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Abstract: Sulfur dioxide (SO2) is an important precursor for the formation of atmospheric sulfate
aerosol and acid rain. We present an instrument using Broadband Cavity-Enhanced Absorption
Spectroscopy (BBCEAS) for the measurement of SO2 with a minimum limit of detection of 0.75 ppbv
(3-σ) using the spectral range 305.5–312 nm and an averaging time of 5 min. The instrument consists
of high-reflectivity mirrors (0.9985 at 310 nm) and a deep UV light source (Light Emitting Diode).
The effective absorption path length of the instrument is 610 m with a 0.966 m base length. Published
reference absorption cross sections were used to fit and retrieve the SO2 concentrations and were
compared to fluorescence standard measurements for SO2. The comparison was well correlated,
R2 = 0.9998 with a correlation slope of 1.04. Interferences for fluorescence measurements were tested
and the BBCEAS showed no interference, while ambient measurements responded similarly to
standard measurement techniques.

Keywords: optical cavity; SO2 interference; trace gas detection; air quality monitoring; air pollution

1. Introduction

Sulfur dioxide (SO2) is a precursor to the formation of atmospheric sulfate aerosol and
acid rain [1]. SO2 is emitted naturally through volcanic eruption [2], oxidation of other
atmospheric sulfur species [3], and is emitted anthropogenically from the oxidation of
sulfur from the combustion of coal and oil [4,5]. SO2 directly affects health through the
respiratory system with elevated risks for high-risk groups [6].

Further oxidation of SO2 can form sulfate (SO4
2−) which in the form of sulfuric

acid (H2SO4) contributes to acid rain but also contributes to particulate aerosol in the
atmosphere [5]. Stratospheric injection of SO2 by volcanoes and subsequent formation of
stratospheric aerosol has been proven to have a short-term cooling effect on the global
climate [7] and, therefore, is also being considered in some geoengineering scenarios as a
possible technique to cool the global climate [8,9]. Even after decreased SO2 emission by
the United States and Europe, continued industrialization in other countries has seen an
increase in global SO2 emissions since 2000 [4].

There are several well-established measurement techniques for SO2 that have been
used in routine air-quality monitoring for decades, including UV fluorescence [10,11]
and the pararosaniline wet chemistry technique, [12] which are the two Environmental
Protection Agency (EPA) Federal Reference and Equivalent Methods [13]. Other techniques
include photoacoustic spectroscopy [14], Cavity Ring-Down Spectroscopy [15], Long Path
Differential Optical Absorption Spectroscopy (LP-DOAS) [16,17], Mass Spectrometry [18],
and Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) [19]. The LP-
and MAX-DOAS techniques are not in situ measurements, but leverage the spectroscopic
signature of SO2 for quantification. The most common technique is UV fluorescence, with
several different manufacturers selling instruments for monitoring. One such instrument,
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the 43i-Trace Level Enhanced from Thermo Electron Corp. (TECO, Franklin, MA, USA)
has a detection limit of 0.2 ppbv for a 10 s average but can be as low as 0.05 ppbv for a
300 s, average with a precision of 1% of the measured concentration of 0.2 ppbv, based
on the supplied manufacturer specifications. UV fluorescence uses pulsed UV light to
excite the SO2 molecules which then relax to re-emit light at a longer wavelength. The
43i instrument includes a hydrocarbon scrubber to remove most interfering hydrocarbons
that also fluoresce when excited with UV light. Known interfering species for fluorescence
technique include NO, m-xylene, and H2O.

Broad Band Cavity Enhanced Spectroscopy (BBCEAS) leverages a high finesse optical
cavity of a given wavelength to realize long path lengths, similar to LP- and MAX-DOAS
but with in situ sampling. Related techniques often add the light source type in front of
the acronym (Light Emitting Diode (LED, [20]), Interband Cascade Laser (ICL), or Optical
Feedback (OF)). BBCEAS and related techniques have been used to measure species includ-
ing: NO2 [20–23], NO3 [20,24], H2O [23], O3 [23,25], glyoxal [22,23,26], methyl glyoxal [23],
biacetyl [26], IO [23], I2 [20,27], OIO [28], OClO [29], ClOOCl [30], BrO [31], HONO [32],
HCHO [29,33], BTEX (benzene, toluene, ethyl benzene, and xylenes) compounds [34],
and O4 [20,35] in the UV and visible regions of the spectrum as well as other compounds
in the near-IR and IR using related techniques such as Cavity Ring-down Spectroscopy
(CRDS) [36], Integrated Cavity Output Spectroscopy (ICOS) [37], and Cavity Attenuated
Phase Shift Spectroscopy (CAPS) [38]. SO2 was recently measured using OF-CEAS at
4.035 µm with a detection limit of 130 ppbv [39] and CRDS in the UV with a detection
limit of 3.5 ppbv in 10 s [15]. Previously SO2 was measured by BBCEAS but in the range of
368–372 nm and at concentrations of 0.039–1% [40], as well as in the range of 250–280 nm
as a calibration gas [34].

Spectroscopic measurements of SO2 in the UV region are based on its highly structured
absorption at wavelengths shorter than 320 nm. The structured absorption allows for
independent quantification of SO2 [41] from other gases that absorb in the same wavelength
window including NO2 [42], BrO [43], OClO [41], and many organic molecules with broad
absorptions in the UV, acetone being just one example [44] (Figure 1). This work provides
data for a BBCEAS instrument in the range of 305–312 nm using SO2 as test molecule and
preparing the way for further measurement possibilities of other UV absorbers.

The UV spectral region below 315 nm represents a relatively underexplored region for
atmospheric detection of organic and other atmospherically relevant molecules by cavity-
enhanced methods. In the past, this has been limited by both light source availability (cavity-
ring down spectroscopy requires frequency doubling and a dye laser, LEDs were weak or
not available at given wavelengths) and by poor mirror reflectivity. Washenfelder et al. [33]
outlined the limitations of UV cavity-enhanced spectroscopy which include the lack of
bright light sources as well as increasing mirror substrate and coating absorption and
scattering losses that limit light throughput and mirror reflectivity. With the introduction of
new, brighter LED light sources in the UV, this work explores the possibilities of utilizing the
one portion of these UV wavelengths for detection of atmospherically relevant molecules.
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Figure 1. Absorption cross sections of species absorbing in the 300–320 nm range including, SO2 [45],
NO2 [42], BrO [43], OClO [41], acetone [44], and HCHO [46]. The spectral fitting window for the SO2

BBCEAS is shown in blue.

2. Materials and Methods

The SO2 cavity instrument consists of an optical cavity mounted in a 3D-printed
cage assembly sitting on top of an instrument control box. Figure 2 shows a schematic
of the instrument including standard dilution and supply as well as gas control valves.
The BBCEAS instrument consists of a light source (LED), collimating and focusing optics,
the optical cavity, and an optical fiber leading to the detector (spectrograph). A UV LED
with a center wavelength of 310 nm (Roithner–Lasertechnik GmbH, DUV310-SD353E) was
attached to a printed circuit board with an output power of 50 mW collimated by a 25 mm
f/1 UV lens. The LED was temperature controlled with a Peltier cooler to 14.0 ± 0.2 °C. The
Peltier cooler consisted of a temperature controller (Omega) using a Type K thermocouple
held on the front of the printed circuit board (PCB) by a 3D-printed brace holding the
LED and Peltier cooler to the heat sink, and a small Peltier module mounted directly
behind the LED (CUI Devices, Tualatin, OR, USA, CP30138, 15 × 15 × 3.8 mm) (Figure S1
in the Supplementary Information). The manufacturer specifications state a nominal power
output of 93% of initial power after 3000 h at 25 °C ambient temperature and 350 mA
current. For 6 months of continuous use with the LED actively cooled and driven at
400–500 mA, no noticeable degradation of LED output was observed. The optical cavity
consists of a pair of 2.5 cm diameter high reflectivity mirrors with a center wavelength
of 310 nm, a stated maximum reflectivity of 99.9%, and a radius of curvature of 100 cm
(Layertec GmbH). Filtered sample air enters and exits the cavity by the mirrors, utilizing
the entire cavity length [47]. The cavity length was 96.6 ± 0.1 cm. The instrument including
temperature control, valve control, data acquisition, and LED power supply uses <40 W of
power (110 VAC).

The instrument temperature was measured by use of the on-board thermocouple
which the LabJack U6 data acquisition system includes. The pressure was measured in
the cavity airstream using a small pressure sensor (Honeywell, ASDXACX015PAAA5,
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0–15 PSI) and the acquired voltages logged on the LabJack. The pressure sensor was
inserted into the fitting near the mirror purge. The cavity flow was measured using a
Honeywell 0–5 standard cubic centimeters per minute (sccm) flow meter (AWM5101VN)
and the analog voltage output of the flow meters was logged using the LabJack.

Figure 2. Schematic of BBCEAS cavity as set up for comparison with the SO2 standard and ambient
sampling. Flow is pulled into the system, and the total flow of the sample and the overflow are
measured by mass flow meters (MFM). BBCEAS measurements are made in parallel with the Thermo
Electron Corporation (TECO) 43 series instruments.

The optical cavity consists of a 0.75-inch outer diameter PFA Teflon tube placed
between the mirrors. Light exiting the cavity is focused onto an optical fiber (Thorlabs,
6 × 200 µm round to linear bundle) by a 1-inch f/4 lens and filtered by a 12.5 mm-diameter
bandpass filter (10 nm FWHM, 310 nm, Edmund Optics). The fiber is then directed to the
slit of an Andor DU440-BV Spectrograph with a SR-303i CCD camera cooled by a Peltier
cooler to−20 °C with a 1200 grooves/mm grating. The slit was set at 75 µm for a resolution
of 0.25 nm FWHM, which provided a sharp well-defined line function. The fiber assembly
only illuminated 100 rows of the 512 row detector, so a portion of the CCD was not read
out for each scan in an effort to increase the signal-to-noise ratio. The CCD was set to an
integration time of 0.2 s, with a readout time of 0.06 s. In total, 110 scans were coadded
before saving, giving a minimum integration time of 30 s in these experiments. The optics
are all mounted in an optical cage system constructed of pultruded carbon fiber tubes
with the braces for the tubes made of 3-D printed parts consisting of Polylactic Acid (PLA)
printed on an Ender3 (Creality) printer (see Figure 3). PLA was used for structural cage
supports other than the mirror mounts since PLA is an easy material to print but does not
provide an air-tight seal between layers. The 3D-printed parts were only used for structural
support with stainless steel tubes inserted into the mirror mounts which sealed via an
O-ring to the cavity mirrors. The Teflon tube was held in place between the two stainless
steel tubes on each end using a bored-through pipe connection. The cavity was configured
and operated without purge volumes, with the sample being pulled through a particle filter
(Pall, 2 µm pore, 47 mm diameter) in a Teflon filter holder. The reflectivity of the optical
cavity was measured using the differential Rayleigh scattering of He and N2 gas according
to the following equation [23]:
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R(λ) = 1− d0

( IN2 (λ)

IHe(λ)

)
εN2

Ray(λ)− εHe
Ray(λ)

1−
( IN2 (λ)

IHe(λ)

) (1)

where d0 is the cavity length (96.6± 0.1 cm), εRay is the extinction due to Rayleigh scattering
of the respective gases [48] and I is the spectral intensity in the respective gas (N2 or He).
The measured reflectivity was found to be 99.85%, and the measured reflectivity, effective
pathlength and example spectra for N2 and He are given in Figure 4.

The measured concentrations were retrieved by nonlinear least-squares fitting of the
cavity extinction as given by Fiedler et al. [49] and Washenfelder et al. [22]:

ε(λ) =

(
1− R(λ)

d0
+ εRayleigh, Air(λ)

)(
I0(λ)− I(λ)

I(λ)

)
(2)

where the ε(λ) is the wavelength resolved extinction, R(λ) is the mirror reflectivity, d0 is
the cavity base length, ε is the extinction due to Rayleigh scattering, I0(λ) is the reference
spectrum, and I(λ) is the measurement spectrum. The reference spectrum was obtained by
overflowing the cavity with zero air (see Figure 4).

Figure 3. Mechanical drawing of the cage-mounting system for the BBCEAS. Cage plates are con-
structed of 3D-printed plastic parts with pultruded carbon tubes forming the optical cage.

The concentrations of the trace gases of interest were retrieved by nonlinear least
square fitting in IGOR (Wavemetrics) by minimizing the error of the following equation
with a 3rd-degree polynomial enabling a Differential Optical Absorption Spectroscopy
retrieval [50]:

ε(λ) = σSO2(λ)[SO2] + σNO2(λ)[NO2] + polynomial, (3)

where σ(λ) is the standard absorption cross section for the given gas and [SO2] is the
retrieved concentration of SO2 [41,45] and [NO2] [42]. The absorption cross sections were
convolved to the instrument slit function using the convolution function in QDOAS [51].
Only SO2 and NO2 absorption was retrieved as the absorption cross sections of other
gases are either too small or not in large-enough concentrations relative to the sensitivity
of the instrument to be fitted. Cross sections of SO2 and other possible absorbers are
shown in Figure 1. Because of the fitted polynomial, the retrieval is only sensitive to the
structured (differential) cross section and is insensitive to broad changes in the light source
shape, aerosol scatter (if no filter was used), and other broadband absorbers (many organic
compounds that interfere with fluorescence measurements, such as the acetone shown in
Figure 1). Fitting was carried out from 305.5–312 nm using Equation (3) with a 3rd-order
polynomial and the retrieved concentration was converted to a mixing ratio using the
measured temperature and pressure.
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Figure 4. Panel (A): signal intensity in the presence of He and N2 gas as used in Equation (1). Panel
(B): effective pathlength (1/e) in meters. Panel (C): measured mirror reflectivity in the useable
wavelength range.

Comparison of SO2 Measurements

Initial testing of the BBCEAS instrument was carried out in comparison to an SO2
standard cylinder (Airgas, 10.14 ppmv SO2 in N2,±1.4%) diluted using a dilution calibrator
(Environics, model 6103) which consists of two mass flow controllers (0–10 L per minute
(lpm) and 0–50 sccm) diluting a small flow of the standard into a large flow of zero air
providing a range of SO2 concentrations from 0 to 170 ppbv. This range spans the normal
operating range of the Thermo instruments as usually deployed (0–200 ppbv). The diluted
standard was supplied to an inlet manifold which pulled air at a high flow (>20 lpm) and
sampled into the BBCEAS through a 47 mm PTFE particle filter (Pall) using a pump at
1.0 lpm. The diluted standard was also sampled by TECO 43c and 43i-TLE SO2 monitors to
observe the response of the calibrator and ambient concentrations for the 43c. (See Figure 2.
Data was logged internally on the 43i and via analog output (0–200 ppbv, 0–10 V).) Supplied
concentrations were provided for a minimum of 10 min at each dilution setting to allow for
the different settling times of the instruments and ensure enough overlap for averaging
for correlation.

Interfering species were tested by introducing known interferences for the fluorescence
instruments to the BBCEAS. NO was tested as an interfering species by injection using
the same calibration setup as SO2 with an NO standard of 20.42 ppmv NO (20.43 ppmv
total NOx ± 2% in N2). NO is the species reported by the manufacturers to have the
largest interfering effect and is the species that is most likely to be encountered in ambient
measurements at sufficient levels to have a significant influence on the measured SO2
concentrations. Water vapor is considered an interference in stack sampling and m-xylene
is a less commonly measured species compared to NO, with a lower reported interference
response. Sampling and testing for NO proceeded in the following order: a sampling of am-
bient conditions; sampling of ambient conditions with standard addition of SO2; sampling
of SO2 from the calibration cylinder in Zero Air at varying concentrations; followed by the
return to ambient sampling. For xylenes as well as for the broadband absorber acetone,
first, SO2 was supplied from the dilution calibrator, after which this flow of diluted SO2
standard was flowed separately through the head space of two flasks, one containing a
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mixture of xylenes, the other acetone (Sigma-Aldrich, Spec grade), to observe the change in
the retrieved SO2. Water was not tested as an interference, as the manufacturers state that
this is only an issue with stack sampling which would be considered close to a condensing
environment and can be adjusted for by adding inline dryers.

To evaluate the limit of detection, N2 was continuously flowed through the cavity
for 14 h with a 30 s minimum integration time. Spectra were then averaged over a given
number of 30 s spectra to yield a maximum acquisition time of up to 400 min for both the
spectra and the reference and evaluated with the Beer–Lambert law (absorption = ln(I0/I))
to assess the root mean square noise (RMS) over the fit window [50]. Pure photon counting
noise follows the relationship RMS = 1/

√
N, where N is the number of photons collected.

To further assess spectral fitting performance with spectral averaging, the data series were
also averaged to 1 min, 5 min, and 10 min intervals.

3. Results
3.1. Comparison to SO2 Standard

The BBCEAS followed the response of the SO2 concentration delivered by the dilution
calibrator in a linear fashion. Figure 5 shows fitted extinctions at a range of different SO2
concentrations and with different averaging times, highlighting unstructured residual
features and good matching of the literature cross section to the data. Figure 6 shows the
measured SO2 concentrations. Several different measured conditions are highlighted in
the figure, including ambient conditions, SO2 standard addition to ambient sampling, and
sampling of an SO2 standard at a range of concentration levels. The correlation of the
standard dilution from the calibrator with the BBCEAS retrieved concentrations yielded
a slope of 1.04 ± 0.05, an offset of 0 ± 1 ppbv, and an R2 value of 0.9998 (Figure 7). The
absence of any structure in the residuals suggests no systematic error in the fitting routine
and means that longer integration times and more acquired photons will lower the detection
limit as expected from photon-shot noise. The Rufus et al. [45] cross section was used for
fitting because the fit residual was improved by 20% at higher concentrations over the use
of the Bogumil et al. [41] cross section, likely due to the fact that the Bogumil cross section is
a lower resolution than our current instrument. For spectral-fitting purposes, the reference
spectra were averaged from 10 min of zero-air spectra. The minimum fit residual for the
30 s average is 1.6 × 10−8 cm−1. The variability of the retrieved concentration at each
concentration level indicated a limit of detection of 2.6 ppbv (3-σ) for a 30 s acquisition.

Data under ambient conditions showed that the two instruments followed each other
within the operational parameters. Most of the ambient data exhibited no measured SO2
as shown in the ambient portion of Figure 4 as well as the longer time period shown in
Figure S2 in the Supplementary Materials as well as the correlation of the BBCEAS relative
to the 43i-TLE for the same period (Figure S3).

3.2. Interferences

The fluorescence-based detection instruments reported measured SO2 from NO in-
jected into the sampling line, while the BBCEAS did not measure any NO when 4 ppmv
of NO was injected (see Figure S4 in the Supplementary Information). The 43i registered
a measured SO2 concentration of 85 ppbv, giving a response of 0.085 ppbv SO2 for every
1 ppbv of NO. This is a likely explanation for some of the baseline drift for the TECO 43i ob-
served under clean conditions for SO2, but with moderate NOx. For xylenes (~1 ppmv) and
acetone (~20 ppmv), no change in the measured SO2 was observed for BBCEAS (Figure 8).
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Figure 5. Fits of Equation (3) (black) relative to the measured extinction (red) in the lower portion of
each panel. The difference of the black and red is shown on the upper axis for each panel in blue.

Figure 6. Time series of retrieved SO2 concentrations. Panel (A) shows the 1-σ standard deviation of
the fit residual for the 30 s, 5 min, and 10 min data. Panel (B) shows the measured SO2 from the three
instruments under ambient, SO2 + ambient, and calibration conditions as well as the time traces for
the 5 and 10 min averaged data. Vertical red dashed lines separate the different conditions. The jump
in the 43i signal at the end of the experiment is due to a flow connection change to that instrument.
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Figure 7. Correlation of BBCEAS (boxes) measured SO2 with respect to that measured by the TECO
43i-TLE. The linear fit equation and uncertainties are included in the graph.

3.3. Signal-Averaging Effect on Precision and Accuracy

Signal-to-noise evaluation was carried out on spectra of N2 with the Andor spec-
trometer using several hours of N2 data. The data show no plateau for up to 20 min of
integration time and a minimum RMS photon shot noise of 8.7× 10−5 (see Figure 9). Signal
averaging yields 3-σ detection limits in the fitted spectra of 2.6, 2.25, 0.75, and 0.48 ppbv
for integration times of 30 s, 1 min, 5 min, and 10 min, respectively, as derived from the
standard deviation of the measurement of the baseline for retrieved concentrations [26].
The overall uncertainty of the instrument measurement is limited by the fit RMS at low
concentrations and by the cross section uncertainty (5% 1-σ) at higher concentrations [45].
The other contributing uncertainties are the measurement of the spectra (<1% based on the
amount of signal acquired), the measurement of the pressure (5%), the measurement of
the cavity length (<1%), and the mirror reflectivity (<2%, including the Rayleigh scattering
cross section uncertainty [48]). The calculated extinction has an uncertainty of 2%, which,
when combined with the absorption cross section uncertainty, gives an overall uncertainty
of 5.4%. The values for the detection limits of several atmospherically relevant species as
they can be extrapolated from the 5 min detection limit for SO2 are shown in Table 1.

Table 1. Estimated limits of detection for a 5-min sampling time of atmospherically relevant species
that absorb in the same wavelength range as SO2.

Species σ′ * (cm3 molecule−1) LOD (ppbv) σ Reference

SO2 3.97 × 10−19 0.75 Rufus et al. [45]
NO2 2.2 × 10−20 13.5 Vandaele et al. [42]

HCHO 2.73 × 10−20 10.9 Meller and Moortgat [46]
OClO ** 3.6 × 10−18 0.09 Dong et al. [29]
BrO ** 6.6 × 10−18 0.05 Wilmouth et al. [43]
ClO ** 3.7 × 10−19 1.2 Sander and Friedl [52]

* The differential cross section is taken as the maximum peak-to-peak cross section in the 306–312 nm at the
instrument resolution. ** Short lived species are not detectable with an inlet system.



Sensors 2022, 22, 2626 10 of 15

Figure 8. Panel (A)—fit residual RMS for interference of xylenes and acetone; panel (B)—fitted
polynomial at 308 nm for xylene and acetone interference, showing fitted acetone absorption that is
accomodated in the fit by the polynomial; panel (C)—retrieved concentrations of SO2 in the presence
of xylenes and then acetone.

Figure 9. Signal-to-noise evaluation for the spectrometer evaluated as the 1-σ RMS noise. The RMS
noise levels off at longer integration times.

3.4. Performance of 3D-Printed Cage System

The 3D-printed cage system held up well under the movement of the instrument
between locations including car trips. Weaknesses in the design include metal screws in
plastic threaded holes and flexibility of the parts if exposed to excess heat. The cavity plates
tended to crack if the attachment to the carbon tubes was tightened too much and excess



Sensors 2022, 22, 2626 11 of 15

heat (PLA deforms at 60 °C) from the LED cooling assembly once melted the cage plate
holding the LED in the cage. While these are perhaps barriers for commercialization, the
replacement parts were easily reprinted (<USD 1 each in materials and 6–12 h of printing)
and replaced for the defective parts. Acrylic styrene-acrylonitrile (ASA) printed parts
smoothed with acetone vapor were attempted to be used for the mirror mounts, but an
airtight seal proved difficult to achieve, leading to the insertion of stainless-steel tubes.

4. Discussion

The BBCEAS instrument as currently constructed provides a complementary technique
for the measurement of SO2 with similar limits of detection and linearity over a wide range
of SO2 concentrations, comparable to what common commercial instruments for ambient
monitoring can provide. In the current configuration, the 3-σ detection limit is 2.6 ppbv
for a 30 s integration time and 0.75 ppbv for a 5 min integration time. The instrument
could be further optimized in terms of its light throughput and efficiency. Due to the
broadened nature of the absorption lines of SO2 (~1 nm FWHM), the instrument resolution
of the Andor spectrograph (0.26 nm) was unnecessarily high. The ideal line width and
grating combination would be 0.5 nm with a grating of 600 grooves/mm to maximize
light throughput while maintaining a large enough differential absorption cross section for
spectral fitting. This improvement in signal-to-noise would further improve the minimum
detection limit and time response for trace level detection of SO2 in the presence of other
structured absorbers.

The instrument is calibrated with pure gases of N2 and helium, removing the need
for standards to be kept in the field for calibration, which is common practice for standard
fluorescence techniques. Known interferences from NO, m-xylene (represented by a mixture
of xylenes in this work), and H2O in the instruments utilizing fluorescence detection are
avoided using the BBCEAS method as demonstrated for NO and for xylenes. Both of these
compounds absorb light further into the UV (230–280 nm) and fluoresce similar to SO2.
Acetone is a broadband absorber which changes the total extinction inside the cavity. While
the BBCEAS instrument is insensitive to retrieving concentrations of broadband absorbers
(or scattering from aerosol), the instrument was still able to retrieve the SO2 concentration
in the presence of the acetone, demonstrating the insensitivity to broadband extinction
processes as shown previously [23]. Additionally, it should be noted that early cavity
enhanced spectroscopy works [49] omitted the scattering term in the extinction calculation
(Equation (2)) for mirrors of lower reflectivity. Even at this low of mirror reflectivity, this
yields a 4% error in the retrieved trace gas concentrations and should be included as first
noted by Washenfelder et al. [22].

The cavity and spectrometer combination demonstrated here allows for signal averag-
ing up to several hours of data with improved limits of detection. This has been previously
demonstrated for cavity and DOAS fitting of spectra when the instrument behaves as
a white-noise sensor, as has been demonstrated in this work [53]. The 3D-printed cage
performed well and can be utilized for structural construction of optical cavities at a greatly
reduced cost, or for researchers without access to machining and precision design support.
While there are weaknesses to these construction techniques in terms of the use of plastic
for cage supports, the plastic mounts still have a cost and weight advantage for accessibility
of design, construction, and applications that require less weight.

In comparison to fluorescence techniques (similar to the Thermo instruments in this
paper) BBCEAS is a direct absorption technique and therefore does not suffer from interfer-
ence from cofluorescing species as shown in the intercomparison tests. Other absorbance
measurements (LP or MAX-DOAS) depend on long path lengths in the atmosphere to
and do not represent a point measurement. While both of these techniques can utilize
wider fitting windows, thereby leveraging more channels to minimize cross-talk between
absorbing species and decrease detection limits, these wider-fit windows also come with
other challenges such as instrument straylight, scattered sunlight from long open paths
(LP-DOAS) and possible interferences from the solar spectrum (MAX-DOAS, e.g., Fraun-
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hofer lines, Raman scattering). MAX-DOAS SO2 measurements also fight the dropping
intensity in ambient scattered light as the SO2 absorption bands gets stronger at shorter
wavelengths. Other point measurement techniques such as mass spectrometry, while very
sensitive, with high time responses, require more complicated setup, high vacuum, and a
large power consumption [18]. A BBCEAS instrument for SO2 measurements has an advan-
tage when applied to ambient point measurements, balancing size, power consumption,
ease of calibration, and lack of interfering species.

5. Conclusions

This demonstration of workable BBCEAS measurements further into the UV spectral
range with lower reflectivity mirrors allows for the measurement of a number of molecules
of interest by BBCEAS in the UV and visible-light ranges. This work demonstrates a
BBCEAS measurement of SO2 with a 5 min detection limit of 0.75 ppbv, low enough for
ambient air quality measurements. The BBCEAS also simplifies calibration with inert gases
instead of traceable standards and is free from interfering species. Continued improvement
of higher-powered UV LEDs provided enough light to access detection limit ranges of
atmospheric importance (for SO2 0.5–200 ppbv) [33]. Other short-lived species may also
be detectable by utilizing open-path detection schemes with longer cavity lengths (BrO,
OClO, OH radical)[54]. Future development of the BBCEAS instrument could be made
to lower the power requirements enough to allow the instrument to be mounted on a
mobile platform such as an Unmanned Aerial System (UAS) for SO2 source identification
for large emitters.
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