
in two wavelength bands (438.0 nm to 438.5 nm and 439.0 nm to 439.5 nm). The lower panel shows
the corresponding precipitation and visibility recorded at the Cork Airport meteorological station.

4. Conclusions

The ratiometric two-wavelength method presented in this study was demonstrated in
an atmospheric simulation chamber and is a potentially useful tool for monitoring NO,
in a range of settings. It can be used in both in situ and remote sensing configurations
and can enable NO, measurements with a response time of seconds. Fast measurements
are needed to study the dynamic fluctuations associated with roadside locations and in
mobile measurements, and the short measurement time improves on that of standard
chemiluminescence monitors. We have recently used a related CEAS approach for fast
curbside monitoring in Cork City [95] (paper in preparation).

We validated the response of a demonstration two-wavelength system against a full
DOAS spectral analysis in an atmospheric simulation chamber. Despite measurement at
only two wavelengths, the sensitivity of the two-channel method was similar to that of
the DOAS system, likely because of higher optical throughput to the detectors. The PMT
modules used in the two-channel system are relatively expensive and can be replaced by
other sensitive but less expensive photodetectors, such as silicon photomultipliers [38].

The two-wavelength approach also aims to be relatively inexpensive compared to
conventional air quality monitoring equipment. A single, inexpensive LED was used
as the light source, and the system does not require a reference lamp or gas cell as in
other spectroscopic methods [54]. The LED light source is less expensive than lasers and
poses minimal safety risks. These attributes make the system better suited to citizen
science projects and open-path measurements. The ability to modulate the LED is also
advantageous in open-path configurations to distinguish the signal from background light.

The two-channel approach has several drawbacks. It has inherently less spectral
information than a full spectral measurement, limiting the measurement to a single target
species. As we have shown, potential interferences must be carefully considered. In contrast,
full-spectral methods like DOAS and IBBCEAS can quantify multiple absorbing compounds
concurrently. The spectral resolution demonstrated in this work is not high, reducing the
selectivity to the target species. The selectivity could be increased by using custom filters
with narrower transmission bands, but doing so would reduce the measured intensity and
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signal-to-noise ratio. Extremely narrowband filters are also costly—trade-offs between
selectivity, sensitivity and cost will have to be considered for any particular application.

The optical system outlined in this paper is simpler than the rotating filter design that
Flowerday et al. [67] used to measure glyoxal based on its differential structure between
450-470 nm. The optics in the two-channel system are in a fixed position, minimising
mechanical instabilities. The fixed alignment and absence of mechanical movement in our
optical system should be more robust. In principle, a single narrow bandpass filter can be
configured to select both channel wavelengths, but in practice, we found it challenging
to align the one-filter configuration to achieve the desired operating wavelengths in each
channel. A single filter is also more prone to beam clipping at the filter edges, an effect
that introduces noise into the ratiometric measurement. The importance of reducing
beam clipping in spectroscopic approaches to maximise the signal throughput and reduce
instabilities has been discussed elsewhere ([96-98]).

The goal of this work was to expand air quality monitoring to a wider range of
settings. The two-channel method presented here gives good selectivity to NO; at a cost
that could make it attractive for use in low-income countries, smaller towns and citizen
science projects. For in situ measurements, a narrow two-channel system could be built for
under €1600 and a remote sensing system for under €1100 using components laid out in
Table S1. For ambient NO, monitoring, in situ (e.g., using optical cavities) or long open-
path configurations would be needed for pathlengths long enough to achieve a suitable
sensitivity. The method could also be directly applied over short pathlengths to continuous
emission monitoring across chimney stacks where elevated concentrations could occur.

Finally, we note that while the two-channel method shows promise for monitoring
NO,, the approach itself can be generalised and applied to measure other gases with highly
structured absorptions, such as SO, or NHj3, in other spectral regions.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/atmos16050599 /s1, Figure S1: Absorption cross section
spectra of NO;, glyoxal, methylglyoxal ozone and the oxygen dimer, Oy, convolved with a gaussian
function of the narrow bandpass filter transmission band. NO, has the larger absorption cross section
and more highly structured absorption features across most of this region compared to glyoxal and
methylglyoxal.; Figure S2. (a) The change in filter centre wavelength as the angle of incidence of the
narrow bandpass filter is increased. The full LED emission spectrum is overlayed. (b) The relation-
ship between the filter angle of incidence and the transmission bandwidth and centre wavelength.
Figure S3. Aerosol optical extinction for different loading parameters, 7, and size distributions, «.
Figure S4. Photographs showing the open-path DOAS-type system for testing the spectral stability of
two nearby wavelengths. (a) Optical path and positions of the transmitter/receiver and the retrore-
flector. (b) Transmitter/receiver system showing the spectrograph and cage system construction
of the transmitter and receiver telescopes. (c) Plastic retroreflector assembly with dimensions of
10 cm X 10 cm. Table S1: Cost and components needed for an ideal narrow two-channel system.
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Abbreviations

The following abbreviations are used in this manuscript:

CAPS Cavity-Attenuated Phase Shift

CEAS Cavity-Enhanced Absorption Spectroscopy

DIAL Differential Absorption LIDAR

DOAS Differential Optical Absorption Spectroscopy

GLY Glyoxal

IBBCEAS Incoherent Broadband Cavity-Enhanced Absorption Spectroscopy
LED Light-emitting diode

LIDAR Light Detecting and Ranging
MGLY Methylglyoxal

PMT Photomultiplier tube
SNR Signal-to-noise ratio
WHO World Health Organisation
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