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Abstract: This article describes the development and field application of a portable
broadband cavity enhanced spectrometer (BBCES) operating in the spectral range of 440-480
nm for sensitive, real-time, in situ measurement of ambient glyoxal (CHOCHO) and nitrogen
dioxide (NOy). The instrument utilized a custom cage system in which the same SMA
collimators were used in the transmitter and receiver units for coupling the LED light into the
cavity and collecting the light transmitted through the cavity. This configuration realised a
compact and stable optical system that could be easily aligned. The dimensions and mass of
the optical layer were 676 x 74 x 86 mm? and 4.5 kg, respectively. The cavity base length
was about 42 cm. The mirror reflectivity at A = 460 nm was determined to be 0.9998, giving
an effective absorption pathlength of 2.26 km. The demonstrated measurement precisions
(1o) over 60 s were 28 and 50 pptv for CHOCHO and NO; and the respective accuracies were
5% and 4%. By applying a Kalman adaptive filter to the retrieved concentrations, the
measurement precisions of CHOCHO and NO; were improved to 8 pptv and 40 pptv in 21 s.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (010.1120) Air pollution monitoring; (120.4640) Optical instruments; (300.6550) Spectroscopy,
visible.
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1. Introduction

Glyoxal (GLY, CHOCHO) is the smallest (a-)dicarbonyl and is present in the atmosphere as
a first generation product from the photochemical oxidation of anthropogenic and biogenic
volatile organic compounds (VOCs). It contributes significantly to the formation of secondary
organic aerosol (SOA) and ozone (Os) [1-3]. Its lifetime of a few hours makes it a promising
indicator molecule for VOC oxidation chemistry on local and global scales [3].

Field measurements of CHOCHO are important because comparing observations to model
predictions is a key test of our understanding of VOC photochemistry. Several approaches
have been used to measure CHOCHO. These include chromatographic methods, like Gas
Chromatography combined with a Flame lonization Detector (GC-FID) [4], and
spectroscopic methods such as Fourier Transform Infrared Spectrometer (FT-IR) [5], Laser-
Induced Phosphorescence (LIP) [6], Differential Optical Absorption Spectroscopy (DOAS)
[7-15], and Broadband Cavity-Enhanced Spectroscopy (BBCES) [16-22]. Details of
intercomparisons of CHOCHO measurements are given in Refs [4] and [5].

Both DOAS and BBCES detect CHOCHO directly by measuring its unique and structured
absorption in the visible spectral range (420 — 465 nm, with a maximum absorption peak at
455 nm). The first direct measurement of CHOCHO in the atmosphere by DOAS was
demonstrated by Volkamer et al. in Mexico City in 2003 [8], where a detection precision of
150 pptv (parts per trillion by volume, 36) was achieved using a total absorption pathlength of
4420 m with 2 to 15 min integration times. In 2008, Washenfelder demonstrated a laboratory
BBCES system that had a CHOCHO detection precision of 29 pptv (16) over 1 min sampling
time [18]. The effective absorption pathlength was 17.9 km. Thalman and Volkamer [19]
improved the detection sensitivity to a precision of 10 pptv (1o) in 1 min with an effective
pathlength of 13 km in 2010. Since then, other BBCES measurements of CHOCHO have
been demonstrated on different platforms, including aircraft- and ship- based platforms [20—
22].

Broadband cavity-enhanced techniques [16,17,23] use a relatively inexpensive incoherent
broadband light, such as a Xenon arc lamp or a light emitting diode (LED), as the probe light
for spectroscopic detection of trace gas. The light from the source is injected into a high
finesse cavity formed by high reflectivity mirrors, and light transmitted through the cavity is
dispersed and measured by a multichannel detector like a CCD spectrometer. Spectral fitting
across a suitable window allows multiple species to be simultaneously quantified with good
temporal resolution and high selectivity [18,19,24]. Compared to DOAS, which has a very
long physical pathlength through the atmosphere, BBCES achieves comparable or superior
sensitivity in a compact and robust system that is suited to mobile, high spatial resolution
observations [17]. BBCES is also widely used for the measurement of other trace gases and
atmospheric aerosol extinction [25-28], and references therein].

This article describes a BBCES instrument designed and constructed for sensitive
detection of CHOCHO and NO; in China’s Pearl River Delta (PRD) and Yangtze River Delta
(YRD) regions. These measurements are needed to investigate VOC degradation mechanisms
and their impact on air quality through the production of O3 and fine particles. While similar
in some respects to our previously described BBCES instruments [24,26,27], the new BBCES
instrument has been significantly improved by using a custom cage system and symmetrical
transmitter and receiver units. These changes have improved both the instrument’s physical
specifications (reduced size and mass) and its performance characteristics (superior sensitivity
and stability).
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Signal averaging can improve the detection precision up to an optimum averaging time (as
defined in Allan variance analysis [29]) but is ultimately limited by electrical and optical
noise and short-term gas concentration variations. The Kalman filtering algorithm, developed
by Kalman in 1960 [30], is one of the successful post-processing techniques that allows
efficient on-line filtering of concentration measurements [31,32]. This technique was first
applied in tunable diode laser absorption spectroscopy (TDLAS) by Werle et al. [33]; it has
since been extended to TDLAS based gas sensors [32,34] and real-time measurement of water
isotopic ratios [35,36]. The Kalman filtering is computationally efficient, adaptive, and can
adjust to changes in dynamic range during measurement without slowing the temporal
response of the system [31,32]. This work presents the first time (to our knowledge) that
Kalman filtering was applied in BBCES, for real-time optimization of the detection
sensitivity and precision.

2. Experimental section

()

Filter ~ Sample

Iy

SMA collimator

SMA
collimator

LED
output W2

HR Mirror \ ¥ Spectrometer

(b) r .

Fig. 1. (a) Layout of the custom cage based optical system. The coupling system for transmitter
(LED output) and receiver units (CCD spectrometer) were interchangeable. (b) Side view of
the optical system with dimensions in mm.

Figure 1 shows the optical layout of the BBCES instrument. The design is based around a
custom cage system with dimensions of 676 x 74 x 86 mm?®. This optical subsystem had a
mass of 4.5 kg. The output from a 5 W blue LED (LedEngin LZ110B200, mounted on a
Peltier heat sink and controlled with chassis mount temperature and laser diode drivers from
Wavelength Electronics) was coupled directly into a 500 um core diameter multimode fiber
(numerical aperture, NA = 0.22). It was then collimated with an SMA air-spaced doublet
collimator (f = 34.74 mm, NA = 0.26) and injected into a high finesse optical cavity. The
transmitted light was collected with an identical SMA air-spaced doublet collimator and fed
via an identical multimode fiber into a CCD spectrometer (Ocean Optics Maya 2000 Pro)
with a 200 pm width slit and a spectral resolution of about 0.35 nm. The CCD spectrometer
and BBCES instrument were operated at room temperature. The total acquisition time of each



Research Article Vol. 25, No. 22 | 30 Oct 2017 | OPTICS EXPRESS 26915|
Optics EXPRESS Ny \

spectrum was equal to two times of the product of integration time of the CCD spectrometer
and the number of scans to average, and an additional 1 s required for data processing. The
duty cycle of the instrument was limited by the CCD control program, but can in principle be
further improved by a factor of two.

The couplings for the transmitter and receiver units were symmetric and interchangeable.
These SMA style connectors improved the compactness and stability of the optical system
and the overall configuration simplifies optical alignment. Figure 2 shows the intensity
spectrum transmitted through the cavity with an integration time of 20 ms, which covered the
spectral region from 435 to 490 nm.

The optical cavity was made of an FEP tube with an inner diameter of 2 cm. The distance
between the two highly reflective cavity mirrors (Layertec, 25 mm diameter) was about 42
cm, and the distance from the sample inlet to the outlet was about 35 cm. A Teflon particle
filter (Parker, Balston) was placed at the sample inlet. Min et al. have reported that losses of
CHOCHO and NO; on Teflon are negligible [22]. Since the sample gas stream was particle-
free, no purge gas was used to protect cavity mirrors from particle deposition. The sample
flow rate was 1.5 L/min and the residence time in the cavity was ~5 s.

3. Results and discussion
3.1 Data retrieval processing

In BBCES, the absorption coefficient a()) of the sample inside the cavity can be expressed as
[23,24,37,38]:

1(1,(2
a(4) =g( i ((ﬂ)) —1J(1— R(2)) = Xnei(s +14)+ P(2) (1)

where d is the sample length, R(}) is the mirror reflectivity, and lo(2) and 1(2) are respectively
the light intensities transmitted through the cavity when filled with clean reference air and
when filled with the sample gas. n; and o; are the number density and reference absorption
cross section of the ith absorber, respectively. s; and t; are the shift and stretch coefficients for
each absorber and are used to correct the wavelength calibration [24]. P()), typically a 3rd
order polynomial, was used to account for the background shape of the lamp emission
spectrum.

The mirror reflectivity R(A) was determined from the Rayleigh scattering of N, and CO;
using the following equation [18,26]:

(1o, W)/ 1y, (A)) oz () - oy ()
1- Ico2 (ﬂ)/IN2 (}V)

R(4)=1-d @)

where lco2(}) and In2(A) are the light intensities transmitted through the cavity filled with

either pure CO, or pure Ny, respectively. oq? (1) and oy’ (4) are the reference Rayleigh

absorption cross sections of CO, and N; and have reported uncertainties of 4% and 1% [39—
41]. Ten different pairs of CO, and N transmissions were used to determine R(A). The
standard deviation in measured (1 - R) was about 1% and the mean reflectivity value was used
in Eq. (1). In this work, the R(X) at 460 nm was determined to be 99.98%, which implies an
effective optical pathlength (Les) of about 2.26 km in the cavity.
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Fig. 2. Plot of the cavity transmission spectrum, convolved reference cross sections of
CHOCHO, NO,, 04 and CH3;COOCHO, and absorption optical depth of 1% H,O with 1 cm
absorption pathlength at atmospheric pressure.
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Fig. 3. Experimental absorption spectra of (a) NO, and (b) CHOCHO measured by BBCES
associated with the fit residual (c). Red lines in (a) and (b) are the fitted absorption spectra for
26.6 ppbv NO, and 100 ppbv CHOCHO. The 1o standard deviation of the fit residual was 5.9
x 1079 cm™ (denoted by the dotted lines in (c)) for a 3 s spectrum acquisition time.

The reference cross sections (c) were generated by convoluting high-resolution literature
absorption cross sections with a Gaussian line shape (FWHM = 0.68 nm) to represent the
instrument function of the CCD spectrometer. The reference cross sections used for the
spectral retrievals lie in the spectral range of 435 — 490 nm and are shown in Fig. 2. The high-
resolution cross sections were those of VVolkamer et al. [42] for CHOCHO (spectral resolution
of 0.001 nm, 296 K), Vandaele et al. [43] for NO; (resolution of 0.1 cm?, 294 K), Thalman et



Research Article Vol. 25, No. 22 | 30 Oct 2017 | OPTICS EXPRESS 26917|
Optics EXPRESS Ny \

al. [44] for the O2-0; collision pairs (Og4) at 293 K, and Meller et al. [45] for methylglyoxal
(CH3COOCHO) with a resolution of 0.07 nm at 296 K. These data can be accessed from the
MPI-Mainz UV/VIS spectral atlas database [46]. The high-resolution H,O absorption was
calculated with the SpectraPlot program [47] based on the HITRAN2012 database at
atmospheric pressure (with a mixing ratio of 1% and a 1 cm absorption path) [48]. The
convolved optical depth of H,O absorption is shown in Fig. 2.

As a demonstration of the simultaneous measurement of CHOCHO and NO;, a mixture of
these two species was introduced to the instrument. A representative measured spectrum and
fitted spectrum between 440 nm and 480 nm is shown in Fig. 3. The total acquisition time for
each spectrum was 3 s (20 ms integration time and 50 spectra averaging, with 1 s additional
compensation time for data processing). The detection sensitivity was estimated to be 5.9 x
107° cm based on the 1o standard deviation of the spectral fit residual.

3.2 Precision, accuracy and detection limit

The accuracy of a measurement system reflects the closeness of a measured value to a true
value, while the precision describes the degree to which repeated measurements under
unchanged conditions show the same results (sometimes referred to as reproducibility or
repeatability) [31]. In this work, the stability and precision of the BBCES instrument for
CHOCHO and NO; were investigated using an Allan variance analysis. The upper panel of
Fig. 4 shows a one hour time series measurement of particle-free zero air with a time
resolution of 3 s. The Allan variance analysis is shown in the middle panel of Fig. 4. For NO,
measurements, the measurement precision can be further improved to 0.02 ppbv with an
averaging time of 192 s. For a 60 s integration time, the precision for NO, was 0.05 ppbv. For
measurements of CHOCHO, the minimum (0.012 ppbv) in the Allan plot indicates that the
optimum averaging time was 324 s. For a 60 s integration time, the precision for CHOCHO
was about 0.028 ppbv.

The frequency distribution of the time series measurement of NO, and CHOCHO s
shown in the lower panel of Fig. 4. A Gaussian distribution was fitted to the histograms to
obtain the mean (the absolute offset from the zero reference spectrum, treated as
“background” [5]) and standard deviation (cgausian, @ Measure of the actual instrument
precision) of the zero air measurement. The mean and 1c standard deviation values for NO;
and CHOCHO were 0.018 and 0.181 ppbv, and 0.014 and 0.097 ppbv, respectively. A widely
used 3o Limit of Detection (LODexpected35) in @nalytical chemistry can be calculated from the
histograms results [5]:

LODexpected,3a = 3 O-Gauss,ian + |baCkgr0Und| (3)

For NO; and CHOCHO with 3 s total acquisition time, the expected LODs (36) were 0.561
ppbv and 0.305 ppbv, respectively, which agreed well with the instrument precisions (0.567
and 0.294 ppbv) based on 3o standard deviations of the continuous measurement (upper panel

of Fig. 4).
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Fig. 4. Performance evaluation of the BBCES instrument for NO, (a-c) and CHOCHO (d-f)
measurement with zero air. Upper panel: mixing ratio time series of NO, (a) and CHOCHO
(d); middle panel: Allan deviation plots for NO, (b) and CHOCHO (e) mixing ratios. The
white noise (Gayan oc t+2) and drift (Gauan o< t% o = 0.5 - 1) dominated regions are shown as the
olive dotted lines. The optimum averaging time is defined as the time when the Allan variance
shifts from the white noise dominated region to a drift dominated region; and lower panel:
frequency distribution of the zero air mixing ratio for NO, (c) and CHOCHO (f).

Detection precisions for CHOCHO by BBCES instruments and other methods are
compared in Table 1. A similar comparison of NO, measurement performance is given in Ref
[27] for cavity-based instruments. The state-of-the-art performances of CHOCHO detection
were achieved by Thalman and Volkamer [19] in 2010 and by Min et al. [22] in 2016. The
reported 36 detection precisions were 0.03 ppbv (60 s) with an L of 13 km and 0.045 ppbv
(5 s) with an Lex of 17.8 km, respectively. The achievable sensitivity of BBCES depends on
the number of photons injected into the cavity (which depends on the source brightness and
beam imaging efficiency), Lex (which depends on the cavity mirror quality and mirror
separation), and how efficiently the various noise components are suppressed [27,51]. In this
work, the light injection efficiency was improved with the cage-based configuration. The
integration time of the CCD spectrometer in this work (20 ms) was over 7 times shorter than
our previously reported aerosol extinction spectrometer [26] and a chemical amplification
peroxy radicals measurement instrument [27], where a 150 ms integration time was needed to
achieve the same level of transmission intensity. This design produces comparable detection
precision (0.084 ppbv in 60 s) for CHOCHO to those of other CHOCHO instruments despite
our instrument’s much shorter Let (2.26 km). An important benefit of this configuration is that
instrument can be more compact — this is desirable for producing a simple, robust, and stable
analytical tool for field applications and mobile platforms. The detection sensitivity of our
cage system could be further improved with cavity mirrors of higher reflectivity.

As the inlet losses of CHOCHO and NO, are assumed to be negligible [22], the accuracy
of trace gas quantification by BBCES is mainly determined by the uncertainty in the literature
reference cross sections and by the Rayleigh scattering cross sections used to calibrate the
mirror reflectivity. The reported uncertainties in absorption cross sections are 3% for
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CHOCHO and 1.1% for NO; [15]. The uncertainties in Rayleigh scattering cross sections are
4% for CO; and 1% for N, [39-41]. The total uncertainties (summed in quadrature) of the
CHOCHO and NO, measurements were estimated to be about 5% and 4%, respectively.

Table 1. Comparison of CHOCHO detection precisions of BBCES instruments and other

methods.

Analytical technique Detection precision (ppbv, 30) ﬁ?nn;plmg Year Reference
Microfluidic GC 0.08° 30 min® 2014 4
FTIR 25% 5 min ¢ 2014 4
LIP 0.011 5min°® 2008 6
DOAS 0.15% 2-15min ¢ 2005 8

0.092(d=944cm, Lxg=17.9km)  1min® 2008 18
0.032(d =99 cm, Lt = 13 km) 1min¢ 2010 19
0.07 2¢ 20s°¢ 2014 4
BBCES 0.045 (d =48 cm, Ly = 17.8km)  5s° 2016 22
0.084 (d = 42 cm, Lefs = 2.26 km) 1minef .
0.024°¢ 21set 2017 This work

2 Adapted from Ref. [4]. ® Offline techniques. ¢ Online techniques. ¢ The cavity length and effective absorption
pathlength were not reported. ¢ With application of real-time Kalman adaptive filtering. f The sampling time can
be shortened by a factor of two without changing the data acquisition parameters.

3.3 Ambient measurement

Ambient measurement of CHOCHO and NO, was carried out at a suburban site over the
period 1 to 3 August 2017. The instrument was located on the seventh floor of a building at
the Anhui Institute of Optics and Fine Mechanics (31°54'18”N, 117°9'42”E) [24]. The site,
which is on a peninsula and surrounded by water on three sides, is about 15 km west of the
downtown center of Hefei city. Metropolitan Hefei has a population of 5.0 million. The
instrument was installed in a temperature-controlled room maintained at 25 °C with a sample
inlet about 1.5 m above the roof.
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Fig. 5. Example time series of the transmitted intensity for each measurement at 460 nm.

Ambient air was directly sampled through a FEP tube (6 m long with an inner diameter of
1 cm) at a flow rate of 20 L min~. A fraction of the sample (1.5 L min™') was used for the
BBCES measurement. The total acquisition time for each measurement was 21 s (for 20 ms
integration time and 500 spectra averaging, and a 1 s data processing time). At the beginning
of each measurement, the LED was switched off and the dark spectrum of the CCD
spectrometer was recorded for later subtraction from the sample spectra. The cavity was
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flushed with dry zero air every 20 min and the lo(}) spectrum was acquired. An example time
series of the transmitted intensity for single data pixels at 460 nm is shown in Fig. 5. With a
20 ms integration time, the dark intensity was about —92 counts, which contributed about
0.5% to the cavity transmission (~17200 counts). The ~0.1% I intensity fluctuation within a
single zero measurement indicated the high stability of the instrument; successive zero
measurements had lo intensity changes of less than 100 counts, which were negligible
contributions to the measurement uncertainty.

A typical BBCES spectrum and the data retrieval of ambient air with 8.64 ppbv NO, and
0.248 ppbv CHOCHO is shown in Fig. 6. A fit window of 445 — 465 nm was chosen to
minimize the contribution of H,O absorption. Under typical ambient relative humidity (RH)
conditions, the contribution of H,O absorption at 445 nm was about 10-° cm2, a negligible
contribution to the total absorption. The corresponding spectral fit residual is shown in the
lower panel. A 1o detection sensitivity of 7.5 x 107 cm™ was achieved under these
conditions. A time series of ambient CHOCHO and NO, measurement is shown in Fig. 6. An
intercomparison of NO, measurements against alternative methods is not part of this study,
but we note that our earlier broadband spectroscopy instruments have performed very well
compared to commercial chemiluminescence detectors (Thermo 42i NOx analyzer) [24,28].
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Fig. 6. Simultaneous measurement of ambient NO, (a) and CHOCHO (b) and the associated fit
residual (c). The 1o standard deviation of the fit residual was 7.5 x 107° cm™ with 21 s total
acquisition time for each spectrum.

3.4 Application of Kalman filtering to retrieved concentrations

To further improve the detection sensitivity and precision of the measured data, Kalman
adaptive filtering [31,32,35] was applied in this work. As described in Refs [31] and [32], the

‘true value’ of the measurement at time k (5k) can be predicted from the combination of the
measured value at time k (z) and the previously determined ‘true value’ at time k-1 (3;) by
using a recursive procedure, as expressed by following equation:
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5k=3k’+Kk(zk—5A’) 4

k

The value of Ky is defined as the Kalman gain, and is related to the measurement noise
introduced by the instrument (s,) and the true concentration variability (ow). The ratio

of 62 /o’ , defined as p, is a constant value used to tune the filter. For small p values, the

filtering is less efficient in removing shot-to-shot variation; where p is too large, the filtered
result will lag behind true changes in concentration [32].
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Fig. 7. Ambient air measurement of NO, (a) and CHOCHO (b) with the new BBCES
instrument. A Kalman filter was used to improve the detection precision (red lines). The insets
show a typical 1-h expanded view of the data with p set to 100.

The Kalman filter incorporates all available measurements, regardless of the precision of
the initial values. In this work, the standard deviation of the first 20 measurement was used as
the input of oy. The value of p was firstly set to 50, and was then adjusted to capture the sharp
changes in the ambient NO; concentrations. Finally, a p value of 100 was chosen for the
current system as one that provided a good compromise between improved precision and
adequate time response. The red lines in Fig. 7 show the Kalman filtering results and clearly
follow the true concentration changes. 1-h data without an obvious concentration change was
used to evaluate the performance of Kalman filtering (as shown in the inserts of Fig. 7). When
Kalman filtering was not used, the values of the concentration variability with 21 s total
acquisition time were 0.09 and 0.033 ppbv for NO, and CHOCHO, respectively. With
Kalman filtering, these values were reduced to 0.04 and 0.008 ppbv. The detection precisions
were improved by a factor of 2 for NO, and by a factor of 4 for CHOCHO. Kalman adaptive
filtering technique can efficiently reduce the real-time noise and shot-to-shot variability of
concentration measurements without affecting the time resolution, and is demonstrated to be
an effective tool for improving the quality of our real-time measurements.

4. Conclusion

In this paper, we report the development of a custom cage-based BBCES instrument for
sensitive, real time in situ measurement of ambient CHOCHO and NO,. With 60 s sampling
time, 1o detection precisions of 28 and 50 pptv for CHOCHO and NO-, were achieved with an
effective absorption pathlength of 2.26 km. Even better system performance could be
achieved with mirrors of higher reflectivity, assuming that such mirrors do not make the
instrument photon noise limited.
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The cage system and the symmetrical interchangeability between transmitter and receiver
units are advantageous: the configuration made the instrument more stable, compact, and easy
to align, which improved the injection efficiency of light into the cavity. The fiber connectors
also made the current instrument suitable for application to open-path measurement of trace
gases [52] and aerosol [53]. The open-path configuration, while relatively unusual, is
advantageous for monitoring target species that are susceptible to inlet losses, and for
measuring aerosol extinction at ambient relative humidity, which would change rapidly if the
ambient air temperature differed slightly from that of the instrument.

In this work, lo(1) was obtained in particle-free zero air. If N2 or He is used to get the
reference spectrum and the spectral fit window is extended to 490 nm, the absorption of O4
can also be used to determine the mirror reflectivity, essentially making BBCES an
calibration-free method for trace detection [19,22,49,50].

The Kalman adaptive filtering technique was applied to the real-time simultaneous
measurement of multiple species. Detection precisions were improved by a factor of 2 and 4
for field measurement of NO, and CHOCHO. The achievable precision, 24 pptv (3o, 21 s) for
CHOCHO measurement, was close to the state-of-the-art performance, but with a 6-8 times
shorter effective absorption pathlength in this work. The performance -evaluation
demonstrated the potential applicability of Kalman filtering in the widely used BBCES
technique.
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