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[1] Recent laboratory and field studies have indicated that glyoxal is a potentially large
contributor to secondary organic aerosol mass. We present in situ glyoxal measurements
acquired with a recently developed, high sensitivity spectroscopic instrument during
the CalNex 2010 field campaign in Pasadena, California. We use three methods to quantify
the production and loss of glyoxal in Los Angeles and its contribution to organic aerosol.
First, we calculate the difference between steady state sources and sinks of glyoxal at
the Pasadena site, assuming that the remainder is available for aerosol uptake. Second, we
use the Master Chemical Mechanism to construct a two‐dimensional model for gas‐phase
glyoxal chemistry in Los Angeles, assuming that the difference between the modeled
and measured glyoxal concentration is available for aerosol uptake. Third, we examine the
nighttime loss of glyoxal in the absence of its photochemical sources and sinks. Using
these methods we constrain the glyoxal loss to aerosol to be 0–5 × 10−5 s−1 during clear
days and (1 ± 0.3) × 10−5 s−1 at night. Between 07:00–15:00 local time, the diurnally
averaged secondary organic aerosol mass increases from 3.2 mg m−3 to a maximum of
8.8 mg m−3. The constraints on the glyoxal budget from this analysis indicate that it
contributes 0–0.2 mg m−3 or 0–4% of the secondary organic aerosol mass.

Citation: Washenfelder, R. A., et al. (2011), The glyoxal budget and its contribution to organic aerosol for Los Angeles,
California, during CalNex 2010, J. Geophys. Res., 116, D00V02, doi:10.1029/2011JD016314.

1. Introduction

[2] Atmospheric aerosol particles cause negative human
health effects, reduce visibility, and alter the Earth’s radiative
budget. Organic compounds make up a large part of fine

particulate mass, accounting for 20–90% of aerosol mass in
the lower troposphere [Kanakidou et al., 2005; Zhang et al.,
2007]. This material is composed of primary organic aerosol
(POA) which is directly emitted, and secondary organic
aerosol (SOA) which is formed from gas‐phase oxidation
products. SOA mass is typically greater than POA mass in
both urban and rural areas [Zhang et al., 2007]. Although the
formation and evolution of SOA are important in under-
standing the total atmospheric aerosol budget, they are poorly
characterized.
[3] A temperature‐dependent equilibrium model based on

vapor pressure is the conventional method to describe the
gas/particle partitioning of organic compounds [Pankow,
1994a, 1994b]. However, the effect of heterogeneous reac-
tions and the condensation of some smaller, volatile com-
pounds have typically not been included in conventional
partitioning‐based models [Kroll and Seinfeld, 2005]. For
field measurements, such conventional models underpredict
organic aerosol mass in polluted air, both in the boundary
layer and aloft [de Gouw et al., 2005; Heald et al., 2005;
Johnson et al., 2006; Volkamer et al., 2006b]. More
recent parameterizations predict SOA concentrations in
better agreement with observations [Robinson et al., 2007;
Dzepina et al., 2009; Jimenez et al., 2009], but uncertainty
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remains for both the precursors and the physical and
chemical processes [Dzepina et al., 2011].
[4] Glyoxal is the simplest alpha‐dicarbonyl, with chem-

ical structure HC(O)C(O)H, and is one of the most prevalent
dicarbonyls in the ambient atmosphere. Glyoxal is formed
from the photooxidation of ethyne, ethene, aromatic hydro-
carbons, isoprene, and monoterpenes [Fu et al., 2008]. Lab-
oratory studies have shown that glyoxal contributes to SOA
mass, despite having a relatively high vapor pressure that
would preclude its condensation in the conventional gas/
particle partitioning model. Glyoxal has been detected
directly in atmospheric cloud, fog, and dew water samples
[Steinberg et al., 1985; Igawa et al., 1989]. In aqueous
solutions representative of clouds and fog, laboratory experi-
ments have shown a link between glyoxal processing and
SOA through the production of organic acids and larger
oligomeric compounds [Hastings et al., 2005; Carlton et al.,
2007; Shapiro et al., 2009; Tan et al., 2009]. Glyoxal uptake
has been observed for both inorganic aerosol [Jang et al.,
2002; Kroll et al., 2005; Liggio et al., 2005a, 2005b;
Corrigan et al., 2008;Galloway et al., 2009; Volkamer et al.,
2009] and aerosol containing organic or amino acids [Corrigan
et al., 2008]. Chamber studies using ammonium sulfate seed
aerosol have shown that from 1.6% [Jang and Kamens, 2001]
to 3–5% [Kroll et al., 2005] of glyoxal partitions into the
aerosol phase.
[5] These laboratory studies have indicated that glyoxal

uptake onto inorganic aerosol may depend on aerosol
acidity [Jang et al., 2002; Liggio et al., 2005a, 2005b;
Corrigan et al., 2008] (although this result was contradicted
by Kroll et al. [2005]), relative humidity [Hastings et al.,
2005; Corrigan et al., 2008], or aerosol ionic strength
[Kroll et al., 2005]. More recent work combines these ideas
about relative humidity and acidity, arguing that the liquid
water content of inorganic aerosol is the important param-
eter [Volkamer et al., 2009].
[6] Published studies have reported conflicting results

regarding the reversibility of glyoxal uptake. The reversibility
may depend on the chemical reactions that occur within the
bulk aqueous aerosol, and vary by aerosol composition.
Product studies have shown that heterogeneous reactions of
glyoxal can yield more complex products than hydrated
monomers, dimers, and oligomers [De Haan et al., 2009a,
2009b;Galloway et al., 2009]. If glyoxal uptake is reversible,
then an effective Henry’s Law constant can be defined to
include both dissolution and additional reversible heteroge-
neous reactions. The effective Henry’s Law constant for
glyoxal uptake to deliquesced ammonium sulfate is 2.6 ×
107 M atm−1 [Kroll et al., 2005], and varies with aerosol
composition [Corrigan et al., 2008; Ip et al., 2009]. In
addition to the aerosol uptake into inorganic and organic
aerosol described above, two recent chamber studies have
observed that uptake occurs more rapidly under irradiated
conditions than dark conditions [Galloway et al., 2009;
Volkamer et al., 2009]. In each case, the authors observed that
these processes were irreversible. A detailed model frame-
work for the reported glyoxal processing by aerosols has
been developed by Ervens and Volkamer [2010].
[7] Recent advances in analytical techniques to measure

glyoxal in ambient air have provided new data to test atmo-
spheric models of its production, loss, and potential contribu-
tion to SOA. Historically, glyoxal was collected in solution

for later analysis by high‐performance liquid chromatogra-
phy or gas chromatography [Fung and Grosjean, 1981;
Spaulding et al., 2002]. In the past decade, differential
optical absorption spectroscopy (DOAS) [Volkamer et al.,
2005a], multiaxis differential optical absorption spectros-
copy (Max‐DOAS) [Sinreich et al., 2007], cavity enhanced
absorption spectroscopy (CEAS) [Washenfelder et al., 2008],
laser induced phosphorescence [Huisman et al., 2008], and
cavity enhanced ‐ differential optical absorption spectroscopy
(CE‐DOAS) [Thalman and Volkamer, 2010] have been
demonstrated for rapid measurement of glyoxal at ambient
concentrations.
[8] A detailed analysis of glyoxal’s contribution to SOA

in an urban area was performed for the 2003 Mexico City
MetropolitanArea Field Campaign (MCMA‐2003) [Volkamer
et al., 2007]. DOAS was used in Mexico City to detect
glyoxal by its structured absorption in the 420–465 nm
spectral region [Volkamer et al., 2005a]. Volkamer et al.
[2007] constructed a budget using the Master Chemical
Mechanism (MCM) and demonstrated that 70–95% of
glyoxal loss could be attributed to aerosol uptake. Different
mechanisms for heterogeneous glyoxal uptake onto aerosols
were examined. Based on these results, production and loss
of glyoxal alone explained more than 15% of the observed
SOA mass in Mexico City [Volkamer et al., 2007; Dzepina
et al., 2009].
[9] During summer 2010, the CalNex field campaign in

Southern California included a large number of chemical
and aerosol measurements from ship, aircraft, and ground‐
based platforms. One of the primary goals of the CalNex
study was to understand aerosol formation in an urban
environment. The city of Los Angeles is the second largest in
the United States, with over 12 million residents in the greater
urban area [U.S. Census Bureau, 2006]. Although Los
Angeles is an industrialized city with significant anthro-
pogenic emissions, it represents an important contrast to
Mexico City, where emission controls for volatile organic
compounds (VOCs) lag those that have been implemented
in California.
[10] We deployed a new glyoxal field instrument at the

CalNex ground site in Pasadena, California. This instrument
is based on CEAS [Washenfelder et al., 2008]. In addition to
glyoxal, the Pasadena ground site contained instruments for
VOCs, OH, O3, CO, CO2, nitrogen oxides, aerosol size dis-
tribution, aerosol chemical composition, photolysis, meteo-
rology, and other trace gas and aerosol measurements. The
combination of these measurements, together with ship‐based
measurements upwind and aircraft‐based measurements
throughout the boundary layer, allow a detailed analysis of
chemical sources, sinks, and transport within the Los Angeles
basin. This study provides a very detailed field data set for
quantitatively understanding the glyoxal budget. In this
paper, we present three separate methods for quantifying
glyoxal contribution to aerosol mass.

2. Experiment

2.1. Overview of the CalNex Field Site in Pasadena,
California

[11] The CalNex 2010 ground site was located at the
California Institute of Technology campus in Pasadena,
California (34.140582 N, 118.122455 W, 236 m above
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mean sea level). Measurements were conducted between
15 May and 15 June 2010. Figure 1a shows the location of
the Pasadena ground site within the greater Los Angeles
area. The site is located within the San Gabriel Valley, 7 km
south of the San Gabriel Mountains and 18 km northeast of
downtown Los Angeles. The site falls within the dense urban
area of Los Angeles County, with extensive mobile and
industrial emission sources. Both anthropogenic and biogenic
sources are located in the vicinity of the field site, including
oak and eucalyptus trees which are efficient isoprene emitters
[Guenther et al., 1994]. Satellite images of vegetation indi-
cate additional likely upwind biogenic sources of isoprene.
The prevailing wind direction during daytime in Pasadena is
onshore flow, as plotted in the wind roses in Figure 1b.
Southwesterly winds during the day bring air masses from the
Santa Monica Bay through central Los Angeles to Pasadena.

2.2. IBBCEAS Field Instrument for CHOCHO andNO2

[12] During the CalNex campaign, CHOCHO, NO2, and
HONO were simultaneously measured using a newly con-

structed field instrument, consisting of three independent
optical cavities. The first is a cavity ring‐down spectroscopy
(CRDS) channel at 403 nm for NO2, following the work of
Fuchs et al. [2009]. The second and third cavities are
incoherent broadband cavity enhanced absorption spectros-
copy (IBBCEAS) channels at 354–388 nm for HONO and
NO2 and 438–472 nm for CHOCHO and NO2. The
IBBCEAS channels are conceptually similar to the laboratory
instrument described previously by our group [Washenfelder
et al., 2008], with a number of operational improvements.
[13] Briefly, the 438–472 nm IBBCEAS channel consists

of an LED light source, collimating lens, optical cavity, col-
lection optics, band‐pass filter, optical fiber bundle, and
grating spectrometer with CCD detector. During the CalNex
field campaign, the optical system, including LED, optical
cavity, and inlet, was mounted on the top of a 10‐m tower in a
temperature‐controlled, waterproof enclosure. The grating
spectrometer, mass flow controllers, and some electronics
were installed in a trailer with optical fibers, signal cables,
and power cables to the optical system. This arrangement

Figure 1. (a) Map of southern California, indicating the location of the Pasadena ground site, downtown
Los Angeles, and Los Angeles International Airport (LAX). The average WRF back trajectory for
16:00 PDT for the eight clear, fog‐free days described in the text (red line with ticks indicating 30 min
elapsed time) shows daytimewind direction from the southwest and an average transport time of 3.25 h from
the coast. (b) Measured wind directions and average wind speeds at the CalNex ground site, grouped by
one‐hour periods from 13:00–16:00 PDT, indicating steady southwest wind.

WASHENFELDER ET AL.: GLYOXAL BUDGET FOR LOS ANGELES D00V02D00V02

3 of 17



allowed the inlet to be as short as possible, to minimize
potential sampling losses. The sample air was filtered to
remove aerosol, which would limit the effective path length
and reduce the sensitivity to CHOCHO and NO2. Sampling
artifacts were minimized by using an automated filter changer
[Dube et al., 2006] with Teflon membrane filters, which were
replaced every 90 min. Comparison of NO2, CHOCHO, and
HONO concentrations before and after filter changes showed
no evidence for production or loss. Mirror reflectivity (or
cavity loss) was calculated using the method described by
Washenfelder et al. [2008] from the known Rayleigh scat-
tering extinctions of helium and zero air. Spectra of helium or
dry zero air (N2 + O2) were measured at regular intervals by
introducing a flow to the inlet that exceeded the total sample
flow to completely fill the sample cells with either gas.
[14] Spectra were integrated for 0.45 s. During post‐

processing, spectra were averaged for 1 min periods. Zero air
spectra were acquired for 1.5 min once every 5 min, while
helium spectra were acquired for 2 min once every 30 min.
To characterize the noise of the detector, background spectra
were acquired under dark conditions once every 2 h. The
pixel‐dependent dark signal was then scaled to the integrated
time and subtracted from the sample spectra. The cavity
extinction as a function of wavelength, a(l), was calculated
following the method of Washenfelder et al. [2008] using
interpolated zero air spectra. For spectral fitting, reference
spectra for NO2 [Vandaele et al., 1998] and CHOCHO
[Volkamer et al., 2005b] were convolved with a Gaussian
line shape with full width at half maximum of 0.56 nm,
corresponding to the measured instrument line shape at
455 nm. DOASIS spectral fitting software [Kraus, 2006]
was used to retrieve number densities of CHOCHO and
NO2. The 2‐s precision of the glyoxal retrievals in ambient
air was 80 pptv in 1 min and 25 pptv in 10 min, as deter-
mined from the variability at low glyoxal concentrations
during short nighttime periods. This is worse than the 2‐s
precision of 58 pptv in 1 min reported for laboratory mea-
surements of glyoxal in dry zero air [Washenfelder et al.,
2008]. The glyoxal measurements were validated in the
field by standard additions from a pure glyoxal sample
maintained at −78°C. The glyoxal concentrations in the
standard additions were measured by the CRDS instrument

at 403 nm. Due to difficulties with the temperature control
of the optical system early in the campaign, the best and
most continuous data from the IBBCEAS instrument were
acquired from 29 May to 15 June 2010.

2.3. Chemistry, Aerosol, and Meteorological
Measurements at the CalNex Ground Site

[15] For the CalNex ground site measurements used in this
analysis, Table 1 summarizes the instrumental techniques,
uncertainty, sampling frequency, and provides references
with further details. The stated uncertainty in Table 1 includes
both precision and accuracy. Speciated VOCs were reported
for 5 min out of every 30 min using gas chromatography‐
mass spectrometry (GC‐MS) [Gilman et al., 2010]. These
included C2–C10 alkanes, C2–C5 alkenes, ethyne, C6–C9

aromatics, C2–C5 aldehydes, aromatics, isoprene, methyl
vinyl ketone (MVK), methacrolein, and a‐pinene. Other
chemical measurements included OH at 15 min time resolu-
tion [Dusanter et al., 2009] and O3 at 1 min time resolution.
Aerosol number distribution was measured in 50 size bins
between 7–690 nm using a TSI Scanning Mobility Particle
Sizer (SMPS). Bulk submicron aerosol composition was
reported using a High‐Resolution Aerosol Mass Spectrometer
(AMS) [DeCarlo et al., 2006]. Measurements of NO, NOx,
NOy, CO, and CO2 were used qualitatively to understand air
quality and flow patterns during the field campaign.
[16] The CalNex Pasadena ground site was equipped with a

meteorological station with temperature/RH sensor (Campbell
Scientific Inc., HMP35C), a barometric pressure transducer
(Vaisala, PTA‐427) and a wind monitor (R. M. Young,
05103). The anemometer was mounted on an aluminum rod
extending 2.5 m above the top platform of the trace gas tower,
with the temperature/RH sensor located 0.5 m below the
anemometer. All meteorological data were logged at 1 Hz.
Photolysis rates were calculated from solar spectra acquired
using a scanning actinic flux spectroradiometer [Shetter and
Muller, 1999]. Boundary layer height was measured by a
ceilometer (Vaisala, CL31) [Munkel et al., 2007].

2.4. Additional Data Sets

[17] The ground site was part of the larger CalNex field
campaign that included the NOAA WP‐3D aircraft, Woods

Table 1. Relevant Measurements Acquired at the Pasadena Ground Site During CalNex 2010

Species Technique Uncertainty (1s)a Frequency Reference

Glyoxal IBBCEAS ±(40 pptv + 15%) 1 min This work
Speciated VOCs Gas chromatography – mass

spectrometry (GC‐MS)
5–25% (hydrocarbons) 30 min [Gilman et al., 2010]

20–35% (oxygenates)
O3 UV differential absorption ±(0.4 ppbv + 4%) 1 min Thermo Scientific model 49c
OH Laser Induced Fluorescence

(LIF‐FAGE)
±(4 × 105 cm−3 + 18%) 15 min [Dusanter et al., 2009]

NO Chemiluminescence ±4% 1 min Thermo Scientific model 42i‐TL
NO2 Conversion to NO;

chemiluminescence
±6% 1 min Thermo Scientific model 42i‐TL BLC

Photolysis Scanning Actinic Flux
Spectroradiometer (SAFS)

±30% 1 min [Shetter and Muller, 1999]

Particle number
distribution

Scanning mobility particle
sizer (SMPS)

Size: ±5% 5 min TSI Inc. model 3936

Concentration: ±15%
Organic Aerosol Mass High‐Resolution Aerosol Mass

Spectrometer (AMS)
±30% 2.5 min Aerodyne Research HR‐ToF‐AMS;

[DeCarlo et al., 2006]

aFor uncertainties given as ±(x pptv + y%), x represents the precision and y represents the accuracy.
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Hole Oceanographic Institution research vessel (RV) Atlantis,
NOAA and CIRPAS Twin Otter aircraft, a second ground
site located in Bakersfield, California, and other measure-
ments. Data acquired onboard the NOAA WP‐3D aircraft
and RV Atlantis are used in this study to quantify trace gas
concentrations in the residual boundary layer and Santa
Monica Bay. The NOAA WP‐3D aircraft acquired VOC
samples using a Whole Air Samper (WAS) [Colman et al.,
2001]. A chemiluminescence instrument on the NOAA
WP‐3D measured O3 [Ryerson et al., 1998], NO [Ryerson
et al., 2000], and NO2 [Pollack et al., 2011]. Onboard the
RV Atlantis, a gas chromatograph with flame ionization
detection (GC‐FID) acquired one 5 min sample every 30 min
that included ethyne, ethene, benzene, propane, and n‐butane

[Bon et al., 2011]. O3 on the RV Atlantis was measured
by UV absorbance, while NO and NO2 were measured by
chemiluminescence [Williams et al., 2009]. Weather con-
ditions at the coast were determined using National
Weather Service data from Los Angeles International Airport
and GOES 1 km visible satellite images.

3. Results and Discussion

3.1. Glyoxal Mixing Ratios

[18] Figure 2a shows the time series for glyoxal, together
with acetaldehyde, propanal, and butanal during 1–16 June
2010. Each of these aldehydes is photochemically produced
and lost predominantly through photolysis and reaction with

Figure 2. (a) Time series of aldehydes during 1 June to 16 June 2010 showing glyoxal, acetaldehyde,
propanal, and butanal. Plotted glyoxal data are 10 min averages. Other aldehydes are measured for 5 min
every 30 min. (b) Time series of measured relative humidity and jNO2 (yellow bars; units not shown).
(c) Time series of the glyoxal production rate calculated from measured VOC, OH, and O3 concentrations,
showing ethyne, ethene, aromatics, isoprene,a‐pinene, and alkenes + O3. (d) Time series of the glyoxal loss
rate calculated from CHOCHO + OH and CHOCHO + hn. (e) Net glyoxal calculated from the difference
between production (Figure 2c) and loss (Figure 2d), calculated for all observations and for selected dates
used in the MCM analysis. Data are shown as a diurnal average.
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OH. Figure 2b shows the measured relative humidity and
jNO2 values during this period. The diurnal cycle for glyoxal
follows a similar pattern to the other aldehydes, with an
average daytime peak concentration of 160 pptv at 14:30
Pacific Daylight Time (PDT = UTC − 7 h). The relationship
between glyoxal and the three aldehydes shown in Figure 2a
was fitted using an unweighted linear orthogonal distance
regression. The fitted values with 2‐s standard deviations
are glyoxal versus acetaldehyde: intercept = 0.001 ± 0.006,
slope = 0.050 ± 0.003, and R2 = 0.60; glyoxal versus pro-
panal: intercept = −0.026 ± 0.008, slope = 0.29 ± 0.02, and
R2 = 0.60; glyoxal versus butanal: intercept = −0.09 ± 0.01,
slope = 2.0 ± 0.1, and R2 = 0.63.
[19] We have used three independent methods to analyze

the production and loss budget for glyoxal and the potential
for aerosol contribution within this budget: a steady state
production and loss budget (section 3.2), a two‐dimensional
Lagrangian model that employs the Master Chemical
Mechanism (section 3.3), and the observed nighttime loss of
glyoxal in the absence of its photochemical sources and
sinks (section 3.4). The results from these three approaches
are discussed in detail below and compared in section 3.5.

3.2. Glyoxal Budget: Steady State Production and Loss

3.2.1. Description of Method
[20] For a species at steady state, the concentration in a

fixed volume does not change with time and the sources
must be balanced by the sinks. This is a simple method for
determining if there is a large discrepancy between the
known gas‐phase sources and sinks of glyoxal. If the cal-
culated sources exceed the sinks, the discrepancy may be
attributed to an additional loss process such as heteroge-
neous uptake. Using this method requires both assuming
that the sources and sinks balance, and that the air basin is
homogeneous such that transport may be neglected. This
approach is similar to the Volkamer et al. [2007] analysis of
the glyoxal budget for Mexico City, which quantified the
imbalance between sources and sinks for a fixed location
neglecting transport.
[21] Figure 2a shows the time series of glyoxal. Glyoxal

concentrations were approximately constant (i.e., d[CHO-
CHO]/dt ≈ 0) during a short period between approximately
13:00–15:00 PDT. The boundary layer height was nearly
constant during this period, with the ceilometer measuring
an average change from 780 to 880 m (13%). The average
lifetime of glyoxal with respect to combined loss by OH and
photolysis during 13:00–15:00 PDT is 2.6 h. The steady
state approximation requires that a reaction must have pro-
ceeded for a period of time several times longer than the
lifetime with respect to the loss [Pilling and Seakins, 1995].
For the glyoxal budget described here, steady state pro-
duction and loss may be an inaccurate approximation and
should be interpreted cautiously. Section 3.5 describes cor-
rections to this approach based on a model that includes
advection.
[22] We calculate the glyoxal sources and sinks at

30‐min intervals corresponding to the sampling times for
GC‐MS measurement of VOCs. Glyoxal is produced as
a first‐generation oxidation product when OH reacts with
ethyne, benzene, toluene, xylene, 1‐ethylbenzene, iso-
propylbenzene, n‐propylbenzene, 1,2,3‐trimethylbenzene,
and 1,2,4‐trimethylbenzene. The glyoxal production for

these reactions was calculated from published rate coeffi-
cients [Atkinson, 1994; Sander et al., 2006] and yields [Fu
et al., 2008]. Glyoxal is produced as a second‐generation
oxidation product when OH reacts with ethene, with gly-
colaldehyde as an intermediate step. We calculated an
effective first‐order reaction rate for the first 4 h of glyoxal
production from ethene using a system of ordinary dif-
ferential equations, with rate coefficients for ethene + OH
[Atkinson et al., 2005] and glycolaldehyde + OH [Bacher
et al., 2001], with yields described by Fu et al. [2008].
Glyoxal is produced as a first‐, second‐ and third‐generation
product from isoprene. The first generation glyoxal produc-
tion from isoprene [Volkamer et al., 2006a; Galloway, 2011]
was incorporated with a yield of 2.1% [Galloway, 2011]
and an OH rate coefficient from Atkinson [1997]. For the
production of glyoxal as a second‐ and third‐generation
product from isoprene, we calculated an effective first‐order
rate coefficient for the first 4 h using a system of ordinary
differential equations, with rate coefficients for isoprene +
OH [Atkinson et al., 2006], MVK + OH [Atkinson et al.,
2006], hydroxymethylvinylketone + OH (from MCMv3.1
[see Saunders et al., 2003]), C5 unsaturated hydroxy alde-
hydes + OH [from MCMv3.1; see Saunders et al., 2003],
and glycolaldehyde + OH [Bacher et al., 2001], with yields
described by Fu et al. [2008]. Ozone + alkene reactions
typically contribute 1–8% of the daytime glyoxal budget in
Pasadena. We include glyoxal yields from ozone reactions
with ethene, propene, 1‐butene, cis‐2‐butene, trans‐2‐butene,
2‐methylpropene, 1,3‐butadiene, and a‐pinene with pub-
lished yields and rate coefficients [Calvert et al., 2000]. The
reaction of ozone with some higher alkenes that were not
measured by GC‐MS also produces glyoxal [Calvert et al.,
2000], but this is expected to be a small part of the total
budget. The calculated glyoxal sources are shown in Figure 2c.
As described above, isoprene produces glyoxal as a first‐,
second‐, and third‐generation product, while ethene pro-
duces glyoxal as a first‐, and second‐generation product.
The second‐ and third‐generation production of glyoxal
makes an average contribution of 11% to the total glyoxal
production rate. Isoprene is the most significant source of
glyoxal, accounting for as much as 60% of the production rate
during some periods. The laboratory studies for glyoxal
yields from isoprene oxidation are recent, and future work
may provide revised budgets for isoprene oxidation. The
analysis in this section and section 3.3 reflects the current
literature for isoprene oxidation.
[23] Two glyoxal sinks were included in the steady state

budget: OH reaction and photolysis. Changes due to hori-
zontal advection have been neglected. The rate for glyoxal +
OH was calculated from the measured values of each
compound, with rate coefficients from Feierabend et al.
[2008]. Although actinic flux spectra were recorded to cal-
culate photolysis loss rate coefficients ( j) for species such
as NO2 and O3, jCHOCHO has not been reported to date
for the Pasadena ground site. Using actinic flux spectra
acquired onboard the NOAA WP‐3D aircraft, we calculated
jCHOCHO [Feierabend et al., 2009], and parameterized its
empirical relationship to jNO2 and jO3 to be jCHOCHO = jNO2 ×
(0.010910 ± 3 × 10−6) + jO3 × (0.6039 ± 0.0006). This par-
ticular parameterization was chosen because the action spec-
trum (product of absorption and quantum yield) for glyoxal
lies spectrally between the action spectra of O3 and NO2. The
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total error in jCHOCHO from this parameterization is less than
±3% compared to the direct calculation, for solar zenith angle
less than 70 deg (∼07:30–18:15 PDT). The calculated glyoxal
sinks due to OH reaction and photolysis are shown in
Figure 2d. Average glyoxal loss by photolysis and OH are
6.2 × 10−5 s−1 and 3.8 × 10−5 s−1, respectively, between
12:45–16:00 PDT for the selection of eight clear days
described in section 3.3.1, with an average OH value of
4.3 × 106 cm−3. The calculated glyoxal aerosol sink can be
compared to these values to determine its relative importance.
3.2.2. Results
[24] The difference between the calculated sources and

sinks is shown in Figure 2e. The data are presented both as
all data points for a particular time of day and as a diurnal
average, which gives an average balance between produc-
tion and loss not subject to data gaps that occur on any
individual day when the multiple data sets are combined.
Figure 2e shows that the net yield of glyoxal in the budget is
positive. During the period from 13:00–15:00 PDT, the
average net production in Figure 2e is 44 ± 9 pptv h−1 (error
is 1s). For a selection of eight sunny days (described further
in section 3.3.1), the production and loss are both greater,
and the average net production is 52 ± 18 pptv h−1. If the
glyoxal budget were at steady state, then the sources and
sinks would be equal, and any discrepancy could be directly
attributed to an additional glyoxal loss, which prior laboratory
and field studies would suggest is due to a heterogeneous
loss process (equivalent to 0.10 and 0.12 mg m−3 h−1 for
44 pptv h−1 and 52 pptv h−1 respectively). A correction to the
steady state approximation, based on the two‐dimensional
pseudo‐Lagrangian model, is presented in section 3.5.

3.3. Glyoxal Budget: Master Chemical Mechanism

3.3.1. Description of Method
[25] We modeled gas‐phase production and loss of

glyoxal using a two‐dimensional pseudo‐Lagrangian model,
and compared the results to the measured glyoxal con-
centrations in Pasadena. Because the model does not include
heterogeneous loss processes, the difference between the
modeled and measured glyoxal concentrations can be used
to constrain the magnitude of such loss mechanisms. The
model used in this work is a subset of the MCM version 3.2,
a near‐explicit representation of the degradation of VOCs
[Jenkin et al., 2003; Saunders et al., 2003; Bloss et al., 2005].
It incorporates measured kinetic and product data when
available, along with structure‐activity relationships for
unmeasured reactions, to model the formation of secondary
photochemical products. The subset described here includes
a complete inorganic mechanism and the oxidation mechan-
isms for 62 VOCs, including all of the species described in
section 3.2. The mechanism for the 62 VOCs included
3677 species and 11157 reactions. We modified the MCM
to include the first generation production of glyoxal and
glyocoaldehyde from isoprene + OH, with yields of 2.1%
[Volkamer et al., 2007;Galloway, 2011] and 2.7% [Galloway,
2011], respectively. These two sources were an addition to
the standard MCM v3.2 mechanism for isoprene oxidation,
which we did not change and which includes glyoxal for-
mation from glycolaldehyde.
[26] We use the MCM model to simulate the chemical

composition of an air parcel as it is advected across the Los
Angeles basin. This approach is pseudo‐Lagrangian, because

it uses dilution to account for changes in the boundary layer
height. We selected model days with simple, direct transport
from the coast to Pasadena under sunny, cloud‐free, and fog‐
free conditions. These conditions led to repeatable sea breeze
meteorology and advection, as confirmed using back trajec-
tory analysis. During partly cloudy or foggy days, advection
patterns can be more complicated, and it is difficult to accu-
rately represent glyoxal photolysis rates and OH concentra-
tions. We have not analyzed glyoxal processing in clouds for
this study.
[27] The average wind speed and direction during the field

campaign is shown in wind rose plots in Figure 1b. Selection
of days was based on three pieces of meteorological data: 1)
clear conditions between 13:00–17:00 PDT in Pasadena
indicated by jNO2; 2) cloud‐free conditions at 13:00 PDT in
GOES 1 km visible satellite images along the Santa Monica
Bay coast near LosAngeles International Airport; and 3) back
trajectories that indicated direct transport from the coast
inland to Pasadena. Based on these three criteria, eight of the
18 days were selected: 30 and 31May 2010, and 3, 4, 5, 7, 14,
and 15 June 2010. The discussion of the MCM model results
refers to the average of these eight selected days.
[28] For the selected days, the average transport time and

boundary layer evolution was determined from the Advanced
Research Weather Research and Forecasting (WRF) model
version 3.2.1 with 12 × 12 km horizontal grid and 40 vertical
levels [Skamarock et al., 2008]. Key physics options were
the 5‐layer thermal diffusion land surface, Mellor‐Yamada‐
Janjic (MYJ) PBL scheme, and Rapid Radiative Transfer
Model (RRTMG) long‐ and shortwave radiation. Wind
speed and direction were averaged between the surface and
500 m for the back‐trajectory calculations of transport time
in the planetary boundary layer. For the eight selected days,
an average transport time of 3.25 h between the coast and
Pasadena was calculated for air parcels arriving at 16:00 PDT.
Figure 1 shows the average WRF back trajectory, with tick
marks indicating 30 min of transport time. The observed local
surface wind speeds and directions shown in Figure 1b are
consistent with the calculated WRF back trajectories. In the
analysis that follows, we have made the simplified assump-
tion that transport speed is constant between the coast and
Pasadena.
[29] The boundary layer height was modeled using WRF

for each of the eight days. The modeled time period of
12:45–16:00 PDT is mid to late afternoon, and WRF
modeling indicated that the boundary layer was well‐
developed. Based on the WRF model results, we employed
a boundary layer of 400 m at the coast growing linearly to
800 m above ground level (AGL) at the Pasadena field site.
This is consistent with the average ceilometer height of 740m
at 16:00 PDT for the selected days. This was represented as a
dilution term in the MCM model. Model starting concentra-
tions for ethyne, ethene, toluene, benzene, propane, n‐butane,
O3, and NOx were determined from RV Atlantis measure-
ments in Santa Monica Bay between 13:00–14:00 PDT on
24 May 2010 and 30 May 2010, which are the periods when
the ship was in this region, representing the coastal air mass
upwind from Pasadena at the beginning of the 3.25 h transport
time. Model starting conditions for VOC precursors that were
not measured by the GC‐FID instrument onboard the RV
Atlantis were determined from measurements by the WP‐3D
aircraft at altitudes less than 350 m during vertical profiles
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near Catalina Island (47 km south of Santa Monica Bay)
between 11:30–13:30 PDT on 4 May, 8 May, 16 May, and
20 June 2010. Initial concentrations are shown in Table 2.
[30] VOC, O3, and NOx concentrations in the residual

boundary layer were determined from three WP‐3D vertical
profiles at Los Angeles International Airport conducted
between 13:30–17:30 PDT on 8 May and 20 June 2010. The
residual boundary layer measurements are shown in Table 2.
As described above, the boundary layer growth between the
coast and the Pasadena field site was represented as a
dilution term in the model. Instead of adding a dilution of
clean air, VOC concentrations from the polluted residual
boundary layer were added at a rate equal to the dilution
term.
[31] Because Los Angeles is a densely populated urban

area, we assumed that anthropogenic emissions were con-
stant along the 3.25 h trajectory from the coast to Pasadena,
with a constant ethyne emission rate optimized to match the
Pasadena measurements. Comparison to the 2005 National
Emission Inventory showed that this emission rate was rea-
sonable. Reported values byWarneke et al. [2007] were used
to constrain the emission ratios of anthropogenic alkanes,
alkenes, aromatics, acetaldehyde, propanal, and methylethyl-
ketone relative to ethyne. Other aldehyde emission ratios were
taken from measurements acquired in a San Francisco area
highway tunnel bore during 2006 [Ban‐Weiss et al., 2008],
weighted by relative gasoline and diesel fuel sales in California
during June 2010 reported by the California State Board of
Equalization. California gasoline formulations have specifi-

cally addressed the reduction of aldehyde emissions, and direct
emissions by vehicles represent a small fraction of the total
budget for glyoxal and other aldehydes. Ethanol is an acetal-
dehyde precursor whose emissions have increased due to
changing fuel composition in the U.S. [Naik et al., 2010]. For
this reason, we empirically adjusted the ethanol/ethyne
emission ratio to match the observations in Pasadena, rather
than using literature values. NO emissionwas also assumed to
be constant relative to ethyne, with a NOx/C2H2 emission
ratio of 27.1 for weekdays and 19.5 for weekends, which
was calculated from I. B. Pollack (Airborne observations of
the weekend ozone effect and precursor emissions in the
California South Coast Air Basin during CalNex, submitted
to Journal of Geophysical Research, 2011). Table 2 gives a
selected set of VOC emission ratios for glyoxal precursors.
[32] As discussed above, biogenic VOCs are important

glyoxal precursors. The ratio of isoprene to its first gener-
ation oxidation products, MVK and methacrolein, was large
(1.7), suggesting recent biogenic VOC emissions in air at
the Pasadena site. To best reproduce these observations, the
emissions for isoprene and a‐pinene were each set to con-
stant rates for the first 2.4 h (∼28 km) of the transit, and then
to higher constant rates for the final 0.8 h (∼9 km) transit.
The time division was selected to approximately match the
vegetation coverage observed in visible satellite images. In
addition, isoprene emissions vary diurnally with meteoro-
logical conditions, and higher emission rates are expected
during the late afternoon [Guenther et al., 1993]. The iso-
prene emission rates for the two sections of transport were

Table 2. Master Chemical Mechanism Model Results and Comparison to Measurements

VOC

Initial
Concentration

(ppbv)

Residual BL
Concentrationa

(ppbv)
Emission Ratio
VOC/C2H2

Measured
Concentrationb

(ppbv)

Modeled
Concentrationc

(ppbv)

Model‐Measured
Differenced

(%)

Ethyne 0.12e 0.24 1.00f 1.78 1.78 0
Ethene 0.065e 0.065 1.36f 2.16 1.88 −13
Benzene 0.039e 0.040 0.19f 0.36 0.34 −4
Toluene 0.017e 0.028 0.82f 0.83 1.19 44
m,p‐Xylene 0g 0 0.37f 0.32 0.40 26
o‐Xylene 0g 0 0.14f 0.14 0.17 21
1‐Ethylbenzene 0g 0.003 0.10f 0.14 0.14 2
n‐Propylbenzene 0g 0 0.028f 0.022 0.040 82
Isopropylbenzene 0g 0 0.009f 0.007 0.013 86
1,2,3‐Trimethylbenzene 0g 0 0.027f 0.029 0.022 −24
1,2,4‐Trimethylbenzene 0g 0 0.12f 0.089 0.10 16
Isoprene 0g 0.003 N/A 1.09 1.09 0
alpha‐Pinene 0g 0 N/A 0.052 0.052 0
Methyl vinyl ketone 0.14g 0.065 1.6 × 10−3h 0.48 0.41 −14
Methacrolein 0.006g 0.008 4.8 × 10−3h 0.18 0.24 37
Glyoxal 0 0 6.5 × 10−5h 0.19 0.18 −5
Acetaldehyde 0.26i 0.5j 0.5f 3.39 2.19 −35

aFrom Whole Air Sample measurements onboard the NOAA WP‐3D aircraft acquired during three profiles above Los Angeles International Airport
between 13:30–17:30 PDT on 8 May and 20 June 2010. Zero indicates measurements below the detection limit.

bAverage concentration observed at Pasadena ground site for 16:00 PDT during eight clear days between 30 May to 15 June 2010.
cMCM v3.2 model prediction for 16:00 PDT.
d100 × (Modeled Concentration – Measured Concentration)/Measured Concentration.
eFrom GC‐FID measurements onboard the RV Atlantis within the Santa Monica Bay between 13:00–14:00 PDT on 24 May 2010 and 30 May 2010.
fFrom Warneke et al. [2007]. Average of Boston/New York City values reported for 2002 and 2004.
gFrom Whole Air Sample measurements onboard the NOAA WP‐3D aircraft acquired below 350 m near Catalina Island, 47 km south of Santa Monica

Bay, between 11:30–13:30 PDT on 4 May, 16 May, and 20 June 2010. Zero indicates measurements below the detection limit.
hFrom Ban‐Weiss et al. [2008] aldehyde/CO ratios multiplied by CO/C2H2 (Pollack et al., manuscript in preparation, 2011).
iFrom PTR‐MS measurements onboard the NOAA WP‐3D aircraft acquired below 350 m near Catalina Island, 47 km south of Santa Monica Bay,

between 11:30–13:30 PDT on 4 May, 8 May, 16 May, and 20 June 2010.
jFrom PTR‐MS measurements onboard the NOAA WP‐3D aircraft acquired during three profiles above Los Angeles International Airport between

13:30–17:30 PDT on 8 May and 20 June 2010.
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adjusted empirically to optimize the agreement between
observed and modeled isoprene, the sum of MVK and
methacrolein, and the ratio of isoprene to the sum of MVK
andmethacrolein. The a‐pinene emission rates were adjusted
empirically to match the observed value, with the ratio
between the a‐pinene emission rates for the first 2.4 h and

final 0.8 h of transit constrained to the ratio of the isoprene
emission rates.
[33] Photolysis rate constants, OH, and O3 in the model

were constrained to measured values. The average diurnal
OH measurements at Pasadena were assumed to be repre-
sentative across the air mass trajectory. O3 was constrained
by the measurements in Santa Monica Bay (52.3 ppbv) and
in Pasadena (70.5 ppbv), with a linear increase. The pho-
tolysis rate constants as a function of time‐of‐day are cal-
culated using the MCM parameterization for the latitude
and longitude of the field study, scaled to the jNO2 value
measured in Pasadena.
[34] To independently examine the predictive accuracy of

the model, we have included the precursors and chemistry
for acetaldehyde, which is not believed to have heterogeneous
loss processes. Acetaldehyde was selected as an analog for
glyoxal because 1) it has photochemical sources and sinks;
2) it has fewer sources and lower background concentrations
than formaldehyde; and 3) accurate measurements are
available for the Pasadena field site. The major acetaldehyde
precursors are ethane, propane, isopentane, 3‐methyl‐pentane,
2‐methyl‐pentane, n‐butane, propene, 1‐butene, isoprene, and
ethanol [Lewis et al., 2005; Millet et al., 2010]. The model
starting conditions and residual boundary layer concentra-
tions for acetaldehyde and its precursors were determined
using RV Atlantis and WP‐3D measurements as described
above.
3.3.2. Results
[35] For the model inputs described above, the MCM

model predictions for VOC concentrations at 16:00 PDT in
Pasadena are shown in Table 2, together with the average
measured values and percent difference. The difference
between the measured and modeled precursor concentrations
does not follow a trend with OH reactivity, and hence does
not suggest an error in transport time or OH concentration.
The greatest discrepancies between measured and modeled
precursor concentrations are observed for n‐propylbenzene
and isopropylbenzene, which are present at the lowest con-
centrations and have the most uncertain emission ratios. The
evolution of anthropogenic precursors, biogenic precursors,
and glyoxal are shown in Figure 3 as a function of time and
transport distance.

Figure 3. Results from the Master Chemical Mechanism
v3.2 “base case” model. These results are presented numeri-
cally in Table 2. VOC concentrations are plotted for an air
parcel that starts at the coast (time = 12:45 PDT; distance =
0 km) and arrives at the CalNex ground site (time = 16:00 PDT;
distance = 37 km). (a) Modeled anthropogenic concentra-
tions for ethyne, ethene, benzene, toluene, and xylenes as a
function of transport time. Average values measured at the
CalNex ground site at 16:00 PDT are shown as open circles.
(b) Modeled biogenic concentrations for isoprene and its
oxidation products methacrolein and MVK. Average values
measured at the CalNex ground site at 16:00 PDT are
shown as open circles. (c) Modeled glyoxal concentrations
as a function of transport time. Average value measured at
the CalNex ground site at 16:00 PDT is shown as an open
circle. (d) Modeled acetaldehyde concentrations as a func-
tion of transport time. Average value measured at the CalNex
ground site at 16:00 PDT is shown as an open circle.
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[36] As shown in Figure 3 and Table 2, the MCM model
reproduces the measured glyoxal concentration to within
5%. Although the model underpredicts the measurement,
this error is within the combined uncertainties of the mea-
surement (±15%) and model, and therefore represents
essentially quantitative agreement. However, the model also
underpredicts the measured acetaldehyde by a larger factor
(35%). Since glyoxal has a smaller number of sources than
acetaldehyde, we expect that its chemistry is better con-
strained by the model. However, the underprediction of
acetaldehyde in the model may indicate a more general
underprediction in the production of aldehydes across the
Los Angeles basin. If so, then the model predictions of
glyoxal may also be too low. Therefore, assuming that the
difference between the modeled and measured glyoxal con-
centrations can be attributed to heterogeneous uptake, we
constrain the fraction of glyoxal that contributes to hetero-
geneous loss to be 0–30%, where the low end of the range
is the direct model prediction and the upper end of the
range is corrected by the underprediction of acetaldehyde
(i.e., −5 + 35%). A glyoxal sink of 0–30% after 3.25 h cor-
responds to a loss rate coefficient with respect to heteroge-
neous loss of 0–5 × 10−5 s−1.
[37] We varied the model input parameters through a series

of sensitivity tests. The choice to constrain the emission
ratios of all VOCs to published values [Warneke et al., 2007;
Ban‐Weiss et al., 2008] was made to realistically constrain
the model to established measurements of anthropogenic
emissions. However, Table 2 shows that this constraint
results in modeled VOC concentrations that do not match
measurements in all cases. To explore this discrepancy, we
performed additional model runs with the emission ratio
constraints removed. We empirically adjusted the emission
rate of ethene and the aromatic glyoxal precursors to a con-
stant rate to best match the observed concentrations in
Pasadena. In the model, each VOC was emitted at a constant
rate during the transport time, but the ratios of the rates were
not constrained. Optimizing the VOC emission rates inde-
pendently reduces the modeled glyoxal concentration from
181 pptv to 154 pptv, increasing the discrepancy with the
measurements.
[38] As a second sensitivity test, we replaced the constant

anthropogenic emission rates with different spatial distribu-
tions of emissions. Although the entire Los Angeles Basin is
densely populated, anthropogenic emission rates are likely to
be greatest near downtown Los Angeles (corresponding
approximately to the middle 1.6 h of transport) and lower in
the vicinity of Pasadena (corresponding approximately to
the final 0.8 h of transport, where biogenic emissions are
greatest). In the first spatial emissions test, we set the emis-
sion rate to a constant during the first 2.4 h of transport, and
then reduced the emission rate by a factor of two during the
final 0.8 h of transport. The anthropogenic emission ratios
were constrained to ethyne, and we adjusted the ethyne
emission rates to match to its measured concentration. The
discrepancy between modeled and measured glyoxal and
acetaldehyde were 1.6% and −32.9%, respectively. In the
second spatial emission test, we set the emission rate to a
constant during the first 0.8 h of transport, then increased the
emission rate by a factor of two during the middle 1.6 h of
transport, and set it to the lower initial value for the final 0.8 h.
The discrepancy between modeled and measured glyoxal and

acetaldehyde were −4.7% and −34.9%, respectively. These
large changes in the spatial distribution of the anthropogenic
emissions resulted in relatively small differences in the
modeled glyoxal and acetaldehyde concentrations.
[39] As a third sensitivity test, we varied the transport time

from the coast to Pasadena in 30 min increments from 2.25
to 4.25 h. The boundary layer was still assumed to begin at
400 m and increase linearly to 800 m between the coast and
Pasadena, with mixing in of a polluted residual boundary
layer. The emission of ethyne was adjusted to match the
measurements in Pasadena. The other VOC emissions were
again constrained by their emission ratios to ethyne. Iso-
prene was still represented as two constant emission rates,
one during the first 28 km of transport and a higher rate
during the final 9 km. The two emission rates were itera-
tively adjusted to match the observed isoprene, the sum of
MVK and methacrolein, and the ratio of isoprene to the sum
of MVK and methacrolein. The results showed the dis-
crepancy between modeled and measured glyoxal con-
centrations varied from −28% to 10% from shortest to longest
transport time, while acetaldehyde error was −40% to −31%.
The modeled glyoxal, scaled to acetaldehyde, produced at
most an excess of 41% (i.e., 10 + 31%).
[40] As a fourth sensitivity test, we increased the glyoxal

concentrations in the starting condition and residual boundary
layer. Based on the correlation between glyoxal and acetal-
dehyde observed in Pasadena during the CalNex field
campaign (slope = 0.050), we tested glyoxal starting condi-
tion and residual boundary layer values equivalent to 5% of
the measured acetaldehyde values (13 and 30 pptv, respec-
tively) and 10% of the measured acetaldehyde values (26
and 59 pptv, respectively). These two scenarios increased
the modeled glyoxal, and resulted in a difference between
modeled and measured glyoxal of 0% and +6%.
[41] Additional tests were performed to determine the

model sensitivity to changes in photolysis, OH, and boundary
layer height. To test the model sensitivity to photolysis, we
scaled the photolysis rate constants by ±20% in two separate
cases, and then adjusted the emissions of ethyne, isoprene,
and a‐pinene to match the observations as described pre-
viously, with the other anthropogenic precursors con-
strained to the emission rate of ethyne. We expect that this
range of values brackets the possible variation in photolysis
rate constants along the transport trajectory, because the
selected days were cloud‐free and photolysis rates were
scaled by the measured jNO2 in Pasadena. The resulting
differences between modeled and measured glyoxal were
−10% and 0%, due to changes in jCHOCHO, when photolysis
rates were increased and decreased by 20%, respectively.
The change in modeled acetaldehyde was less than 1%. To
test the model sensitivity to OH, we scaled its measured
concentration by ±50% in two separate cases, and again
adjusted the emissions of ethyne, isoprene, and a‐pinene to
match the observations. This large variation was chosen
because the model was constrained by OH concentrations at
the CalNex ground site, which may be lower than the upwind
portion of the trajectory due to the higher local concentrations
of isoprene at the Pasadena field site. The resulting differ-
ences between modeled and measured glyoxal were −45%
and 25%, while acetaldehyde differences were −43% and
−30%, respectively for decreased and increased OH. Finally,
we varied the gradient in boundary layer height, with a
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400 m boundary layer at the coast and a 600 or 1000 m
boundary layer in Pasadena, with the dilution rate, ethyne,
isoprene, and a‐pinene emissions adjusted accordingly.
The modeled glyoxal showed only a weak dependence on

the boundary layer profile, with differences between model
and measurement of −4% to −7%, respectively for the 600
and 1000 m cases. In summary, changes in emission ratios,
transport time, starting and boundary layer conditions,
photolysis rates, and boundary layer height each have a
small influence on the model results for realistic ranges of
the possible input parameters, while OH changes the results
more significantly, in part because of the large selected range
in the sensitivity test.
[42] As a final examination of the MCM model output,

Figure 4 shows instantaneous production and loss rates for
glyoxal during each 5‐min time step. Production and loss
are calculated identically to that described in section 3.2 for
the steady state budget, except using the VOC, OH, and
photolysis rates from the model at each step. The difference
between production and loss relative to the total production,
i.e., (P − L)/P, as shown in Figure 4c, indicates that glyoxal
approaches steady state over the course of the trajectory, but
has not reached steady state as the air mass arrives at the
CalNex field site at 16:00 PDT. The modeled difference
between production and loss is 42% of the total production
at that time, and is due solely to the accumulation of glyoxal
in the gas phase.

3.4. Glyoxal Budget: Nighttime Loss

3.4.1. Description of Method
[43] The third approach for quantifying the heterogeneous

uptake of glyoxal was to examine nighttime loss rates.
Chamber and laboratory studies have observed glyoxal
uptake to inorganic aerosol seed that occurs in the absence of
light [Kroll et al., 2005; Liggio et al., 2005a; Corrigan et al.,
2008; Galloway et al., 2009; Volkamer et al., 2009]. Glyoxal
is a secondary photochemical product, with minor direct
emissions [Ban‐Weiss et al., 2008]. In the gas‐phase, it is lost
by reaction with OH and photolysis. Higher aldehydes (e.g.,
acetaldehyde, propanal, and butanal) have similarly minor
direct emissions, and their gas‐phase production and loss are
each dominated by photochemical processes. If there are sig-
nificant heterogeneous loss processes that occur in the absence
of light, these should be measurable at night. The change in
glyoxal concentration at night can be compared directly to
higher aldehydes (acetaldehyde, propanal, and butanal)
measured in Pasadena. The butanal uptake by inorganic
aerosol has been observed to be 7–28 times less than that for
glyoxal [Jang and Kamens, 2001]. Acetaldehyde and pro-
panal uptake by SOA is expected to be even less than that of
butanal [Jang and Kamens, 2001].
3.4.2. Results
[44] Figure 5 shows the diurnally averaged acetaldehyde,

propanal, butanal, and glyoxal concentrations averaged for

Figure 4. Instantaneous production and loss of glyoxal,
calculated for each step of the MCM v3.2 “base case”
model. (a) Glyoxal production from ethyne, ethene, isoprene,
a‐pinene, aromatics, and alkenes + O3. (b) Glyoxal loss by
photolysis and OH. (c) Instantaneous production, loss, and
net production calculated from the difference. (d) Net pro-
duction as a fraction of the total production (black line),
indicating the deviation from steady state. Shaded gray area
shows the results when the OH concentration in the model
is scaled by ±50%.
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29 May to 16 June 2010. For each species, the concentration
has been normalized to that at 20:30 PDT, so that the rel-
ative loss rates can be directly compared. Unlike the daytime
modeling presented in section 3.3, the nighttime loss rates
are presented for all days, without selection for specific
daytime meteorology. The measured Henry’s Law constants
at 298 K in pure water for glyoxal, acetaldehyde, propanal,
and butanal are 4.19 × 105 [Ip et al., 2009], 14.9, 12.2, and
8.7M atm−1 [Zhou andMopper, 1990], respectively. Relative
humidity was typically high during the night, with diurnally
averaged values increasing from 82% at 20:30 PDT to 97%
at 5:30 PDT. Over the nine hour nighttime period from
20:30–5:30 PDT, there is a clear difference between glyoxal
and the three higher aldehydes. The average concentration
change for the three higher aldehydes over the nine hour
period is −30 ± 6% (where 6% is the range of values for the
three aldehydes), while glyoxal shows a concentration change
of −56% during the same period. Aldehyde loss by reaction
with OH and O3 are both negligible, due to the low nighttime
concentrations of OH (approximately 2 × 105 cm−3) and the
extremely slow reaction of O3 with glyoxal and other alde-
hydes [Atkinson et al., 1981; Plum et al., 1983]. The average
NO3 concentrations observed in the lowest DOAS slant path
during this 9 h period is 7.4 pptv. For a maximum NO3

concentration of 10 pptv persisting through the night and
literature reaction rate constants [Atkinson et al., 2005], this
would remove 2.1%, 5.2%, and 8.9% of acetaldehyde, pro-
panal, and butanal, respectively. The glyoxal rate constant
with NO3 has not been reported. Nighttime production of
glyoxal by ozone + alkene reactions contributes less than
3 pptv h−1 and is neglected here.
[45] If the loss of glyoxal relative to the other aldehydes is

attributed to heterogeneous aerosol uptake processes, the
observed nighttime loss can be used directly to calculate a
first‐order loss rate constant. If we assume that the 30% loss
observed for acetaldehyde, propanal, and butanal can be
attributed to a loss process shared with glyoxal that does not
contribute to SOA mass, such as a combination of transport,

dilution by cleaner air (e.g., downslope flow from the nearby
foothills), and reaction with NO3, then 26 ± 6% of the initial
glyoxal concentration is lost over 9 h to aerosol. Calculating
the first‐order loss rate coefficient as ln(1 − 0.26)/9 h, gives
(1 ± 0.3) × 10−5 s−1.

3.5. Glyoxal Contribution to SOA: Comparison
of the Three Methods

[46] Laboratory studies indicate that aqueous‐phase pho-
tochemistry enhances glyoxal uptake during the day, and also
that glyoxal uptake depends on liquid water content. The first
two methods address the daytime contribution of glyoxal to
SOA. The first method is a steady state budget, applied during
13:00–15:00 PDT. We have assumed a steady state glyoxal
concentration and attributed the difference between produc-
tion and loss to an aerosol loss process. With this assumption,
we find that the magnitude of this loss process would be
44 ± 9 pptv h−1 for all days and 52 ± 18 pptv h−1 for a
selection of eight clear days. The lifetime of glyoxal with
respect to OH and photolysis is 2.6 h during the afternoon
time period, indicating that glyoxal is unlikely to have
reached steady state. Further evidence from the calculation of
instantaneous production and loss for the MCM model time
steps, shown in Figure 4, shows that production exceeds loss
and confirms that glyoxal is not at steady state as it arrives in
Pasadena. Figure 4d indicates that the difference from steady
state is large early in the trajectory, and remains at 42%
when the air mass arrives in Pasadena at 16:00 PDT.
Applying this as a correction to the steady state analysis for
the selection of clear days, we find that −5 ± 18 pptv h−1 can
be attributed to deposition. For all of the days, the corrected
value is 0 ± 9 pptv h−1, although the 42% correction is only
strictly appropriate for sunny days. This corrected glyoxal
loss rate corresponds to first order heterogeneous loss rates of
0 with an uncertainty of 2 × 10−5 s−1, for both cloudy and
clear days.
[47] The second method is a pseudo‐Lagrangian model

that includes emissions of glyoxal and acetaldehyde pre-
cursors. The second method shows that at 16:00 PDT, there
is a 0–30% discrepancy between the measured and modeled
glyoxal concentration that could be attributed to an aerosol
loss process, equivalent to a heterogeneous loss rate coef-
ficient of 0–5 × 10−5 s−1.
[48] The third method quantifies the potential nighttime

contribution of glyoxal to SOA. This method shows that
glyoxal undergoes greater loss than the other aldehydes,
with a calculated first‐order loss rate coefficient of (1.0 ±
0.3) × 10−5 s−1. This may be due to the greater Henry’s Law
constant of glyoxal compared to other aldehydes.
[49] Heterogeneous loss of glyoxal can be attributed to

both wet (i.e., aerosol) and dry (i.e., ground or other surface)
deposition. For a given species, the rate of dry deposition
depends on the height of the boundary layer, surface com-
position, surface roughness, humidity, and other factors. The
dry deposition velocity of acetaldehyde has been measured
to be 0.26 ± 0.03 cm s−1 for a tropical rain forest [Karl et al.,
2004] and 0.2 cm s−1 for an alfalfa field [Warneke et al.,
2002]. Recently, Huisman et al. [2011] reported that the
overnight decrease in glyoxal concentrations observed at a
rural, forested site could be fit with an exponential loss rate
of (−2.1 ± 0.3) × 10−5 s−1. The measurements and analysis
of Huisman et al. are similar to the approach presented in

Figure 5. Diurnally averaged glyoxal, acetaldehyde, pro-
panal, and butanal. Each trace is normalized to 1.00 at
20:30 PDT. The change in acetaldehyde, propanal, and butanal
during the 9 h period from 20:30–05:30 PDT is −30% ± 6%,
while the corresponding change in glyoxal is −56%.
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section 3.4, but were conducted under dry conditions
(∼46% RH) with low available aerosol surface area (∼100–
200 mm2 m−3), and not corrected relative to other aldehyde
loss rates. This allowed the authors to directly attribute the
loss to dry deposition, with a calculated dry deposition
velocity of 0.15 cm s−1. This is a lower limit, because
other production and loss processes for glyoxal at night are
neglected.
[50] If we assume that the dry deposition rate coefficient

for glyoxal at the Pasadena field site falls into the range
0.15–0.25 cm s−1, we can calculate how this affects the three
heterogeneous loss rates given above. For a daytime boundary
layer height of 800 m, the calculated dry deposition loss is
2–3 × 10−6 s−1. For the daytime glyoxal loss, the calculated
contribution of dry deposition (2–3 × 10−6 s−1) is small
relative to the total uncertainty in the glyoxal loss rate (0 ± 2 ×
10−5 and 0–5 × 10−5 s−1 from the two daytime methods), and
we have not explicitly applied the correction. Recent work
indicates that deposition rates in vegetated areas may be
larger during the day than inferred from nighttime data [Karl
et al., 2010], and this could ultimately increase the relative
importance of dry deposition to the daytime loss. For the
nighttime glyoxal loss, we note that despite its large Henry’s
Law constant, the reported dry deposition velocity for glyoxal
is similar to acetaldehyde. This implies that a correction is
not necessary for the nighttime budget of glyoxal, which
was already corrected by comparison to acetaldehyde, pro-
panal, and butanal, and that the glyoxal loss can be attributed
to aerosol uptake (i.e., wet deposition). However, if the
deposition velocity of glyoxal were larger than that of the
other aldehydes, then some fraction of the nighttime loss
would be due to dry deposition.
[51] The results from the three methods are plotted in

Figure 6, as first‐order loss rates, and are compared to the
average glyoxal loss by OH and photolysis during 12:45–
16:00 PDT on the eight selected days. We find that glyoxal
contribution to SOA may be of the same order as its OH and

photolysis loss rate. Within the error bars, there is no sig-
nificant difference between the daytime and nighttime loss
rates. The three analysis methods do not give any evidence
regarding the reversibility of glyoxal uptake to aerosol.
[52] Between 07:00–15:00 PDT, measurements by the

AMS at the Pasadena field site show that the diurnally
averaged organic aerosol mass increases from 4.8 mg m−3 to a
maximum of 12.1 mg m−3,while the secondary organic aerosol
mass (reported as oxygenated organic aerosol) increases from
3.2 mg m−3 to a maximum of 8.8 mg m−3. The range of day-
time heterogeneous loss rate constants for the two methods
reported above is 0–5 × 10−5 s−1, corresponding to 0–30%
of glyoxal available for uptake by aerosol. Including both
the 0–30% of glyoxal available for uptake and the ±15%
absolute uncertainty in the glyoxal measurement, we con-
strain the photochemical glyoxal contribution to secondary
organic aerosol mass to be 0–0.2 mg m−3 or 0–4%.
[53] The first‐order loss rates can be used directly to

estimate an aerosol uptake coefficient, g, which includes all
of the processes that affect the rate of gas uptake, including
the mass accommodation coefficient at the surface. For small
values of g (i.e., g < 0.1) and for uptake to smaller diameter
particles (i.e., accumulationmode, <1mm), the aerosol uptake
coefficient can be expressed as

k ¼ 1

4
c�S ð1Þ

where k is the first‐order rate constant, c is the mean molec-
ular speed for glyoxal (324 m s−1 at 288 K), and S is the
surface area [Fuchs and Sutugin, 1971]. The average aerosol
dry surface area (7–690 nm) in Pasadena calculated from
the SMPS for 12:45–16:00 during the eight clear days and
20:30–05:30 PDT for all days are 498 ± 101 mm2 cm−3 and
213 ± 91 mm2 cm−3, respectively. After applying the relative
humidity scaling (1 + 5.9672 × 10−6 RH2.0868 + 3.4005 ×
10−5 RH2.1255)2) reported by Brown et al. [2009] to account
for the hygroscopic diameter growth between the drymeasured
and wet ambient particles, the average aerosol surface area is
796 ± 200 mm2 cm−3 and 550 ± 260 mm2 cm−3, respectively.
This gives aerosol uptake coefficients of 0–8 × 10−4 and 2 ×
10−4 ± 1 × 10−4 for the day and night, respectively.
[54] In Mexico City, a glyoxal aerosol sink of 2.7–4.2 ×

10−4 s−1 was observed [Volkamer et al., 2007]. This is one
to two orders of magnitude larger than the glyoxal aerosol sink
that we observe in Pasadena. The calculated uptake coefficient
in Mexico City, g, was 4.2 × 10−3 (with uncertainty +6 ×
10−3 and −2 × 10−3) at 11:00 and 2.5 × 10−3 (with uncer-
tainty +2 × 10−3 and −1 × 10−3) at 15:00 [Volkamer et al.,
2007]. For Mexico City, the difference between modeled
and measured glyoxal concentrations was 200–600%, leading
to an unambiguous determination of heterogeneous loss pro-
cesses in addition to photolysis and OH reaction [Volkamer
et al., 2007]. For the Pasadena field study, we find a differ-
ence of 0 to 30% between the MCM model predictions and
measurements. The large difference in the fraction of glyoxal
production attributable to sinks in addition to OH and pho-
tolysis in these two cities may be caused by a number of
factors, including the larger available aerosol surface area in
Mexico City or differences in aerosol composition between
the two cities. The VOC chemistry differs between the two
cities as well. Glyoxal production inMexico City is dominated

Figure 6. Bar plot showing glyoxal loss to photolysis and
reaction with OH, compared to its loss to aerosol formation
determined using three methods.
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by anthropogenic species, including aromatics, while bio-
genic species play an important role at the Pasadena field
site. Differences in the analysis between the two cities may
indicate a lack of understanding in VOC oxidation mechan-
isms. Further field or laboratory work will be required to
understand the factors that control the heterogeneous chem-
istry of glyoxal.

3.6. Historical Trends in Glyoxal and VOC Precursor
Concentrations

[55] The measurements acquired during the CalNex field
campaign can be compared to prior measurements in Los
Angeles. A comprehensive set of VOC measurements was
acquired during 8–9 September 1993 at five sites in the Los
Angeles area with the goal of providing data to evaluate air
quality models. The locations were Long Beach, downtown
Los Angeles, Azusa, Claremont, and San Nicolas Island.
These measurements included: C1–C14 carbonyls, glyoxal,
and methyl glyoxal, [Grosjean et al., 1996]; C6–C22 non-
polar and semipolar aromatics [Fraser et al., 1998]; and
C2–C36 non‐aromatic hydrocarbons including isoprene
[Fraser et al., 1997].
[56] VOC precursor and glyoxal concentrations are shown

in Figure 7a. For both data sets, the diurnal average is shown,
because no time‐resolved data was reported for VOC pre-
cursors [Fraser et al., 1997, 1998]. The 1993 measurements
were recorded during a September smog episode and are
given as the average of five sampling locations, while the
CalNex 2010 data were recorded at a single location earlier
in the season. Despite the sampling differences between the
two data sets, they indicate a large decrease in VOC con-
centrations that corresponds to successful emission control
strategies that have been implemented in the Los Angeles
basin. Diurnally averaged glyoxal concentrations have
decreased from 775 pptv in 1993 to 91 pptv in 2010.
[57] Glyoxal production was calculated from the diurnally

averaged precursor concentrations shown in Figure 7a,
using the steady state method described in section 3.3 with
an assumed OH concentration of 5 × 106 cm−3. To better
represent the daytime production of glyoxal, mid‐day iso-
prene concentrations are shown. Mid‐day isoprene con-
centrations for 1993 were calculated by scaling the reported
diurnal average by the measured ratio of mid‐day to diurnal
average (2.5) for the 2010 Pasadena field site. Figure 7b
shows that glyoxal production from known precursors has
decreased by 85% from 670 pptv h−1 in 1993 to 100 pptv h−1

in 2010. Although this comparison relies on limited historical
data, it provides insight into long‐term air quality trends in
Los Angeles. The comparison of the 1993 and 2010 data
shows that 1) calculated glyoxal production rates and mea-
sured glyoxal concentrations were both much higher in the
past; 2) as anthropogenic emissions have decreased, biogenic
isoprene emissions have become a larger fraction of the total
glyoxal production; and 3) glyoxal’s potential mass avail-
able to secondary organic aerosol has decreased over time.

4. Conclusions

[58] We measured glyoxal during summer 2010 at the
CalNex ground site in Pasadena, California. The glyoxal
measurements were co‐located with an extensive suite of
trace gas, photolysis, aerosol size distribution and composi-
tion, meteorology, and ceilometer data. Additional coincident
data by the NOAA WP‐3 aircraft and RV Atlantis allowed
boundary conditions to be constrained.
[59] Previous laboratory and field studies have shown that

glyoxal contributes to secondary organic aerosol. We ana-
lyzed the measurements using three independent methods to
calculate the contribution of glyoxal to SOA: 1) steady state
analysis; 2) a pseudo‐Lagrangian two‐dimensional chemical

Figure 7. (a) Average VOC concentrations reported during
8–9 September 1993 for five locations in Los Angeles
[Grosjean et al., 1996; Fraser et al., 1997, 1998] and aver-
age VOC concentrations for Pasadena during 15 May to
16 June 2010. VOCs plotted are glyoxal; ethyne; ethene;
benzene; toluene; xylenes; and other aromatics. (b) Steady
state glyoxal production calculated for average VOC con-
centrations in Figure 7a. The area of the pie charts are pro-
portional to the total glyoxal production rates, which were
670 pptv h−1 in 1993 and 100 pptv h−1 in 2010.
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model; and 3) nighttime loss. The first two methods show
that isoprene is the major daytime glyoxal source for the
field measurements in Pasadena, contributing more than
60% during clear, mid‐day conditions. The two‐dimensional
chemical model shows that 0–30% of glyoxal production is
available for heterogeneous uptake. This result differs from a
recent study in Mexico City that reported a much larger dis-
crepancy between glyoxal sources and sinks, implying a
much larger secondary organic aerosol source from glyoxal
production and loss. The reasons for this difference may
include a larger aerosol surface area for heterogeneous reac-
tions in Mexico City, differences in aerosol composition or
liquid water content between the two cities that lead to vari-
ability in glyoxal heterogeneous chemistry, or differences in
the predominant VOC precursors. Further investigation of
the role of glyoxal in the ambient atmosphere in different
locations and seasons will be of significant interest to
understand the reasons underlying this variability.
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