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Abstract

The combination of Cavity Enhanced Absorption Spectroscopy (CEAS) with broad-
band light sources (e.g. Light-Emitting Diodes, LEDs) lends itself to the application of
cavity enhanced Differential Optical Absorption Spectroscopy (CE-DOAS) to perform
sensitive and selective point measurements of multiple trace gases and aerosol ex-5

tinction with a single instrument. In contrast to other broad-band CEAS techniques,
CE-DOAS relies only on the measurement of relative intensity changes, i.e. does not
require knowledge of the light intensity in the absence of trace gases and aerosols
(I0). We have built a prototype LED-CE-DOAS instrument in the blue spectral range
(420–490 nm) to measure nitrogen dioxide (NO2), glyoxal (CHOCHO), methyl glyoxal10

(CH3COCHO), iodine oxide (IO), water vapour (H2O) and oxygen dimers (O4). We
demonstrate the first CEAS detection of methyl glyoxal, and the first CE-DOAS detec-
tion of CHOCHO and IO. A further innovation consists in the measurement of extinc-
tion losses from the cavity, e.g. due to aerosols, at two wavelengths by observing O4
(477 nm) and H2O (443 nm) and measuring the pressure, relative humidity and temper-15

ature independently. This approach is demonstrated by experiments where laboratory
aerosols of known size and refractive index were generated and their extinction mea-
sured. The measured extinctions were then compared to the theoretical extinctions
calculated using Mie theory (3–7×10−7 cm−1). Excellent agreement is found from both
the O4 and H2O retrievals. This enables the first inherently calibrated CEAS measure-20

ment in open cavity mode (mirrors facing the open atmosphere), and eliminates the
need for sampling lines to supply air to the cavity, and/or keep the cavity enclosed
and aerosol free. Measurements in open cavity mode are demonstrated for CHOCHO,
CH3COCHO, NO2, H2O and aerosol extinction at 477 nm and 443 nm. Our prototype
LED-CE-DOAS provides a low cost, yet research grade innovative instrument for ap-25

plications in simulation chambers and in the open atmosphere.
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1 Introduction

Light-Emitting Diode (LED) light sources coupled with Cavity Enhanced Absorption
Spectroscopy (CEAS) and Differential Optical Absorption Spectroscopy (DOAS) re-
trievals hold great potential for a light-weight, low-power and portable instrument to en-
able the sensitive and selective measurement of numerous atmospheric trace gases5

and aerosol extinction with a single instrument. In the last ten years several high-
finesse cavity techniques have expanded on the principles of Cavity Ring-Down Spec-
troscopy (CRDS) (Okeefe and Deacon, 1988; Brown, 2003). CRDS, CEAS, and inte-
grated cavity output spectroscopy (ICOS) have in common the use of a high–finesse
optical cavity consisting of two highly reflective mirrors to increase the absorption path10

length over that of conventional White-type (White, 1942) or Harriet-type (Herriott and
Schulte, 1965) multi-reflection cells by several orders of magnitude (factor 100–1000).
The long path length leads to greatly increased sensitivities of these techniques. CEAS
works on many of the same principles as CRDS, but can be coupled with broad band
(non-laser) light sources, either in the form of thermal emitters (Incoherent Broadband15

CEAS) or LEDs (LED-CEAS). CEAS techniques have been used to measure a wide
variety of atmospheric trace gases including nitrogen dioxide (NO2) (Ball et al., 2004;
Venables et al., 2006; Langridge et al., 2006, 2008a, b; Gherman et al., 2008; Triki
et al., 2008; Washenfelder et al., 2008; Wu et al., 2009), the nitrate radical (NO3)(Ball
et al., 2004; Venables et al., 2006; Langridge et al., 2006, 2008a, b; Gherman et al.,20

2008; Meinen et al., 2008; Triki et al., 2008; Schuster et al., 2009), dinitrogen pentoxide
(N2O5) (Schuster et al., 2009), nitrous acid (HONO) (Gherman et al., 2008), water va-
por (H2O) (Venables et al., 2006; Langridge et al., 2008a, b; Washenfelder et al., 2008),
ozone (O3) (Venables et al., 2006), oxygen dimer (O4) (Langridge et al., 2006), iodine
(I2) (Ball et al., 2004; Vaughan et al., 2008; Dixneuf et al., 2009), iodine monoxide (IO)25

(Vaughan et al., 2008), iodine dioxide (OIO) (Vaughan et al., 2008), and glyoxal (CHO-
CHO) (Washenfelder et al., 2008). CEAS techniques that have been used to measure
atmospheric trace gases in the blue spectral range (420–490 nm) are shown in Table 1.
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These techniques have incorporated both Xe-arc lamps and LEDs as light sources.
Traditional CEAS techniques rely on absolute intensity measurements to determine

trace gas extinctions (Fiedler et al., 2003). Such measurements are susceptible to
lamp drifts. Additionally, all currently existing CEAS instruments suffer from the need
to separate and quantify the temporal variability of extinction losses due to aerosols5

from that caused by trace gases. CEAS measurements to date require separate cal-
ibration measurements to characterize the temporal variability of aerosol extinction in
the atmosphere, or require the removal of aerosols from the cavity by means of filtra-
tion in sampling lines. Cavity Enhanced Differential Optical Absorption Spectroscopy
(CE-DOAS) is a novel CEAS technique under development (Meinen et al., 2008; Platt10

et al., 2009). CE-DOAS in principle holds promise to decouple aerosol and trace gas
extinction, but this potential had as of yet not been developed. CE-DOAS and other
CEAS techniques have in common the use of a high finesse optical cavity coupled to
a broad band light source; broad areas of the spectrum are simultaneously measured
by means of a single detector (multiplexing advantage). DOAS retrievals are inherently15

insensitive to variations in the absolute light intensity (Platt and Stutz, 2008), as DOAS
relies on measuring narrow band (<3–5 nm FWHM) “differential” absorption features of
trace gases; the differential absorption is independent of intensity variations, i.e., does
not require knowledge of the light intensity in the absence of absorbers, I0. In partic-
ular, lamp drifts or the presence of aerosols, both broadband extinction processes, do20

not affect the fitting of narrow band structures, which a DOAS retrieval separates from
broad band extinction by means of numerical high-pass filtering of the spectra. First
attempts have coupled CEAS hardware with a DOAS retrieval algorithm (Meinen et al.,
2008), and discussed the peculiarities of differential retrievals in optical cavities (Platt
et al., 2009). Platt et al. (2009) showed that the average (1/e) path length in the cavity25

is given by the following equation:

L̄=
d0

1−R(λ)+εRay(λ)d0+εMie(λ)d0+Σσicid0
(1)
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where d0 is the cavity length, R is the mirror reflectivity, εRay, is the extinction due to
Rayleigh scattering, εMie is the extinction due to aerosols and σ is the absorption cross-
section of a trace absorber. The various extinction processes (denominator of Eq. 1)
contribute to the reduction in path length; however past CE-DOAS configurations did
not have the means to quantitatively account for the reduction in path length caused by5

temporally variable aerosol extinction. The strong sensitivity of Eq. (1) towards aerosol
extinction is illustrated in Fig. 1, where the individual extinction losses are shown for our
cavity. As the extinction loss increases, the effective path length decreases. Aerosols
are highly variable in the atmosphere, and as a result the effective path length becomes
time dependent. Furthermore, the different contributions to the overall extinction have10

different wavelength dependencies. The effective wavelength dependent path length
is thus no longer determined exclusively by R, and αRay, and their known wavelength
dependencies. In the presence of aerosols, wavelength dependence in Eq. (1) is no
longer well defined. Past attempts to characterize broad band extinction losses by
means of separate extinction calibration measurements have mostly been limited to15

the characterization of mirror reflectivity by the use of O4 (446 nm band with enriched
oxygen content) (Langridge et al., 2006), NO2 (using a known NO2 mixture) (Langridge
et al., 2006; Venables et al., 2006; Gherman et al., 2008; Triki et al., 2008; Vaughan et
al., 2008) or CO2 (Orphal and Ruth, 2008); a similar approach was applied to aerosols
by (Varma et al., 2009) using the O2 band at 685nm in the SAPHIR chamber. An in-20

herent means to calibrate path length as a function of wavelength under atmospheric
conditions in the presence of variable atmospheric turbulence and aerosols is desir-
able, and are currently missing.

The blue spectral range holds great potential to detect multiple interesting molecules
directly in the atmosphere. Glyoxal is the smallest alpha-dicarbonyl and a novel in-25

dicator species for fast photochemistry of volatile organic compounds (VOCs) on lo-
cal (Volkamer et al., 2005b; Sinreich et al., 2007) and global scales (Kurosu et al.,
2005; Wittrock et al., 2006; Vrekoussis et al., 2009). The global CHOCHO source
from land ranges between 50 and 108 Tg yr−1, with a single VOC precursor, isoprene,
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contributing ca. 30% to the currently known sources (Myriokefalitakis et al., 2008; Fu
et al., 2008; Stavrakou et al., 2009), but about half of the terrestrial source is cur-
rently unaccounted for (Stavrakou et al., 2009). Recent measurements demonstrate
the uncertainties in the amount of glyoxal formed from isoprene. Current isoprene oxi-
dation schemes consider glyoxal to be only a second and higher generation oxidation5

product (Bloss et al., 2005; Taraborrelli et al., 2009), but recent measurements (Volka-
mer et al., 2005a) confirm theoretical predictions (Dibble, 2004a; Dibble, 2004b), and
demonstrate that it is also formed as a first generation product with a yield of up to
3% (Volkamer et al., 2005a). This corresponds to about an additional 10 Tg/yr of a
glyoxal source on global scales that is currently not reflected in atmospheric models.10

While significant, it does not explain all of the missing glyoxal in biogenic areas. Fur-
ther, there is also consistent evidence that CHOCHO is a building block for secondary
organic aerosol (SOA) formation (Jang et al., 2002; Hastings et al., 2005; Liggio et al.,
2005; Volkamer et al., 2007, 2009; Galloway et al., 2009). SOA is a concern for public
health (Villalobos-Pietrini et al., 2007) and elevated SOA is linked to increased mortal-15

ity rates (Pope and Dockery, 2006).Experimental in situ techniques that are sensitive
enough to measure CHOCHO directly in the open atmosphere with good time resolu-
tion are only recently becoming available (Huisman et al., 2008; Washenfelder et al.,
2008), and hold great potential to advance our scientific understanding of hydrocarbon
and SOA sources on local and global scales.20

The blue spectral range is particularly attractive, as multiple gases with potential cli-
mate relevance are accessible here, e.g., IO and CHOCHO (Volkamer et al., 2010).
A typical light source for these instruments is the Xe-arc lamp; however, the use of
Xe-arc lamps creates complications in CEAS retrievals, see Fig. 2 in Washenfelder et
al. (2008), because Xe-gas emission lines overlap here with the spectral structures of25

glyoxal and other gases. The spectral intensity and shape of these lines depends on
temperature and pressure of the Xe gas, which fluctuate over time. The resulting tem-
poral variability of the Xe-gas emission lines complicates DOAS applications of Xe-arc
lamps in this spectral range. As the number of commercially available high-powered
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LEDs has increased, LEDs are starting to provide an interesting alternative light source
to Xe-arc lamps to make the blue spectral range more accessible. Here we present an
innovative prototype instrument that actively addresses all of these challenges, and en-
ables the first well calibrated CEAS measurement of trace gases and aerosol extinction
by a single measurement in open cavity mode under atmospheric conditions.5

2 Experimental

2.1 Description of LED-CE-DOAS Instrument

Figure 2 depicts the set up of the LED-CE-DOAS instrument. Light from the LED is
collimated and directed into the optical cavity where it makes many passes through
the sample volume and is then focused onto the optical fiber and detected by the10

spectrometer/detector system attached.

2.1.1 Characterization of LED light sources

The criteria for a suitable blue LED for LED-CE-DOAS are: (1) lack of a Fabry-Pérot
etalon; (2) match well with the expected reflectivity of the mirrors (Fig. 3a); (3) high light
output, and (4) reasonably small chip size (<1 mm2). Variations of etalon structures,15

which are periodic emission features arising from the difference in the refractive indices
of the coating layers on the LED chip, are caused by fluctuations in either the current
(amperage) or the temperature of the LED chip, and can complicate the elimination of
spectral features from the LED emission spectrum thus introducing residual structures
that limit the sensitivity of the DOAS approach. While the presence of etalon structures20

does not present a fundamental limitation (it can be eliminated by temperature stabi-
lizing the LED, viewing the LED at an angle and using an extra stable power supply)
(Kern et al., 2006; Sihler et al., 2009), the absence of etalon structures is desirable.

A variety of LEDs were tested. The LED emission spectrum and its spectral stability
were characterized both as a function of electrical power and of time. The optical power25
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output was measured using an optical power meter (Thorlabs, PM210) (Table 2). The
Seoul and LEDengin blue LEDs matched best with the mirror reflectivity, did not show
etalon structure, and had an optimal emission pattern for the application. In absolute
intensity the LEDengin LED was found to be the most powerful LED. In Fig. 3a the
measured optical output from the various LEDs are compared to that calculated for a5

450W Xe-arc lamp. At the peak of the LED emission spectrum the LED is found to be
more powerful than the arc lamp. Due to the combination of advantages, we chose the
LEDengin for our LED-CE-DOAS light source. The LED was mounted to a temperature
controlled cooling stage, which was PID stabilized at 10±0.1 ◦C, to control variability in
the LED output and structure (peak width and dominant wavelength) that vary with the10

current and temperature.

2.1.2 Characterization of the optical cavity and mirror reflectivity

The optical cavity (Fig. 2) consists of two 2.5 cm mirrors with a one meter radius of
curvature and a reflectivity of 99.996% (Advanced Thin Films- Boulder, CO), which
are mounted 99.0 cm apart. Out of band light was removed using a colored glass15

filter (Schott GG420) before the cavity and a band-pass filter (Newport 10BPF70-450,
λ=450 nm, FWHM=70 nm) before the fiber. The effect of the cavity and the optical
filters is demonstrated in Fig. 3b. The GG420 is used to avoid saturating the detector
while maximizing the use of the detector in the region of interest. The band-pass filter
was used to suppress the out of band light at longer wavelengths. If the spectrometer20

system has any issues with out of band light projection this can introduce stray light into
the measurement spectra because the out of band light is orders of magnitude more
intense than the measurement light in the region of interest. Light from the LED was
collimated into the cavity by a 2 inch f/1 lens and focused onto the fiber after the cavity
by a 1 inch f/4 lens (Thorlabs). The cavity and mirror mounts are designed so that the25

cavity can be enclosed using a 1 in. diameter stainless steel or Teflon tube.
After alignment the mirror reflectivity was determined using Rayleigh scattering as

described in Washenfelder et al. (2008) by flowing helium in the cavity for a reference
2688
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spectrum followed by air or nitrogen:

R(λ)=1−d0

( IN2
(λ)

IHE
(λ)ε

N2
Ray(λ)

)
−
(
εHe

Ray(λ)
)

1−
( IN2

(λ)

IHE(λ)

) , (2)

where d0 is the cavity length and εRay is the extinction due to Rayleigh scattering
and IN2 and IHe are the intensities of the helium and nitrogen spectra, respectively.

2.1.3 The spectrometer and detector systems5

The light exiting the cavity was focused onto an optical fiber. Two different sets of trans-
fer optics and detector systems were used: (1) light was coupled via a 1 inch f/4 lens
onto a 1mm diameter, f/4 glass optical fiber (Ocean Optics) which was coupled to an
Ocean Optics QE65000 compact f/4 symmetrical-crossed Czerny-Turner spectrome-
ter. This spectrometer has a 100 cm focal length and a 100 µm slit, and spectra were10

recorded using a 1.4 mm high Hamamatsu S7031–1006 (1024×58 pixels) CCD detec-
tor. The CCD chip was thermo electrically cooled to −10.±0.1 ◦C in order to reduce dark
current of the detector. The spectrometer was heated to 31.±0.003 ◦C (above ambient)
to remove temperature drifts in the wavelength pixel mapping of the spectrometer; (2)
light was focused via the same lens onto a 1.5 mm diameter multi-mode single core15

optical fiber (Ceramoptic) coupled to 27 individual fibers that were distributed vertically
in front of the slit of an Acton 2300i spectrometer, which was coupled with a PIXIS400
CCD Camera (Roper Scientific). The Acton 2300i had f/3.9 Czerny-Turner 300mm fo-
cal length spectrometer was used with a 1200 grooves/mm grating blazed at 450 nm.
The PIXIS400 camera used a 8mm high 26.8 mm wide back illuminated CCD chip (e2v,20

1340·400 pixels), that was thermoelectrically cooled to −75.±0.1 ◦C in order to reduce
dark current. The spectrometer was heated to 35±0.1 ◦C. Both spectrometer/detector
systems are fully integrated and controlled by the ATMOSpecLab data acquisition Lab-
VIEW code. The code also reads up to eight temperatures, and contains four PID loops
used to control and stabilize temperature.25
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2.1.4 Signal to noise comparison

The signal to noise of the two spectrometer/detector systems was evaluated using the
root mean square (RMS) fit residual of the DOAS trace gas fit. The theoretical noise
level was calculated using combination of the noise levels of the reference and the
sample spectra taken in quadrature where the theoretical noise is: N=

√
N/N (N being5

the maximum number of counts in the spectra). The integration time used to record the
reference spectrum was two minutes for the QE65000, while the Acton/PIXIS reference
was 3.5 min. Consecutive spectra were recorded with an integration time of 30 s and
co-added to increase the photon counting statistics. Figure 4 compares the signal
to noise ratio of the QE65000 and the Acton/PIXIS spectrometers. The Acton/PIXIS10

achieves a 2–3 times lower RMS noise for comparable integration times reflecting a 4–9
times higher light throughput. The higher light throughput is primarily due to the higher
photon collection by the larger fiber and the better dispersal of light at the detector.

2.2 Aerosol generation and measurement

To characterize the performance of LED-CE-DOAS in the presence of aerosols, mono-15

disperse aerosols of known size and refractive index were produced using the exper-
imental setup shown in Fig. 2. Polystyrene latex spheres were used as the spherical
size-selected aerosol test case. An aqueous solution of polystyrene latex spheres
(PSLs, Thermo Scientific, 350 nm±7 nm) was prepared by suspending ten drops of
standard in approximately 200 mL of de-ionized water. The solution was then volatilized20

using an atomizer. The airstream was subsequently dried using silica beads, and
passed through a Scanning Mobility Particle Sizer (SMPS) which consists of a Differ-
ential Mobility Analyzer (DMA) (TSI model 3081) and a Condensation Particle Counter
(CPC) (TSI 3022A, in high flow mode) used to size select and count particles. The
SMPS was set to 5 lpm sheath flow and the sample flow through the DMA was25

500 sccm. The size of the aerosols selected by the DMA is known to a 3% uncertainty
(Biskos et al., 2006). Particles were counted by the CPC before and after passing
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through the cavity, and numbers were found identical to within less than 1% indicating
negligible particle losses inside the cavity. The mirrors were kept clean using a dry
air purge at the ends of the cavity and the sample (aerosols and/or trace gases) was
supplied in the middle of the enclosed cavity volume (Fig. 2).

2.3 Trace gas generation5

Water was introduced in the flow volume after the aerosols had been selected by pass-
ing a dilution flow through a flask of de-ionized water (Fig. 2) and passed through a
PFA Teflon filter in a PFA Teflon filter holder to remove any water droplets. Relative
humidity (Honeywell, 4000-003, ±3.5%RH) and temperature (Omega RTD, ±0.01 ◦C)
were measured at the center of the cavity, while pressure (MKS Baratron 629, ±0.12%10

of reading) was measured as the airstream exited the cavity. For closed cavity mea-
surements, glyoxal, methyl glyoxal and NO2 were generated, and supplied to the cavity
as shown in Fig. 2. Air was bubbled through a solution of glyoxal and methyl glyoxal
and then diluted before the cavity to provide both trace gases and water to the cavity.
NO2 was supplied from a standard bulb filled to a starting pressure of 830 Torr and a15

mixing ratio of 4×10−7 and then a small flow was leaked from the bulb, measured by a
mass flow meter (Sierra Instruments) and diluted by the larger airstream. The NO2 flow
changed slowly over time as the pressure in the bulb reduced. The methyl glyoxal and
glyoxal concentrations varied over time as a result of the difference in their respective
Henry’s Law coefficients (Betterton and Hoffmann, 1988; Ip et al., 2009).20

Iodine monoxide measurements were made in closed-cavity mode. IO was gener-
ated via the reaction of ozone with iodine atoms as described by Martin et al. (2007).
A 20 sccm flow of air was passed first through a flask that contained iodine crystals
(Fisher Scientific) cooled in an ice bath and flowed into another flask equipped with
an atomic Hg line emission lamp and a Xe line emission lamp (UVP). The Hg lamp25

was switched on briefly to produce ozone in the flask. The Xe lamp was on continu-
ously, and produced iodine atoms by the photolysis of I2, which then reacted with the
ozone to make IO. The flow was diluted into a 1000 sccm total flow into the instrument.
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After exiting the cavity an ozone monitor (ThermoFisher Scientific, 49i) measured the
amount of ozone in the sample flow.

For open cavity measurements the tube enclosing the cavity was removed and a
curtain flow was maintained on the mirrors, allowing both mirrors to face the open room
air. NO2 and water were present in the room air in sufficiently high concentrations that5

no further supply was needed. Glyoxal and methyl glyoxal were introduced to the light
path by placing a row of Petri dishes containing solutions of glyoxal and methyl glyoxal
directly under the light path.

3 Results and discussion

3.1 LED Light Source10

The LEDengin LED used here is 5 times more powerful than the Luxeon and is more
powerful than the calculated output of the Xe arc (Fig. 3a). The LED also overcomes
the limitation created by the highly unstable Xe emission lines that fall in the middle
of the CHOCHO evaluation range (see e.g., (Washenfelder et al., 2008). Because the
LED emits less light at wavelengths where the mirror reflectivity drops (out of band15

light) than a Xe-arc lamp less filtering is needed to remove out of band light. Out of
band light is orders of magnitude more intense than the sample light because of the
drop in mirror reflectivity (more light allowed through the cavity). The reduced need for
filtration allows for a wider useable wavelength range (420–490 nm) compared to arc
lamp IBBCEAS setups (see Table 1).20

Kern et al. (2006) pioneered the use of an LED light-source for long-path DOAS
applications. They found the intensity of the 3W Luxeon Royal Blue LED to be approxi-
mately half that of a 450W Xe-arc lamp, but the LED produces two orders of magnitude
more light for the power used (The Luxeon LED tested used by Kern et al. is a slightly
different model and their LED had approximately twice the output of the Luxeon LED25

shown in Table 2 and Fig. 3). In addition, LEDs have lifetimes that exceed that of Xe-
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arc lamps by a factor of 100, while reducing the cost by about a factor of 50 (Kern et
al., 2006).

Another advantage of the LED that has been exploited in our CE-DOAS instrument
is that the center wavelength of the LED can be chosen to match the wavelength of
maximum mirror-reflectivity. This enables us to use the mirror in order to balance the5

light intensity across the detector. The effect of the mirror is illustrated in Fig. 3b, and
enables us to measure a particularly broad spectral range that is 70 nm wide. This is
about 2–3 times wider than previous CEAS instruments, see Table 1. This broader
spectral range is a pre-requisite to measure the O4 absorption band at 477 nm, to-
gether with the other gases. The O4 absorption cross section is >10 times stronger at10

477 nm than at 446 nm. That strong O4 band, and the water bands at 443 nm provide
us with independent means to measure the effective extinction length of photons from
the cavity at two wavelengths, even under conditions where atmospheric turbulence or
variable aerosol optical depth lead to light losses from the cavity that are variable in
time. By measuring the decrease in the O4 and H2O SCDs compared to clean (aerosol15

free) air, CE-DOAS in principle allows for the differential measurement of aerosol opti-
cal depth.

3.2 DOAS retrieval and absorption cross section weighting

A data analysis routine has been developed using the WinDOAS spectral fitting pro-
gram (Fayt and Van Roosendael, 2001). The algorithm uses as input the high-20

resolution molecular absorption cross-section spectra of glyoxal (296 K) (Volkamer et
al., 2005c), methyl glyoxal (296 K) (Meller et al., 1991), O4 (Hermans, 2010), H2O
(833 mbar, 296 K) (Rothman et al., 2006), NO2 (294 K) (Vandaele et al., 2002) and IO
(Hönninger, 1999). These spectra are convoluted with the slit function of the spec-
trometer and interpolated onto the wavelength dispersion of the spectrometer. Two fit25

ranges were used, one for the trace gases (435–465 nm) and one for O4 (455–487 nm)
each of these used a 4th order polynomial for the high pass filter. The cross-sections
are then fitted to the measured optical density to retrieve the slant column density
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(SCD, integrated concentration along a given path length). Other degrees of freedom
of the non-linear least-square fitting routine are kept to a minimum in our retrieval, i.e.,
no spectral shift and intensity offset are allowed. The slant columns are converted to
concentrations using the path length calibration.

DOAS uses a modified version of Lambert Beer’s Law:5

ln
(
I0
I

)
=σ(λ)cl (λ) (3)

where I0 and I are the reference and measurement intensities respectively and σ,
c and l are the absorption cross-section, concentration and absorption path length,
respectively. A modified form of Beer’s Law is used that separates extinction processes
as broadband and narrow-band (differential) processes.10

ln
(
I0
I

)
=
[
Σσ′(λ)c+Σσb(λ)c+εRay+εMie+T (λ)

]
l (4)

where σ ’ is the differential (narrow band) portion of the absorption cross-section,
σb is the broadband component,, εRay is the Rayleigh scattering, εMie is the extinction
from aerosols due to Mie scattering, and T is the instrument transfer function. A poly-
nomial is then used to represent all broadband processes (σb, both Rayleigh and Mie15

scattering and T ), while the trace gases of interest are identified by their characteristic
differential absorption structure:

ln
(
I0
I

)
=
[
Σσ′(λ)c+polynomial

]
l . (5)

This application of Beer’s law assumes that path length is constant within the wave-
length interval used for the DOAS fit. However, in CEAS applications the effective20

path length varies strongly with wavelength. Equation (1) shows how it depends on
the mirror reflectivity and all other extinction processes inside the cavity. The result-
ing wavelength dependence of path length will create residual structures if spectra are
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linearly scaled in the respective DOAS fit windows. The effect is illustrated in Fig. 5.
Systematic structures are visible in the fit residual that are clearly due to a glyoxal ab-
sorption feature at 440 nm. This is a direct effect of the cavity having a different path
length at 440 nm than at 455 nm where glyoxal has the dominant absorption feature at
our instrument resolution.5

This effect is discussed in detail by Platt et al. (2009), and solutions to this prob-
lem exist either by means of interpolation of weighed absorption cross section spec-
tra (Volkamer et al., 1998), or by an iterative approach (Frankenberg et al., 2005). We
choose here to remove these residual structures by interpolation between two extreme
cases. To create this cross-section, σ(λ̄) we consider the combination of ?, the cross-10

section and L, the path length. We can account for the distortion in L by applying a
correction factor F (λ) to σ(λ).:

σ̄(λ)=σ(λ)F (λ) (6)

Where F (λ) is derived by calculating the path length according to Eq. (2) for a Rayleigh
atmosphere, and then scaling this to the path length calculated at the dominant wave-15

length of the species of interest (477 nm for O4, 455 nm for CHOCHO):

F (λ)=
L (λ)

L(peak λ of absorption)
(7)

This method of accounting for spectral distortions varies from that presented in Platt
et al. (2009). Their development of scaling factors for path length distortion requires
a-priori knowledge of the total optical depth in the cavity, or DCE . To our knowledge we20

present the first practical solution to the problem.

3.3 Determination of sample path, ds

As depicted in Fig. 2, the aerosol and trace gas samples do not occupy the entire
length of the cavity; the length of the volume (ds) must be determined by a separate
set of experiments. This is done by flowing a known amount of an absorber through the25
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sample portion of the cavity. In each run of the experiment before aerosols were intro-
duced, humidified air was flowed through the cavity and the water vapor concentration
was measured by the combination of relative humidity sensor, RTD and the pressure
sensor. The ratio ds/d0 is then calculated as the ratio of the retrieved light path for the
water (H2O SCD divided by concentration calculated from the RH) and the theoretical5

path (Eq. 1) at the wavelength of the water band. The sample path is then calculated
by multiplying this ratio by d0. This can also be done using O4 by flowing nitrogen in the
purge volumes, and compressed air at known pressure in the cavity. Use of synthetic
air requires characterization of the oxygen mixing ratio separately. In this experiment
d0=99.±0.1 cm and ds=83±1 cm.10

3.4 Order of DOAS O4 fit Polynomial

In the DOAS retrieval fitting algorithm, using a polynomial is one means of numerical
high pass filtering of spectra to represent all broadband extinction. The wavelength de-
pendence of the mirror reflectivity is a primary factor that imposes a broadband shape
to the collected spectra. When the cavity is filled with a non-absorbing gas, the light lost15

during n passes through the cavity is due to the reflectivity and the Raleigh scattering
of the gas (Fig. 6a). If the cavity is sequentially filled with gases of different Rayleigh
cross-sections, for example helium compared to nitrogen, or with air and aerosol com-
pared to nitrogen only, the difference in the number of passes (n) is significant, and
the mirror imposes its wavelength dependence on the intensity of the light according20

to a power law of R that has the difference of n as exponent. This variation in the
number of times that R imposes its wavelength dependence needs to be captured by
the numerical high pass filter. Sensitivity studies were carried out to determine the
polynomial degree that is needed to capture this effect. It is found that a higher order
polynomial (>3rd) is needed to account for the intensity change between the reference25

and the measurement spectra. If the dependence on the mirror reflectivity is not ade-
quately accounted for, the mirror effect can cause an interference in the retrieved SCD
of the O4, which can lead to errors in the retrieved O4 SCD by as much as 10% for
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a 3rd degree polynomial. The sensitivity of the error in the retrieved O4 SCD on the
polynomial degree is illustrated in Fig. 6b, and c. Higher order polynomials significantly
reduce this error. Figure 6b demonstrates that for the case of comparing a He and air
spectrum, the observed O4 matches to within better than 1% of the O4 SCD inferred
from knowledge of R and the Rayleigh cross section for a polynomial order of 4 and5

higher.

3.5 Methyl glyoxal measurement

In addition to glyoxal and NO2, methyl glyoxal was detected with the LED-CE-DOAS
instrument. The spectral proof is shown for an example retrieval in Fig. 5. The de-
tection sensitivity of methyl glyoxal is approximately ten times less than that of glyoxal10

due to the smaller absorption cross-section. This lower sensitivity combined with the
lower concentrations of methyl glyoxal make an atmospheric detection unlikely with
our instrument. However, the sensitivity is high enough to be useful for the detection
of methyl glyoxal in atmospheric simulation chambers where methyl glyoxal concen-
trations are higher. Detection limits for glyoxal, methyl glyoxal, IO, NO2, water and O415

were calculated conservatively by taking two times the RMS noise of the fit residual
and dividing by the peak differential cross-section and the path length; in Table 3 typ-
ical values for the detection limit are given for the free troposphere (aerosol free) and
an urban environment (aerosol extinction=5×10−6 cm−1).

3.6 IO and I2 measurement20

IO was measured by the instrument in the presence of I2 and ozone. Both the ozone
absorption in the Huggins band, and the molecular iodine absorption provide broad-
band extinctions in the cavity. Because the measured ozone concentration (<20 ppbv,
an extinction of 2×10−10 cm−1 at 477 nm) was not high enough to change the path
length in the cavity; absorption by iodine was then the only broadband extinction pro-25

cess within the DOAS analysis windows. This allowed the I2 concentration to be re-
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trieved in a similar manner to the aerosol extinction (with the assumption that no aerosol
was present) by the measurement of O4 (Eq. 9). The I2 concentration was then used in
combination with the wavelength dependence of the I2 spectrum, and the mirror reflec-
tivity curve to calculate the absorption path length for IO. Sample spectra are shown
in Fig. 7a. A 1.5 pptv minimum detection limit for IO for a 2 min integration time using5

the QE65000 spectrometer was calculated (Fig. 7b). The somewhat lower detection
sensitivity towards IO in this experiment compared to that listed in Table 3 is due to the
greatly reduced path length and higher RMS above 450 nm caused by the I2 absorp-
tion for concentration that is orders of magnitude higher than that found in the marine
background.10

3.7 Aerosol extinction measurements

Aerosols contribute to the largest possible extinction process that reduces the path
length in the cavity (see Fig. 1). Aerosol extinction can be inferred from the change
in the measured path in the presence of aerosols, compared to the path in the empty
cavity (determined by separate measurements of R, Sect. 2.1.2, and knowledge of the15

Rayleigh scattering cross section of air, and air pressure). The aerosol extinction was
calculated using a modified version of the path length equation (1), with the substitution
of ds (the sample length) for d0 (the cavity length) for aerosols and trace gases:

εaer(λ)=

(
d0

Laer(λ)

)
−1+R(λ)−εRay(λ)d0

ds
. (8)

This can be simplified if the sample path for the aerosols and the reference absorber20

are the same, where Laer is the path in the presence of aerosols and L0 is the path in
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a clean cavity:

εaer(λ)=
(
d0

ds

)(
1

Laer(λ)
− 1

L0(λ)

)
=
d0

ds
(O2vmr

2)

 1
O4SCDaer

Nd,aer
2

− 1
O4SCD
Nd2

 (9)

where d0 and dS are defined in Sect. 3.3, Nd is the density of air (Nd = 2.09×1019

molecules cm−3 (at a pressure of 830 mbar and a temperature of 298 K), O2,mr is the
oxygen mixing ratio of air, the O4 SCD term is the column density of the oxygen dimer5

in pure are and is equivalent to L0 as defined in Eq (1), εRay is the extinction due to
Rayleigh scattering and O4 SCDaer is measured. Two different approaches were used
to retrieve the aerosol extinction. The first approach used the change in the retrieved
SCD of O4 at 477 nm combined with the independent measurement of pressure and
temperature and the knowledge of the oxygen mixing as given in Eq. (9). The sec-10

ond used a modified version of Eq. (9), using the SCD of water measured at 443 nm
in a similar fashion to O4, and relative humidity, pressure and temperature were mea-
sured separately to calculate the number density of water molecules in cm3 of air. The
detection limit for aerosol extinction is 1.6×10−8 cm−1 at 477 nm and 1×10−7 cm−1 at
443 nm.15

3.8 Comparison to Mie theory

The aerosol extinctions as retrieved from the reduction of the path length in the cav-
ity were compared to Mie theory. The wavelength dependence of the refractive index
of the mono-disperse PSLs was calculated based on the Cauchy expression terms
given in the PSL datasheet (ThermoFisher Scientific Technical Note TN007.03). The20

aerosol scattering cross-section was then calculated using Mie theory. The scattering
cross-section for a 350±15 nm PSL (σ443nm=3.54×10−9 cm2, σ477nm= 2.84×10−9 cm2)
was multiplied by the measured aerosol concentration to calculate the aerosol extinc-
tion in the cavity. There was no need to apply a correction for doubly charged parti-
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cles (Wiedensohler, 1988) because only one size of particle was supplied to the DMA
which was primarily used to remove bead aggregates and surfactant particles that
were also produced by the atomizer (Miles et al., 2010). A conservative uncertainty
of ±4% (±15 nm) in the size-selected particle diameter is assumed based on the re-
ported sensitivity of the SMPS (Biskos et al., 2006) and the size distribution in the PSL5

standard. As can be seen in Fig. 8 for aerosol with NO2, and in Fig. 9 for aerosol with
glyoxal and methyl glyoxal, the aerosol extinction retrieved from the change in the O4
SCD by Eq. (9) agreed within error bars with the Mie theory calculations at 477 nm
(Fig. 8b, 9b) and 443 nm (Fig. 8c). The measurement of the aerosol extinction at two
wavelengths allows us to interpolate the wavelength dependence of the aerosol extinc-10

tion for the NO2 experiment. For the glyoxal and methyl glyoxal experiment the known
wavelength dependence of the aerosol extinction was used with the mirror reflectivity
to retrieve the path length for the glyoxal and methyl glyoxal. The retrieved λ−n depen-
dence (λ−3.8±2.1) of the extinction matches well with the dependence calculated from
Mie theory (λ−3). The variability is still large due to the measurement of the aerosol15

extinction at the water wavelength that is currently limited by the accuracy in the RH
measurement and the accuracy with which the water absorption cross sections are
known. In practice, inferences of the wavelength dependence of aerosol extinction are
more precise by measuring a gas which absorbs over a broad wavelength range, e.g.,
NO2, at 477 nm (the O4 wavelength), and use the known wavelength dependence of20

that gas to derive the wavelength dependence of aerosol extinction.

3.9 Open Cavity Detection of NO2, glyoxal and methyl glyoxal

The inherent O4 path length calibration of our LED-CE-DOAS instrument enables its
use in open cavity mode. The concentrations of NO2, glyoxal and methyl glyoxal were
measured simultaneously in laboratory room air with the cavity operating in open cav-25

ity mode. Figure 10 shows the retrievals of these trace gases from spectra that were
recorded in open cavity mode. Path length for glyoxal and methyl glyoxal were retrieved
by using the O4 path to measure the NO2 concentration and then using the NO2 con-
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centration and SCD in the glyoxal fit window to retrieve the path length for the desired
trace gases as described above. Using the inherent path length calibration, the room
air between the mirrors was characterized to be composed of: NO2, methyl glyoxal and
glyoxal of 2.47±0.07 ppbv, 1.2±0.2 pbbv, and 274±14 pptv, respectively and an aerosol
extinction measured from O4 of 4±3×10−8 cm−1. This is to our knowledge the first well5

calibrated CEAS measurement in open air.

4 Conclusions

We have demonstrated the first well calibrated CEAS measurement in open cavity
mode. Previous CEAS measurements either removed aerosols by means of filtration
in sampling lines, or required separate calibration measurements. Further, a first CEAS10

measurement is demonstrated for methyl glyoxal, and aerosol extinction at 443 nm and
477 nm; the first CE-DOAS detection of glyoxal and iodine oxide are accomplished.

– The innovative use of the blue high optical output LED light source has advan-
tages over traditional Xe-arc lamps that help reduce instrument size, and add to
instrument sensitivity, reliability and portability. (1) The 5W electrical power LED15

is found to be brighter than a 450W Xe-arc lamp in the wavelength range of inter-
est, (2) the LED is smaller, (3) longer lived, (4) more cost effective, and (5) can
be powered with standard laboratory power supplies. Finally, (6) the LED emis-
sion spectrum is unstructured, and constant in time, which helps to make the blue
spectral range more accessible for DOAS applications.20

– Use of the LED is also a prerequisite for the inherent path length calibration. The
LED is optimally paired with mirror reflectivity, which (7) enables a better balance
of light intensity across the detector, (8) eliminates the need for more narrow
optical filters that limit the band-width and (9) enables us to significantly broaden
the useable spectral range (70 nm) compared to previous CEAS arrangements25

(see Table 1).
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– This inherent path length calibration is the direct result of the wide spectral range,
and is based on measurements of a strong O4 absorption band at 477 nm at at-
mospheric conditions as part of each spectrum with good signal to noise. The
path length calculation only requires knowledge of gas-density as input. Simi-
larly, measurements of the H2O SCD, in combination with relative humidity and5

temperature facilitate the inherent path length calibration at 443 nm.

– The first CEAS use to retrieve aerosol extinction at two wavelengths with a single
optical cavity is accomplished. The approach was demonstrated by comparing
the retrieved aerosol extinction to Mie theory. Knowledge of the wavelength de-
pendent aerosol extinction is a prerequisite to accurately infer the wavelength10

dependence of the effective path length in the presence and absence of aerosols.

– Our LED-CE-DOAS instrument is most sensitive if the cavity is kept aerosol free.
However, also in the presence of aerosols the sensitivity is found suitable for
atmospheric measurements of glyoxal, iodine oxide, nitrogen dioxide and aerosol
extinction in polluted and pristine air. The sensitivity is useful to detect methyl15

glyoxal directly under simulated atmospheric conditions in chambers.

– The first measurements of NO2, water, glyoxal, methyl glyoxal and aerosol extinc-
tion at two wavelengths in open cavity mode are demonstrated (mirrors facing the
open atmosphere). The open cavity mode eliminates the need for sampling lines,
and is particularly useful for measurements of reactive gases and radicals, which20

can get lost in sampling lines.

– Our approach of inherent path length calibration enables the use of optical cavities
in analogy to White-type and Herriott-type multi-reflection cells for which the num-
ber of reflections is geometrically defined, and constant. The benefits of knowing
the number of reflections in the optical cavity as part of each spectrum enables25

the use of optical cavities as direct alternatives to traditional multi-reflection cells.
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The benefit are 100–1000 times longer photon path length, and accordingly higher
sensitivity.
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Table 1. Summary of previous CEAS instruments in the blue spectral range.

Light Source Mirror Reflectivity Useable Spectral Range Detected Species Reference
(nm)

Xe Arc 1. 0.999 1. 415–450 IO
2. 0.9998 2. 427–450 IO (Vaughan et al., 2008)

Xe Arc 0.99996 440–465 CHOCHO, NO2, H2O (Washenfelder et al., 2008)

LED 0.99976 440–460 NO2, O4 (Langridge et al., 2006)

LED 0.997 450–490 NO2 (Wu et al., 2009)

CHOCHO
LED 0.99996 420–490 CH3COCHO, IO, NO2, This work

O4, H2O
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Table 2. Properties of tested LEDs in the blue spectral range.

Company Color Model # Peak λ Etalon Electrical Optical Chip Size
(nm) (Y/N) Power (W) Power (W) (µm×µm)

Phillips-Luxeon Blue LXK2-PB14-P00 470 Y 3 0.216 992·992
Phillips-Luxeon Royal Blue LXK2-PR14-P00 455 Y 3 0.273 992·992
Seoul Semiconductor Blue B11190 465 N 1 0.180 755·755
LedEngin Blue LZ1-00B205 465 N 5 1.3 1000·1000
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Table 3. Detection Limits for species in an aerosol free and an urban environment
(εaer=5×10−6 cm−1 at 450 nm).

Species Detected in Aerosol Free Urban Environment
1 min (L=15 km) (L=1.8 km)

CHOCHO 22 pptv 190 pptv
CH3COCHO 200 pptv 1.5 ppbv
NO2 37 pptv 290 pptv
IO 0.5 pptv 4.3 pptv
Water 340 ppm 0.3%
O4 0.1% mixing ratio O2 0.8%
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  735 

Figure 1.  736 

737 
Fig. 1. Effect of aerosols to reduce the effective path length. The wavelength dependent
extinction losses (dotted lines) are: mirror loss (1-R) of our cavity (green dashed – dotted line),
Rayleigh scattering loss of air at 1 atm (gray dotted line), and aerosol losses for two scenarios:
free tropospheric conditions (AOD=1×10−7 cm−1 at 450 nm, thin dashed line); and polluted
urban conditions (2.5×10−6 cm−1 at 450 nm, thick dashed line). The wavelength dependence
of aerosol extinction was approximated as λ−3. The corresponding effective path length for both
scenarios is shown by the respective solid lines.
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 738 

Figure 2.  739 

  740 
Fig. 2. Schematic of the cavity set up and flow handling system for aerosol delivery.
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Fig. 3. (A) Emission spectra of several LEDs and a Xe arc lamp compared to the mirror
reflectivity curve. (B) Sample measurement to illustrate the effect of the cavity mirrors and
optical filter elements (cavity mirrors, GG420 cut-off filter, band-pass filter) on spectral intensity.
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Fig. 4. RMS Photon noise as a function of acquisition time as measured by the two spectrome-
ter/detector systems used in this study. The calculated photon shot-noise limit is shown by the
dashed lines.
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Fig. 5. Effects of wavelength dependent path length on the fit residual. (A) An unscaled glyoxal
cross-section is fitted to the spectra. (B) Scaled glyoxal cross-section fit. Cross-section scaling
is able to reduce the RMS by eliminating systematic residual structures. The experimental
conditions are: [glyoxal]=1.45 ppbv, [methylglyoxal]=2.05 ppbv, [H2O]=0.59%.
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Fig. 6. Effect of mirror reflectivity and high pass filter on the O4 retrieval. Panel (A): Average
path length and number of traverses in the cavity in helium (black), nitrogen (green), air (blue)
and air with aerosol (brown, αaer=3×10−7 cm−1); Panel (B): The relative error in the retrieved O4
slant column retrieved compared to the calculated O4 slant column as a function of polynomial
order of the high pass filter. If a spectrum in air fit against a nitrogen reference (open red
squares) and a helium reference (black diamonds); Panel (C): O4 slant column error for a
spectrum of air + aerosol fit using a nitrogen reference (red squares) and a helium reference
(black diamonds).
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Fig. 7. (A) Example spectrum for the IO detection (4.4 pptv IO, 62 ppbv I2) (left panel) with the
corresponding O4 fit shown in the right panel. (B) Time trace showing the variations in IO, O3
and I2, as inferred from the reduction in O4 path length. The detection limits for IO (dashed line)
and I2 (dotted line) increase towards longer wavelengths because of extinction losses due to I2
(as seen in part A).
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Figure 8. 761 
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Fig. 8. Simultaneous retrieval of NO2 and aerosol extinction at two wavelengths in closed
cavity mode. (A) Retrieved NO2 slant column density; (B) aerosol extinction retrieved from
O4 absorption at 477 nm (red dots) compared to Mie theory (black line, gray area represents
uncertainty in size of 350 nm PSLs); (C) aerosol extinction retrieved from water absorption at
442.8 nm (blue dots) compared to theory (black line); (D) NO2 concentration corrected for the
change in path length measured using O4.
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Figure 9.   764 

A 

B 

C 

Fig. 9. Simultaneous retrieval of glyoxal, methyl glyoxal and aerosol extinction at one wave-
length in closed cavity mode. (A): Slant column densities (SCD) of glyoxal (green open tri-
angles) and methyl glyoxal (purple triangles); (B): O4 SCD (blue circles), retrieved aerosol
extinction from the change in the O4 SCD (red squares) and the calculated aerosol extinction
from Mie theory (solid line, gray area represents the uncertainty in aerosol sizing; peaks at the
end of the first two aerosol periods are due to artifacts in the CPC counting); (C): Retrieved
concentrations of glyoxal (green dots) and methyl glyoxal (purple triangles) corrected for path
length by the retrieved aerosol extinction.
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 766 

Figure 10. 767 Fig. 10. Example retrievals using LED-CE-DOAS in open cavity mode: glyoxal (274±14 pptv),
NO2 (2.47±0.07 ppbv), methyl glyoxal (1.2±0.2 ppbv), water and O4.
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