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Abstract. Glyoxal and methylglyoxal are key products of
oxidative photochemistry in the lower troposphere. Reli-
able measurements of such compounds are critical for test-
ing our understanding of volatile organic compound (VOC)
processing in this region. We present a new method for
obtaining sensitive, high time resolution, in situ measure-
ments of these compounds via laser-induced phosphorescent
decays. By exploiting the unique phosphorescent lifetimes
for each molecule, this method achieves speciation and high-
sensitivity quantification of both molecules. With two differ-
ent light sources at different wavelengths, the lowest 3σ lim-
its of detection observed during calibration with this method
are 11 pptv in 5 min for glyoxal and 243 pptv in 5 min for
methylglyoxal. During ambient measurements of glyoxal, a
3σ limit of detection of< 4.4 pptv in 5 min was observed.
Additionally, this method enables the simultaneous measure-
ment of both glyoxal and methylglyoxal using a single, non-
wavelength-tunable light source, which will allow for the de-
velopment of inexpensive (∼$40 k) and turnkey instrumenta-
tion. The simplicity and affordability of this new instrumen-
tation would enable the construction of a long-term, spatially
distributed database of these two key species. This chemical
map can be used to constrain or drive regional or global mod-
els as well as provide verification of satellite observations.

1 Introduction

Glyoxal and methylglyoxal are nearly ubiquitous and
are generated through volatile organic compound (VOC)
oxidation by the HOx/NOx cycle (HOx = HO2 + OH,
NOx = NO2 + NO), a photochemically driven oxidation pro-
cess. This process, which oxidizes volatile organic com-
pounds (VOCs) that are emitted by both anthropogenic and
biogenic sources, has the potential to generate secondary or-
ganic aerosol (SOA) precursors and tropospheric ozone (O3).
Both SOA and O3 have been shown to have detrimental ef-
fects on human health and climate (Lippmann, 1991; Stieb
et al., 2000; Lohmann, 2005; Isaksen et al., 2009). In an ef-
fort to understand these processes, observations of the VOC
oxidation products, as well as the VOCs themselves, provide
an important constraint for validating chemical models of the
atmosphere by both driving these models as well as being a
point of comparison and identifying inaccuracies within the
model mechanism. Glyoxal and methylglyoxal have been
shown to partition in appreciable amounts to SOA despite
their low molecular weight by reacting to form lower volatil-
ity products, such as oligomers or organosulfates, inside the
aerosol (Hallquist et al., 2009; Yu et al., 2011). Glyoxal was
reported to account for up to 15 % of the mass of SOA in
Mexico City (Volkamer et al., 2007).

Glyoxal and methylglyoxal have short lifetimes of a few
hours during the day, primarily due to photolysis and re-
action with OH (Volkamer et al., 2005a; Fu et al., 2008).
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Thus, both are tracers of local or regional chemistry since
they exist on shorter timescales than large scale transport.
They occur in detectable quantities over much of the planet
since they are produced from both anthropogenic and bio-
genic emissions. Low tens to low hundreds of pptv for both
glyoxal (15–190 pptv) and methylglyoxal (<50–320 pptv)
have been reported in rural, urban, and marine regions in
this work (Sect.4) and others (Lee et al., 1995; Munger
et al., 1995; Spaulding et al., 2003; Fu et al., 2008; Huis-
man et al., 2008; Vrekoussis et al., 2009; Sinreich et al.,
2010). However, glyoxal concentrations in Mexico City
have been recorded as high as 1.82 ppbv (Volkamer et al.,
2005a). Globally, the majority of glyoxal (47 %) and methyl-
glyoxal (79 %) comes from isoprene (Fu et al., 2008). Iso-
prene makes up a large portion (1/3 to 1/2) of globally
emitted carbon at an estimated rate of 503 Tg yr−1 (Guen-
ther et al., 1995). Glyoxal and methylglyoxal have direct
yields from isoprene of 2.1 % (Galloway et al., 2011) and
4.2 % (Galloway et al., 2011; Paulot et al., 2009), respec-
tively. The remainder of glyoxal comes from acetylene (Fu
et al., 2008) and various alkenes (e.g. 2-methyl-3-buten-2-
ol, propene, or 2-butene (Chan et al., 2009; Volkamer et al.,
2007)) and aromatics (e.g. benzene, toluene, and p-xylene
(Volkamer et al., 2005b, 2007)). The methylglyoxal that
does not come from isoprene is yielded by acetone (Fu et al.,
2008), alkenes (e.g. methylvinylketone or 2-Methylprop-2-
enal (Galloway et al., 2011)), and aromatics (e.g. toluene,
(m/p)-xylene (Tuazon et al., 1984)).

Several techniques already exist for detection of these im-
portant dicarbonyls. SCanning Imaging Absorption Spec-
troMeter for Atmospheric CartograpHY (SCIAMACHY),
Global Ozone Monitoring Experiment (GOME) and GOME-
2 on satellites are used to retrieve global glyoxal datasets
(Wittrock et al., 2006; Vrekoussis et al., 2009, 2010); how-
ever, validation of these satellites retrievals with ground-
based measurement is required for data quality purposes.
The Madison Laser-Induced Phosphorescence (Mad-LIP) in-
strument can acquire high sensitivity (3σ limit of detection
(LoD) of 18 pptv per one min), high time resolution (up to
3 Hz), in situ single point measurements of glyoxal (Huis-
man et al., 2008). Cavity Enhanced Differential Optical Ab-
sorption Spectroscopy (CEDOAS) is also capable of sensi-
tive, fast, in situ single point measurements of both glyoxal
(3σ LoD as low as 28.5 pptv per one min) and methylglyoxal
(3σ LoD as low as 170 pptv per one minute) (Thalman and
Volkamer, 2010). A similar spectroscopic method, incoher-
ent broadband cavity enhanced absorption spectroscopy (IB-
BCEAS), can achieve a 3σ LoD for glyoxal of 87 pptv per
one min (Washenfelder et al., 2008). Derivatization using
DNPH-coated filters followed by HPLC analysis is a com-
paratively simple and inexpensive method of detection for
both glyoxal (1.5 ppbv per four hours) and methylglyoxal
(1.3 ppbv per four hours), but suffers from high detection
limits, poor temporal resolution and potentially significant
interferences (US EPA, Center for Environmental Research

Information, Reasearch and Development, 1999; Ho and Yu,
2004).

In this study, we present the Laser-Induced Phospho-
rescence of (methyl)GLyOxal Spectrometry (LIPGLOS)
method, a novel and sensitive approach for measuring gly-
oxal and methylglyoxal that exploits the characteristic distri-
bution of their phosphorescent photons with respect to time.
We begin by describing the instrumental setup as well as data
collection. We then discuss how the raw data is analyzed to
retrieve glyoxal and methylglyoxal signals. The sensitivity
is then characterized with a series of calibrations. To val-
idate the concentrations observed by this method, simulta-
neous glyoxal calibrations of the Mad-LIP instrument using
its native gated photon integration method and the LIPGLOS
method was performed. Finally, an intercomparison of gly-
oxal data between the two methods during ambient sampling
is examined.

2 Methods

2.1 Measurement principle

The relaxation of a population of excited molecules by any
given pathway can be described by:

d[X∗
]

dt
=

−1

τ
[X∗

] (1)

The excited analyte is represented by[X∗
]. The lifetime of

the excited state,τ , is unique to a specific species under-
going a particular relaxation pathway under a given set of
conditions such as temperature, pressure, and in the case of
luminescence, quantity of quenching molecules present. The
solution to Eq. (1) is an exponential decay, with a decay con-
stant of 1/τ and a prefactor of[X∗

]o (initial value of [X∗
]).

During relaxation by luminescence, the intensity of the light
emitted is directly proportional to[X∗

]. Therefore, when
a population of phosphorescing molecules is observed, the
light will have the same temporal distribution as the excited
state population; in this case, an exponential decay. If there
is more than one phosphorescing species present, each with
their own unique lifetime, the temporal distribution of pho-
tons is simply the sum of their exponential decays.

The fundamental difference between the LIPGLOS and
gated photon integration that is used by the Mad-LIP instru-
ment is how the photon-counting signal is used to derive con-
centrations. In the latter technique, signals are determined by
integrating the phosphorescence signal over the entire decay
interval (typically on the order of 10 s of µs). As described in
more detail below, differentiation of glyoxal and background
signals via this technique requires dithering the wavelength
of a tunable laser. In contrast, the LIPGLOS method uti-
lizes the time-dependent decay of the phosphorescence sig-
nal to distinguish between these two molecules, allowing for
speciation of both compounds at a single wavelength.
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Fig. 1. Schematic drawing of the experimental setup. The compo-
nents are: light source(a), focusing optics(b), cavity ringdown cell
(c), light baffles(d), collimating optics(e), single photon counter
photomultiplier tube(f), optical bandpass filter(g), laser power
meter(h). Components(d–g) are inside the white type multipass
cell. A pump (not shown) draws air through the detection cell at
∼20 SLM.

2.2 Experimental setup

The experimental setup (Fig.1) was similar to that of the
Mad-LIP instrument, which is described in detail elsewhere
(Huisman et al., 2008). The primary differences were the
light source as well as additional data collection protocols
and hardware as detailed below. Included here is a brief de-
scription of the setup, which consists of the main compo-
nents: light source, detection cell, data acquisition card, and
cavity ringdown cell.

2.2.1 Light source

The use of two different light sources was investigated inde-
pendent of one another as this method only requires a single
light source. Using these two different light sources allows
a comparison between two different kinds of light sources,
one a research-grade pulsed Ti:Sapphire laser (∼$125 k) and
the other a simpler and less expensive continuous wave diode
laser (∼$10 k).

The diode laser is a fixed-wavelength CW light
source (DL445-050-O, CrystaLaser) which emits 50 mW of
444.457 nm (λCL) light with a nominal spectral bandwidth
of 1 nm (FWHM) and a TEM00 beam mode. An optional
functionality was added by the manufacturer to allow turn-
ing the laser on and off by TTL logic. The laser transition
time between the on and off states is<10 ns, effectively in-
stantaneous for its application in these experiments. During
operation, this laser was held on for 32 µs, and turned off
for the same duration which resulted in a repetition rate of
15 625 Hz.

The other light source was a custom tunable Ti:Sapphire
laser (TU series, Photonics Industries International, Inc.),
which was used to generate 440.136 nm (λT:S,H) and

440.104 nm (λT:S,L) light. The former was chosen because
it is centered on a large, sharp (∼.06 nm wide) rovibrational
absorption feature of glyoxal, and the latter is a nearby posi-
tion that is off of the feature with an optical cross-section∼3
times lower. The optical cross-section of methylglyoxal is
nearly identical (<0.2 % different) at eitherλT:S,H andλT:S,L
which is ∼10.2 and∼3.5 times smaller than the respective
glyoxal optical cross-sections (Meller et al., 1991; Volkamer
et al., 2005c). A summary of these cross-sections can be
found in Table1. The laser operated at 3 kHz, an average
power of 60 mW, and a bandwidth of<0.00078 nm.

Three different wavelengths are considered in this study
to investigate how the measurement sensitivities change with
optical cross-sections that vary with wavelength. In addition,
the interference between glyoxal and methylglyoxal can be
probed by changing their relative sensitivities (see Sect.3.2).
Finally, comparing the CrystaLaser as an alternative to the
much more expensive Ti:Sapphire laser requires data taken
atλCL.

2.2.2 Detection cell

The excitation light was aligned into a White-type multipass
cell which allows for a longer absorption path length, thereby
improving instrument sensitivity. The average light power
directed into the cell was typically∼40 % of power emitted
from the laser. For both lasers, this reduction in power was
due to scatter/absorption by optics and two beam splitters:
one to direct power to the cavity ringdown cell (Sect.2.2.4)
and another to a wavelength meter. An additional power
loss unique to the CrystaLaser is incurred since it is oper-
ated with a duty cycle of 50 %, resulting in a factor of 2
power loss from its CW rated 50 mW. During operation, 32
passes are used in the detection volume of the cell (∼1/2 L)
that ambient air is drawn through. Phosphorescence photons
were collected and collimated with a lens (biconvex, diame-
ter 38.1 mm, ROC1 = 100 mm, ROC2 = 30.9 mm, CVI Laser),
then passed through an optical 520± 20 nm bandpass filter
(Barr Associates), and finally focused with a second, iden-
tical lens onto the entire active area of the detector, a sin-
gle photon-counting photomultiplier tube (PMT) (H7421-40,
Hamamatsu). The output of this PMT was a TTL pulse, 30 ns
wide. A light trap, placed opposite the detector, ensures a low
background signal.

The volume between the optic elements and the detection
volume, as well as the light trap, were continuously flushed
with zero air (total flow 500 SCCM), which protects against
fouling of the optics during prolonged operation and elim-
inates dead volumes within the cell which may bias mea-
surement. The purge flow is typically small (<2.5 %) rel-
ative to the bulk sample flow, nominally 20 standard liters
per minute (SLM). PTFE tubing and valves were used in the
system whenever possible as they do not exhibit significant
glyoxal uptake at ambient concentrations (Huisman et al.,
2008). To minimize influence from ambient light and ensure
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Table 1. Summary of the wavelengths and the corresponding optical cross-section for their respective molecules.

λ λ/FWHM †σ (cm2

Species (symbol) (nm) molecule−1)

Glyoxal T:S,H 440.136/7.8×10−4 10.20×10−19

T:S,L 440.104/7.8×10−4 3.42×10−19

CL 444.457/1 1.05×10−19

Methyl- T:S,H 440.136/7.8×10−4 1.00×10−19

glyoxal T:S,L 440.104/7.8×10−4 1.00×10−19

CL 444.457/1 0.96×10−19

†Glyoxal and methylglyoxal cross-sections measured byVolkamer et al.(2005c) andMeller et al.(1991), respectively.

a low background signal, the inside of the cell was coated
with a mixture of carbon black (Sigma-Aldrich) and black
paint (MH-2200, Alion Science and Technology). The en-
tire cell was heated to∼35◦C with a series of flexible, re-
sistive Kapton heaters controlled through feedback from cor-
responding thermistors. This heating minimizes deposition
of analytes on the cell walls and stabilizes alignment. The
cell was maintained at 100 Torr, which was empirically de-
termined to yield the optimum signal by balancing increas-
ing number density (molecules cm−3) with de-excitation by
quenching with oxygen.

2.2.3 Data acquisition card

The single photon counting PMT emits a single 30 ns TTL
pulse every time a photon is detected. This output is fed into
the data acquisition card which records it as an analog sig-
nal of voltage versus time after the falling edge of the laser
control signal. The arrival times of the pulses are then ex-
tracted from this waveform by finding at what times after
the laser pulse the analog data exceeds a specified threshold
value for a specified amount of time. Once the period of inte-
gration is complete, a histogram of these arrival times is then
created (Fig.2) and saved on the hard disk for later analy-
sis. Additional instrumental diagnostics, such as tempera-
ture and pressure within the cell, were also recorded. Even
though a single data acquisition (DAQ) card is required to
digitize the signal from the PMT, two different cards had to
be used in different situations independent of one another due
to equipment availability.

A high-speed digitizer card from Alazar Technologies Inc.
(ATS9462-002-USD) has a high time resolution (5.55 ns)
and fast data acquisition abilities that allow data to be
recorded after each laser shot, even at the CrystaLaser repeti-
tion rate of 15 625 Hz. A unity duty cycle was accomplished
by the usage of an on-board memory buffer, allowing simul-
taneous data acquisition and communication of waveforms.
The entire data buffer, consisting of low hundreds of laser
shots of data, was analyzed simultaneously.

The other DAQ card from GaGe was used only for ambi-
ent data acquisition. This possessed a coarser, yet still ad-
equate, time resolution (10 ns) with a duty cycle of∼48 %
at 3 kHz. The lower duty cycle resulted from the data col-
lection and transfer occurring on the card in series. To be
comparable to the faster digitizer card from Alazar Tech-
nologies Inc., the integration time for the GaGe card is re-
ported assuming it had a duty cycle of 100 % (e.g. 120 s of ac-
tual integration time will be reported as 57.6 s of comparable
integration time).

2.2.4 Cavity Ringdown Spectroscopy

Instrumental calibrations were performed using Cavity Ring-
down Spectroscopy (CRDS), an absolute quantification
method in that it relies only on well-documented absorp-
tion cross-sections. Further details about the theory of this
method is described elsewhere (O’Keefe and Deacon, 1988).

A cavity 62 cm long and 0.635 cm in diameter was formed
between two parallel, highly reflective mirrors with a radius
of curvature of 1 m (99.995 % reflectance) (901-0010-0440,
Los Gatos Research Inc.). The bulk of the cavity was en-
cased in a 3/8′′ O.D., 1/4′′ I.D. PTFE tube. Halfway along
the cavity, a PTFE tee was used as an inlet for calibrant gas.
On each end of the cavity, the mirror mounts were coupled
via metal bellows to a Teflon PTFE tee which coupled the
cell to exhausts ports for the cell. The dead volumes between
the exhaust ports and the mirrors were flushed with zero air
(Airgas, Inc.) through a 200 standard cubic centimeter per
minute (SCCM) flow controller (1779A, MKS Instruments)
to prevent optics fouling as well as bias. This purging did
not allow any sample gas to mix beyond the exhaust ports,
fixing the physical absorber path length to 42 cm. This cell
design is based on to the NOAA NO3 ringdown cell design
(Dubé et al., 2006; Osthoff et al., 2006). The entire cavity
length between, and including, the exhaust tee fittings was
enclosed in a 1.5′′ by 1.5′′ block of aluminum which was
maintained at a constant temperature (∼35◦C) to discourage
analyte deposition inside the cavity.
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Fig. 2. Timestep in y-axis label corresponds to temporal resolution of Alazar data acquisition card (5.55 ns).(a) Example histogram
corresponding to 1000 pptv glyoxal collected with Ti:Sapphire laser in 5 min. The initial large peak is the laser pulse.(b) Example histogram
corresponding to 4200 pptv glyoxal collected with CrystaLaser in 15 min. Both the initial peak as well as the plateau after the used data
results from laser scatter.

A 10 SCCM flow controller (1779A, MKS Instruments)
supplied calibrant gas that was then diluted by zero air (Air-
gas, Inc.). The zero air was delivered by a 200 SCCM flow
controller (1779A, MKS Instruments) at a rate which made
up the remainder to a total flow of 100 SCCM of diluted
calibrant. The purge was held at 100 SCCM using a 200
SCCM flow controller (1779A, MKS Instruments). To main-
tain a constant cell pressure and therefore achieve a stable
baseline, both the purge and the diluted calibrant flows were
held constant.

Laser pulses were introduced into the cavity through one
of the high-reflectivity mirror. With each reflection, a small
quantity of light escaped through the mirrors. On the op-
posite side of this cavity, a PMT (H5783, Hamamatsu),
guarded by a 440 nm bandpass filter, detected this escaped
light. Loss of photons within the cavity is a first-order pro-
cess, thus the light leaking from the cavity has the charac-
teristics of an exponential decay. The loss of light within
the cavity, whether the light is absorbed by a chemical,
transmitted through/absorbed by the mirrors, or scattered by
gas/aerosols, can be quantified by the decay lifetime,τ . The
number density of a chemical absorber (molecules cm−3) can
be determined by relating two determined lifetimes, those de-
termined with and without the presence of the absorber, by
the following equation:

Nd =
1−R

σ`a

(
τo−τ

τ

)
(2)

whereNd is the number density of the absorber,R is mirror
reflectivity, σ is the absorption cross-section,`a is the path

length of the absorber,τ and τo are the lifetimes with and
without the absorber, respectively (Zalicki and Zare, 1994).

2.2.5 Instrumental configurations

Experiments performed in this study utilized three different
instrumental configurations with respect to light sources and
data acquisition cards. The first configuration, the Crys-
taLaser with the Alazar DAQ card, was used for all data
collected atλCL. The second configuration, the tunable
Ti:Sapphire laser with the Alazar DAQ card, was used for all
data collected atλT:S,H andλT:S,L except during the ambient
intercomparison between LIPGLOS and gated photon inte-
gration. During these last experiments, a third configuration
used the Ti:Sapphire laser with the GaGe DAQ card.

3 Data and signal characterization

3.1 Analysis

The collected histogram includes several sources of pho-
tons: laser scatter, fluorescence of cell walls and gas-phase
species, and phosphorescence. To eliminate the laser scat-
ter and fluorescence, which are both short-lived compared
to phosphorescence, the fitting began 2.5 µs after the laser
pulse and extended to either the end of the recorded data set,
as in the case of the Ti:Sapphire (45 µs, Fig.2a), or until
the laser was turned back on, as with the CrystaLaser (35 µs,
Fig. 2b). Due to this gated temporal selectivity, this method
does not suffer from interference from unfiltered ambient
air at 60 % relative humidity or NO2 fluorescence (Huisman
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Fig. 3. Timestep in y-axis label corresponds to temporal resolution of Alazar data acquisition card (5.55 ns). Examples of decays for 5 min
integration for glyoxal ((a), 290 pptv) and methylglyoxal ((b), 5400 pptv) taken with the Ti:Sapphire laser with lines of best fit to Eq. (3).
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a mixture of glyoxal (180 pptv) and methylglyoxal (2500 pptv) taken with the Ti:Sapphire laser atλT:S,H with line of best fit to Eq. (4) and
its individual components.

et al., 2008). This, however, does not eliminate signal from
dark counts or stray ambient light. These two contributions
are manifested as time independent background.

Histograms collected from a mixture of glyoxal and
methylglyoxal, such as in ambient air, are a linear combi-
nation of exponential decays with the respective characteris-
tic lifetimes for glyoxal and methylglyoxal. These lifetimes
were determined individually via a series of laboratory cali-
brations. The decays during these calibrations were fit using
an iterative least squares algorithm to Eq. (3):

D(t) = Ae−t/τ
+B (3)

WhereA is the prefactor,t is time,τ is the phosphorescent
lifetime, andB is the background. Example decays from the
glyoxal and methylglyoxal calibrations are shown in Fig.3.
The τ for glyoxal and methylglyoxal was determined in air
at 100 Torr to be 12.753±0.08µs and 7.263±0.03µs, respec-
tively. Once these lifetimes were established, the glyoxal and
methylglyoxal contributions were extracted from decays col-
lected. This was performed by fitting the decays to Eq. (4)
using a least squares method:

D(t) = Aglye
−t/τgly +Amglye

−t/τmgly +B (4)
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whereτx is the phosphorescent lifetime of the analyte which
was determined in the previously mentioned experiments,Ax

is the contribution of the analyte to the, andB is the back-
ground. An example of this fitting is presented in Fig.4.

The nature of data collection and the analysis permits two
distinct methods of averaging: fitting the decays followed by
averaging the prefactors (prefactor averaging), or fitting to an
averaged decay (decay averaging). To determine the perfor-
mance of each method, a constant concentration was sampled
for two hours at one minute integration. Figure5a demon-
strates how the relative error changes with averaging bin size
for both methods. The near unity slope in the line of best
fit in Fig. 5b between the relative errors of the two methods
taken at the different bin sizes illustrates that they have the
same behavior.

3.2 Calibration

Glyoxal and methylglyoxal calibrant gases were synthesized
from glyoxal trimer dihydrate (G680-5, Sigma-Aldrich) and
40 wt. % aqueous pyruvaldehyde solution (w296902, Sigma-
Aldrich) as described elsewhere (Kroll et al., 2005; Galloway
et al., 2009). The gases were stored in separate 12 L glass
bulbs at a concentration of∼1 % with a balance gas of N2.
Approximately 2 cm3 of this gas was transferred to a stain-
less steel cylinder with an inner surface prepared with a fluo-
rinated polymer solution (PFC 802A, FluoroPel) to minimize
wall loss. We have empirically determined that calibrant
concentrations in these containers are stable for months.

After the standard gas was characterized via CRDS (see
Sect.2.2.4), independent phosphorescent calibrations were
performed for glyoxal and methylglyoxal at concentrations
between low pptv to low ppbv. Calibrant mixing ratios in
the LIP detection cell were determined by diluting different

calibrant gas flow rates that were controlled with a 10 SCCM
flow controller (1779A, MKS Instruments) with∼20 SLM
zero air that was controlled by a 100 SLM flow controller
(1559A, MKS Instruments).

Once the analyte concentration inside the cell was stabi-
lized, a histogram was taken. The resulting decay was fit to
Eq. (4) to retrieve the contribution of glyoxal and methyl-
glyoxal. A calibration curve was generated from the known
concentrations in the cell and their given responses as deter-
mined from the fit. Table2 summarizes the resulting cali-
bration curves from these experiments. The LoDs included
in the table are three times the fit error of the blank in units
of pptv.

The calibration factors forλT:S,H and λT:S,L scale with
optical cross-section. An approximately threefold decrease
in glyoxal’s optical cross-section corresponds to a∼3.75-
fold decrease in sensitivity, whereas the methylglyoxal cross-
section and sensitivity change very little. The sensitivities at-
tained atλCL not only have different cross-sections, but they
also were with a light source of different peak power, pulse
width, and repetition rate. Because of these differences, a
sensitivity comparison would be inappropriate.

Experiments were also performed to investigate
the sensitivity of biacetyl due to its similar structure
(CC(=O)C(=O)C) and optical cross-section to glyoxal and
methylglyoxal (σbiacetyl= 6.87 × 10−20 cm2 molecule−1

(Horowitz et al., 2001) is 0.65σmethylglyoxal and 0.51σglyoxal
at λCL which is where all three cross-sections are the most
similar out of the three wavelengths used). The LIPGLOS
method was determined to be insensitive to biacetyl under
the typical conditions of operation. This is consistent with
previous work which demonstrated that the phosphorescence
of biacetyl is efficiently quenched with trace amounts of
oxygen (Turro and Engel, 1969).
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Table 2. Summary of the results from the six different calibrations with only either glyoxal or methylglyoxal present inside the detection cell.
All data presented here is 5 min integration. Data taken atλCL has been scaled from 15 min integration to 5 min for purpose of comparison.
For purposes of comparison, Mad-LIP has an extrapolated 3σ LoD of 1 pptv per 5 min.

Sensitivity Intercept 3σ
λ (prefactor (prefactor LoD

Species (symbol) ppt−1
v mW−1) mW−1) R2 (pptv)

Glyoxal T:S,H (1.50±0.1)×10−2
−0.40±0.3 0.991 11

T:S,L (4.00±0.2)×10−3
−0.45±0.1 0.996 37

CL (3.598±0.07)×10−4 0.048±0.01 0.999 146
Methyl- T:S,H (6.308±0.07)×10−4 1.794±0.02 1.000 322
glyoxal T:S,L (6.84±0.3)×10−4 1.788±0.08 0.996 269

CL (1.54±0.1)×10−4 0.042±0.02 0.991 243

Table 3. Summary of the results from the six different calibrations with both glyoxal and methylglyoxal present inside the detection
cell. The last column represents the relative percent difference in sensitivities as determined in a pure calibration versus in a mixture (100×

(Sensitivitymixed−Sensitivitypure)/Sensitivitypure). During experiments atλT:S,L , glyoxal ranged from 140 to 1000 pptv and methylglyoxal
ranged from 130 to 5400 pptv. During experiments atλT:S,H, glyoxal ranged from 140 to 750 pptv and methylglyoxal ranged from 130 to
5400 pptv. During experiments atλCL, glyoxal varied from 720 to 4200 pptv while methylglyoxal varied 730 to 6800 pptv.

Sensitivity Intercept
(prefactor (prefactor Sensitivity

Species λ ppt−1
v mW−1) mW−1) R2 Difference (%)

Glyoxal T:S,H (1.273±0.07)×10−2
−0.18±0.2 0.977 −15.1

T:S,L (3.79±0.1)×10−3
−0.435±0.07 0.989 −5.3

CL (2.89±0.4)×10−4
−0.058±0.09 0.905 −19.7

Methyl- T:S,H (2.5±3)×10−4 0.42±0.4 0.064 −60.3
glyoxal T:S,L (5.2±1)×10−4 1.28±0.2 0.539 −24.0

CL (1.52±0.2)×10−4 0.072±0.06 0.944 −1.3

To investigate the robustness of the speciation method, var-
ious mixtures of glyoxal and methylglyoxal of different rel-
ative concentrations were sampled and analyzed (Table3).
This table does not have an LoD column because the LoD
varies with the mixing ratio of the other component. This
is because when a bi-exponential histogram is considered,
the major component effectively serves as an increased back-
ground for the minor component, which results in an in-
creased LoD for the minor signal. To best demonstrate this,
λT:S,H is used for the most dramatic difference in sensitivi-
ties between the two components. For example, the 3σ LoD
for methylglyoxal doubles in the presence of 1 ppbv glyoxal
when compared to the blank. Another example of this depen-
dence is the decreasedR2 associated withλT:S,H andλT:S,L
for methylglyoxal in the mixture calibration. Since the gly-
oxal signal is greater than the methylglyoxal signal it is more
difficult to detect the methylglyoxal, this leads to a noisier
methylglyoxal signal which results in a higher LoD and the
lower correlation coefficients. Sensitivities from the other
mixture calibrations do not deviate more than 20 % from
those established in the pure calibrations.

To further confirm the independence of the sensitivities of
glyoxal and methylglyoxal, experiments were conducted in
which the concentration of methylglyoxal was varied to be
66 %, 143 %, and 363 % of a constant glyoxal concentration.
The relative standard deviation of these three glyoxal signals
determined atλT:S,H andλT:S,H was 6 % and 4 %, respec-
tively. Another set of analogous experiments was performed
at λCL where the methylglyoxal concentration was varied to
be 123 %, 271 %, and 344 % of the constant glyoxal concen-
tration. The variability in the resulting glyoxal measurements
was 15 %. The fact that the calibration curves maintain a
high correlation coefficient even in the presence of variable
mixtures of glyoxal and methylglyoxal indicates that the two
values can indeed be determined independent of one another.

A simultaneous calibration was performed using both pure
and mixed concentrations to compare the LIPGLOS method
to the established measurement of gated photon integration
via the Mad-LIP instrument, using bothλT:S,H andλT:S,L .
Since the Mad-LIP instrument is insensitive to methylgly-
oxal, only the glyoxal data was considered. Figure6 demon-
strates that the measurements were highly correlated withR2

values of 0.98 and 0.97 and 1-to-1 within error 1.00± 0.04
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and 1.00± 0.07 atλT:S,L andλT:S,H, respectively. The corre-
lations do possess a non-zero y axis intercept value (−2± 22
at λT:S,L and 2± 20 at λT:S,H), however they are statisti-
cally insignificant. While this analysis validates the presicion
and robustness of the LIPGLOS method for glyoxal detec-
tion, one can also infer that the reliability of the methylgly-
oxal quantification (when methylglyoxal signal is compara-
ble to that of glyoxal) is also high as it is determined in an
identical manner.

4 Ambient observations

Ambient air was sampled during 20–22 May 2011 in down-
town Madison, WI (Fig.7). In the course of this period, the
temperature ranged from 8◦C to 23◦C under partly cloudy
skies. Data was collected using the tunable Ti:Sapphire laser
to allow the best limits of detection presented in this work.
Only the histograms taken atλT:S,H were analyzed with the
LIPGLOS method. The Mad-LIP instrument simultaneously
collected data compatible with the LIPGLOS method as well
as its native integration method for the purpose of compari-
son. During operation, the laser was dithered betweenλT:S,H
andλT:S,L ; this dithering is required for the operation of the
Mad-LIP instrument, however it reduces the duty cycle of
collection of data appropriate for the LIPGLOS method. Val-
ues obtained via LIPGLOS were cross-calibrated with the
gated photon integration method, which was calibrated in the
fashion described elsewhere (Huisman et al., 2008). During
the morning of the 21st when concentrations are the low-
est, the standard deviation of the gated photon integration
data is 2.9 pptv in 40 s and the LIPGLOS data is 2.5 pptv in
1.75 min (translating to 4.0 pptv in 40 sec). The precision
error generated by LIPGLOS in the night time ambient data
corresponds to a 5 min 3σ LoD of 4.4 pptv which is lower
than what was calculated during the calibrations (11 pptv).
Furthermore, this LIPGLOS LoD would be an upper limit
as the precision error during that period incorporates some
diurnal variation.

5 Conclusions

We have developed a method exploiting the difference in
phosphorescent lifetimes of glyoxal and methylglyoxal to
allow their simultaneous quantification in ambient air at a
single wavelength. Speciation of composite signals is per-
formed by fitting ambient phosphorescent decays to a linear
combination of decays with known characteristic phospho-
rescent lifetimes established from laboratory experiments.

This method achieves atmospherically relevant 3σ limits
of detection, the lowest of which were 4.4 pptv glyoxal in five
minutes atλT:S,H (440.136 nm, at the maximum of an absorp-
tion feature) during ambient measurements, and 243 pptv
methylglyoxal in five minutes atλT:S,L (440.104 nm) during

calibration. Ambient data in Madison, WI showed that gly-
oxal concentrations as determined by the LIPGLOS method
when compared to those achieved via the Mad-LIP instru-
ment had a slope of 1.00 and a correlation coefficient of 0.88.

A major advantage of LIPGLOS over gated photon in-
tegration is that it does not require a tunable light source.
This allows the use of simpler light sources, including high
powered LEDs or laser diodes, which results in less expen-
sive, lighter, more compact, more robust field instrumenta-
tion. Assuming a light source with 50 mW used for detec-
tion, a laser pulse width of 35 ns, and glyoxal and methyl-
glyoxal cross sections atλT:S,H, the projected 5 min 3σ
limits of detection are 2 pptv for glyoxal and 110 pptv for
methylglyoxal. Alternatively, one can select a laser wave-
length that, rather than optimized for glyoxal, is optimized
to achieve similar sensitivities for both species. This would
decrease the glyoxal interference in the methylglyoxal sig-
nal by choosing a wavelength of reduced glyoxal absorp-
tion, thereby decreasing the glyoxal sensitivity. Keeping
previously assumed improvement parameters except using
the wavelength 436.027 nm, where glyoxal and methylgly-
oxal cross-sections are 1.11×10−19cm2molecule−1, the pro-
jected 3σ limits of detection are 19 pptv for glyoxal and
99 pptv for methylglyoxal in 5 min.

This method permits instrumentation with ease of opera-
tion and components inexpensively purchased (∼$40 k with
the CrystaLaser and Alazar DAQ card, high powered LEDs
could allow for∼$30 k with similar limits of detection), pri-
marily due to the simple and inexpensive light source. De-
ployment of such instrumentation at established measure-
ment sites would create a spatially detailed map of glyoxal
and methylglyoxal, useful for either driving or as a com-
parison to regional-scale chemical models, as well as val-
idation for satellite instruments. A candidate for such po-
tential sites include the EPA atmospheric monitoring sta-
tions maintained all over the US that continuously mea-
sure particulate matter, NO2, CO, and O3, all of which are
also tied to oxidative chemistry. The effect of transport be-
tween urban and rural areas on oxidation chemistry could
be captured in this spatially detailed database of glyoxal and
methylglyoxal concentrations.

Acknowledgements.The authors would like to thank Josh DiGangi
for help with signal analysis and Andrew Huisman for preliminary
studies. This work was funded by the L’Oréal USA Fellowships for
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