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Here we present first Eddy Covariance (EC) measurements of fluxes of glyoxal, the
smallest α-dicarbonyl product of hydrocarbon oxidation, and a precursor for secondary
organic aerosol (SOA). The unique physical and chemical properties of glyoxal, i.e.,
5
−1
high solubility in water (Henry’s Law constant, KH = 4.2 × 10 M atm ) and short atmospheric lifetime (∼ 2 h at solar noon) make it a unique indicator species for organic
carbon oxidation in the marine atmosphere. Previous reports of elevated glyoxal over
oceans remain unexplained by atmospheric models. Here we describe a Fast Light
Emitting Diode Cavity Enhanced Differential Optical Absorption Spectroscopy (Fast
LED-CE-DOAS) instrument to measure diurnal variations and EC fluxes of glyoxal,
and inform about its unknown sources. The fast in situ sensor is described, and first
results are presented from a cruise deployment over the Eastern tropical Pacific Ocean
(20◦ N to 10◦ S; 133◦ W to 85◦ W) as part of the Tropical Ocean Troposphere Exchange
of Reactive Halogens and OVOC (TORERO) field experiment (January to March 2012).
The Fast LED-CE-DOAS is a multispectral sensor that selectively and simultaneously
measures glyoxal (CHOCHO), nitrogen dioxide (NO2 ), oxygen dimers (O4 ) and water
−0.5
vapor (H2 O) with ∼ 2 Hz time resolution, and a precision of ∼ 40 pptv Hz
for glyoxal.
The instrument is demonstrated to be a “white-noise” sensor suitable for EC flux measurements; further, highly sensitive and inherently calibrated glyoxal measurements are
obtained from temporal averaging of data (∼ 2 pptv detection limit over 1 h). The campaign averaged mixing ratio in the Southern Hemisphere (SH) is found to be 43 ± 9 pptv
glyoxal, and is higher than in the Northern Hemisphere (NH: 32 ± 6 pptv; error reflects
variability over multiple days). The diurnal variation of glyoxal in the MBL is measured
for the first time, and mixing ratios vary by ∼ 8 ppt (NH) and ∼ 12 pptv (SH) over the
course of 24 h. Consistently, maxima are observed at sunrise (NH: 35 ± 5 pptv; SH:
47 ± 7 pptv) and minima at dusk (NH: 27 ± 5 pptv; SH: 35 ± 8 pptv). Ours are the first
EC flux measurements of glyoxal. In both hemispheres, the daytime flux was directed
from the atmosphere into the ocean, indicating that the ocean is a net sink for glyoxal
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where F is the flux, w 0 is the vertical wind velocity component, c0 is the mixing ratio
of the trace gas component, the prime denotes the instantaneous deviation from the
mean, fn is the Nyquist frequency of the measurements, and Cwc is the cospectrum.
A requirement of the EC flux technique is that measurements of both vertical wind
velocities and the trace gas of interest are performed at high sampling frequencies, f ,
(typically a minimum of several Hz), sufficient to capture a majority of those frequencies
that contribute to the overall flux. Balancing this requirement with preserving sufficient
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Eddy covariance (EC) fluxes are a well-established and widely used technique to measure surface-atmosphere gas exchange. The EC flux method provides insight into
sources and sinks of atmospheric parameters (physical, chemical state variables) suitable to test our process level understanding (Baldocchi et al., 2001). EC fluxes are
defined as the time average covariance between deviations from the mean of vertical
wind velocity and deviations from the mean in the parameter of interest, e.g. here, the
mixing ratio of a trace gas:
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during the day. After sunset the ocean was a source for glyoxal to the atmosphere (positive flux) in the SH; this primary ocean source was operative throughout the night. In the
NH, the nighttime flux was positive only shortly after sunset, and negative during most
of the night. Positive EC fluxes of soluble glyoxal over oceans indicate the presence
of an ocean surface organic microlayer (SML), and locate a glyoxal source within the
SML. The origin of atmospheric glyoxal, and possibly other oxygenated hydrocarbons
over tropical oceans warrants further investigation.
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sensitivity in the measurements is one of the major challenges with developing chemical sensors suitable for EC flux applications. For mobile deployments, a portable and
robust sensor is needed. Further, additional measurements of platform motion need
to be performed, and corrections on the wind velocity data are needed. A description of the system deployed in this study and the method of correction is described
by Fairall et al. (1997) and Edson et al. (1998), respectively. A particular challenge
arises for EC flux measurements of short-lived species in the marine boundary layer
(MBL), for which concentrations often do not exceed 10s to 100s of parts per trillion
−12
7
−3
(1 pptv = 10
volume mixing ratio (VMR) = 2.46 × 10 molec cm at 298 K temperature and 1013 mbar pressure). As a result of these challenges, ship based EC flux
measurements have today only been reported for the seven trace molecules: dimethyl
sulfide (DMS) (Huebert et al., 2004; Blomquist et al., 2006, 2010; Marandino et al.,
2007, 2008, 2009; Miller et al., 2009; Edson et al., 2011; Bell et al., 2013), Carbon
dioxide (CO2 ) (Fairall et al., 2000; McGillis et al., 2001, 2004; Kondo and Tsukamoto
2007; Miller et al., 2009, 2010; Taddei et al., 2009; Norman et al., 2012), Ozone (O3 )
(Bariteau et al., 2010; Helmig et al., 2012), carbon monoxide (CO) (Blomquist et al.,
2012), acetone (Marandino et al., 2005; Taddei et al., 2009; Yang et al., 2014), acetaldehyde (Yang et al., 2014), and methanol (Yang et al., 2013). Table 1 lists typical
concentrations for these molecules in the MBL, and compares them with glyoxal in
terms of their Henry’s Law constants (KH , at 298 K), and typical atmospheric lifetimes.
Notably, glyoxal is the molecule with the shortest atmospheric lifetime, and is present in
the lowest abundance. The short lifetime of glyoxal limits the spatial scale over which it
can be transported in the atmosphere to few 10 km. Further, glyoxal is the most soluble
molecule in Table 1, i.e. its Henry’s Law constant is 2000, 13 860, and 30 000 times
larger than that of the other oxygenated hydrocarbons (OVOC) methanol, acetone and
acetaldehyde, respectively. The differences in the physical and chemical properties
have fundamental implications for the air-sea exchange of glyoxal. For example, while
it is possible to supersaturate the surface ocean with acetaldehyde (Zhou and Mopper, 1990; Kieber et al., 1990; Millet et al., 2010; Yang et al., 2014) it is impossible
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to supersaturate the ocean with glyoxal (Sinreich et al., 2010). Studies measuring the
waterside concentration of glyoxal have values in the nanomolar (nM) range (Zhou and
Mopper, 1990: 0.5–5 nM; van Pinxteren and Herrmann, 2013: ∼ 4 nM), while based on
KH,glyoxal and an airside VMR of 50 pptv the expected seawater concentration should
be ∼ 20 000 nM. The low glyoxal abundance in the MBL and unique properties make
glyoxal a particularly interesting, yet challenging molecule to measure EC fluxes. To the
best of our knowledge there are no previous attempts to measure EC fluxes of glyoxal.
Glyoxal, the smallest α-dicarbonyl, is largely produced from the oxidation of Volatile
Organic Compounds (VOCs) of both natural and anthropogenic origins (Myriokefalitakis et al., 2008; Stavrakou et al., 2009). It can also be directly emitted from sources
such as biomass burning, fossil and biofuel combustion (Grosjean et al., 2001; Kean
et al., 2001; Hays et al., 2002). Atmospheric removal of glyoxal is driven by photolysis,
reaction with hydroxyl (OH) radicals, dry and wet deposition, and uptake to aerosols
(Stavrakou et al., 2009). Additionally, glyoxal has been identified as an important Secondary Organic Aerosol (SOA) precursor (Liggio et al., 2005; Volkamer et al., 2007; Fu
et al., 2008; Ervens and Volkamer, 2010; Waxman et al., 2013). There are currently only
few reports of glyoxal measurements over oceans (Zhou and Mopper 1990; Sinreich
et al., 2010; Mahajan et al., 2014). These data show significant variability in the abundance of glyoxal (25–140 pptv), and confirm the widespread presence of glyoxal over
oceans that had been suggested by satellites (Wittrock et al., 2006; Lerot et al., 2010).
Satellites find vertical column densities (VCDs) of 2–4 × 1014 molec cm−2 over the Eastern Pacific ocean, comparable to and exceeding the upper range of glyoxal mixing ratios observed in the MBL (assuming all glyoxal was located inside a 1 km high MBL). In
situ observations hold great potential to inform this apparent mismatch, but there are no
previous in situ measurements of glyoxal reported over oceans. While virtually all measurements of glyoxal have been made over land (Vrekoussis et al., 2009), our understanding of the sources, sinks, and chemical processing of this molecule in continental
air masses remains poor. Known continental sources only account for ∼ 50 % of the
glyoxal budget based on VCDs from the SCanning Imaging Absorption spectroMeter
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for Atmospheric CHartographY (SCIAMACHY) satellite (Stavrakou et al., 2009). Over
the tropical ocean, atmospheric models predict virtually no glyoxal (Myriokefalitakis
et al., 2008; Fu et al., 2008; Stavrakou et al., 2009); the presence of this molecule in
the remote MBL, thousands of kilometers from continental sources, is surprising and
currently not understood (Sinreich et al., 2010).
The University of Colorado Fast Light Emitting Diode Cavity Enhanced Differential
Optical Absorption Spectroscopy (Fast-LED-CE-DOAS) instrument was developed to
obtain new insights about the sources of glyoxal in the remote MBL. The following
sections describe the instrument, characterize performance, and report first results
from a ship deployment over the tropical Eastern Pacific Ocean during the TORERO
field experiment.
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Differential Optical Absorption Spectroscopy (DOAS) is a well-established technique
that has been successfully used to measure a wide variety of atmospheric trace
gases, including glyoxal (Platt, 1994). While traditionally DOAS measurements were
conducted in the open atmosphere (Platt et al., 1979), the advent of CEAS measurements coupled with DOAS retrievals provides particularly sensitive measurements
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The TORERO 2012 field campaign was an extensive effort to measure a variety of
atmospheric parameters and trace gases over the Eastern Tropical Pacific Ocean from
aircraft and ships. The ship-based portion of the campaign took place aboard the NOAA
RV Ka’imimoana on a research cruise leaving from Honolulu, HI to Puntarenas, Costa
Rica between 25 January–1 March 2012 (37 days at sea). Figure 1 shows a map with
the ship track. Also shown are HYSPLIT 5 day back trajectories for noon and midnight
(local time) along the ship track for each day.
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(Thalman and Volkamer, 2010; Ryerson et al., 2013). The multispectral nature of the
light sources, such as light emitting diodes (LEDs), add selectivity to enable the simultaneous detection of multiple trace gases, while preserving excellent sensitivity found
in other in situ cavity enhanced techniques (e.g., cavity ring down spectroscopy) (Thalman and Volkamer, 2010; Ryerson et al., 2013). The Fast-LED-CE-DOAS instrument
is a further development of the instrument described in Thalman and Volkamer (2010).
In brief, an LED light source is coupled to an optical cavity enclosed by two highly reflective mirrors, which allows light paths inside the cavity to be realized that are much
4
longer (∼ 2 × 10 times) than the length of the cavity itself. The light is collected from
the backside of the mirror opposite the LED by an optical fiber and directed onto the
spectrometer slit (see Fig. 3).
For this system, a high-power LED (LedEngin) with peak emission near 465 nm was
used in conjunction with custom coated mirrors (Advanced Thin Films) with peak reflectivity between 440–470 nm. The cavity had a base length of 86 cm (74.45 cm sample path length) and was coupled to a Princeton Instruments Acton SP2156 CzernyTurner Imaging Spectrometer with a PIXIS 400B CCD detector (1340 × 400 pixels
or 26.8 × 8 mm). The spectrometer utilized a custom 1000 g mm−1 grating blazed at
250 nm which covered the wavelength range from 390–530 nm with ∼ 0.75 nm resolution (FWHM). The wavelength range observed simultaneously by our system was
from 430 to 480 nm and allowed for the selective detection of glyoxal, NO2 , H2 O, and
O4 . Two spectral fitting windows were utilized during this study; one optimized for the
retrieval of glyoxal and the other for O4 . The glyoxal fitting window covered the wavelength range from 433–460 nm, the O4 window covered the range 457–487 nm, and
trace gas reference cross sections for glyoxal (Volkamer et al., 2005), H2 O (measured
with this instrument), O4 (Thalman and Volkamer, 2013), and NO2 (Vandaele et al.,
1998) were simultaneously fitted in both windows. Figure 2 shows spectral fit results
from the DOAS analysis of these trace gases: the left column shows fits from the glyoxal
analysis window for a clean period (no NO2 contamination from the ship stack) and the
right column shows spectral fits from the O4 window where some NO2 contamination
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is present. The water measurement was used to monitor ambient conditions, NO2 was
used as a tracer for sampling the ship stack plume, and the O4 measurement was used
to correct the DOAS data for sampling time lag and inlet characterization (discussed in
Sects. 3.1.1 and 3.1.2).
The primary measurement of the DOAS technique is Slant Column Density (SCD)
which is the integrated concentration of the measured species along all light paths. It
is easily converted using Lambert–Beer’s Law to concentration if the light path length
within the cavity is known. Two different methods were utilized to experimentally determine the cavity light path: (1) comparison of measured O4 SCDs and the calculated
concentration of O4 within the cavity; and (2) using the ratio of the signal measured
in two different pure gases whose Rayleigh scattering cross-sections are well known
(Thalman and Volkamer, 2010). For this study, method 2 was employed and N2 and He
were used for this process (referred to as mirror curves from this point forward). Mirror curves were taken on a near daily basis which enabled the continuous monitoring
of the cavity performance. Additionally, an inherent consistency check exists from the
comparison of O4 SCD measurements with those calculated from the mirror curve, the
Rayleigh scattering cross section of air, and known temperature and pressure (Thalman and Volkamer, 2010). For the duration of the cruise, the peak mirror reflectivity was
maintained between 99.9967–99.9973 %, translating into routine cavity path lengths of
18–20 km at 455 nm.
In order to accelerate the data acquisition of the instrument to rates sufficient to
accommodate EC fluxes, software was developed to simultaneously eliminate shutter
movements and decrease readout time (through binning of CCD rows). The final instrument measurement frequency of ∼ 2 Hz strikes a balance between time resolution,
and the duty cycle dedicated to collecting photons (as compared to read-out time of
the CCD). The measurement detection limit with CE-DOAS measurements is typically
photon shot-noise limited. We assess the instrument performance by investigating the
root mean square (RMS) of the optical density of the residual remaining after the nonlinear least squares fitting routine, and comparing it with the theoretical photon shot
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While the cruise started on 25 January 2012, only data taken 2–28 February 2012 will
be considered for this study. The inlet for the cavity was mounted near the top of a 10 m
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where N is the number of photons collected.
The measured RMS of the Fast LED-CE-DOAS instrument field deployment is compared to the theoretical RMS, and plotted as a function of the number of photons in
Fig. 3. The grey points are raw data at different levels of averaging and the colored
squares represent the median values for each set: light blue is the raw 400 ms data;
dark blue is the sum of 5 spectra (∼ 2 s); purple is the sum of 20 spectra (∼ 8 s); red is
the sum of 100 spectra (∼ 40 s); and the green is the sum of 1000 spectra (∼ 8 min). As
can be seen, the RMS during this campaign fairly closely follows counting statistics for
the measured spectra, as well as for different levels of binning. Shown on the right axis
is the corresponding 1σ precision for glyoxal.
Appropriate quality assurance filters were applied to the raw CE-DOAS measurements prior to calculating glyoxal fluxes in order to exclude the use of any stack contamination, or otherwise questionable data. These filters removed periods of elevated
NO2 (contaminated by the ship stack plume: values greater than ∼ 30 pptv), instability in the cavity (O4 and internal cavity pressure measurements: acceptable pressure
range 470–500 torr), and any spectra where the DOAS fitting resulted in RMS values
−3
larger than 5 × 10 .
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noise (Coburn et al., 2011). Individual spectra were summed, and analyzed to improve
the signal to noise ratio of the measurements. In an ideal instrument (i.e., completely
limited by photo shot noise), the RMS of the fitting routine should follow photon counting statistics, where the theoretical RMS is inversely proportional to the square root of
the number of photons collected.
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jackstaff (18 m a.s.l.) on the bow along with the inlets for the CO2 flux system (Blomquist
et al., 2014) and the in situ O3 monitor, the sonic anemometer, and a motion system.
The sampling line between the inlet and the instrument was ∼ 65 m long, and consisted
00
of 3/8 ID coated aluminum tubing (Eaton SynFlex Type 1300). Additionally, an aerosol
filter (changed every other day) was included after the inlet in order to prevent collection
of sea salt in the sampling line, and keep the air reaching the CE-DOAS system aerosol
free. The filter was regularly changed to avoid aerosol accumulation, and experiments
of glyoxal transfer through Teflon filters showed no visible attenuation (Thalman and
Volkamer, 2010). Previous experiments to characterize the effect of In order to maintain turbulent flow throughout the sampling line, a high flow pump maintained a flow
of ∼ 120 L min−1 (Lenschow and Raupach, 1991). From this main flow, a sample flow
of ∼ 9 L min−1 was pulled through the cavity. These flow conditions resulted in an operating pressure inside the cavity of ∼ 470–500 torr. This sub-ambient cavity pressure
had to be actively addressed due to the sensitivity of optical cavities to fluctuations in
pressure (which can de-align the mirrors). This was accomplished by the addition of
stabilizing mounts for the mirrors to prevent movement during measurements. Figure 4
contains a plumbing diagram for the CE-DOAS system with arrows indicating the direction of air flow at various points along the sampling line. Two pumps and three Mass
Flow Controllers (MFCs) were used in this system, the main flow through the sampling
−1
line was set at ∼ 120 L min (controlled by MFC 1), the smaller sample flow through
the cavity was set at ∼ 9 L min−1 (controlled by MFC 2), and the calibration gases for the
Fast-LED-CE-DOAS system (used for monitoring cavity performance and determining
cavity path length) were controlled by MFC 3. Photographs of the inlet, operational cavity, and instrument rack containing all controlling electronics and spectrometer can be
found in the Supplement Fig. S1.
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Wind sensor data was collected at 10 Hz and in order to calculate the glyoxal fluxes the
CE-DOAS measurements needed to be synchronized to this data. Rather than degrading the high resolution wind data, the CE-DOAS measurements were first interpolated
from 2 Hz to 10 Hz. Since the trace gas is drawn through an inlet, there is a finite time
difference between the instantaneous wind velocity measurements and those of the
trace gas measurements. The flux system deployed here includes a method for experimentally determining this correction. The method is described in detail in Bariteau
et al. (2010), so only a brief overview will be given here: the inlet is equipped with
a fast-switching solenoid valve that injects pure nitrogen (supplied from a compressed
air cylinder) into the sample flow. The valve is triggered for 3–5 s at the beginning of
every hour and the signal used as the trigger is recorded on the same timestamp as
the anemometer. This data is used in conjunction with the accompanied drop in the
trace gas signal (recorded on a different timestamp) to continuously monitor, and apply a correction to the time stamps prior to correlating both sensors. In the cavity, the
measurement of O4 was used for this correction. Figure 5 contains a plot showing an
example of the corrected O4 signal overlaid on the nitrogen pulse signal (black trace),
also shown is the fit of the step response function from method 1 (blue trace, see below). The raw O4 measurements are shown as black circles, and the interpolated data
are the smaller red circles. Two methods were used to determine the phase correction
based on the drop in the O4 signal: (1) fitting of a first order step response function;
(2) manual determination. Method 2 involved using O4 data averages to identify when
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the N2 was attenuating the O4 signal, and from there determining the time at which
the signal actually started dropping. Each analysis was performed on hourly data files;
626 files were analyzed and 50 of these files did not meet basic criteria to enable the
pulse matching and so were rejected; the total number of usable hours for the flux data
was 576. The average difference found between the two phase correction methods was
0.11 s and the statistics associated with each analysis can be found in Table 2.
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where τc is the instrument response time.
Using the measured response time and the filter function, the instrument
√ cut-off frequency (fc ) (the frequency at which the signal fluctuations drop by 1/ 2) was calculated, which corresponds to a drop in the signal to 0.5.
1
fc =
(4)
2πτc
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The pulse of nitrogen described in the previous section was also used to characterize
the response time of the instrument. Introducing pure N2 gas into the sample flow
created a drop in the O4 signal which was exploited to determine the response time of
the instrument. The same two methods employed for the phase correction were used to
calculate the instrument response time, which also gave an average difference between
methods of 0.11 s (statistics in Table 2). The instrument response is best determined
experimentally, since high frequency flux attenuations can be caused by drawing the
sample through the aerosol filter and long sampling line. Here, a low-pass filter function
was chosen to represent the attenuation.
1
H(f ) =
(3)
1 + (2πf τc )2
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Analyzing data created from summing 1000 spectra (∼ 8 min total integration time)
enabled the measurement of a diurnal cycle of glyoxal between 2–28 February
2012. A time series of these measurements can be found in Fig. 7 (top panel, left
axis). Summing 1000 spectra allowed the realization of an average RMS value of
(1.0 ± 0.1) × 10−4 , which translates into an average detection limit of 5.9 pptv; lower
detection limits are possible from further averaging of the data. Included in Fig. 7 are
time traces for in situ O3 , solar zenith angle (SZA), NO2 , RH, ambient air temperature, ambient pressure, wind speed (from the sonic anemometer), and a flag indicating
periods that were suitable for EC fluxes.
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The variance spectra for glyoxal as a function of frequency for a 6 h time period on
4 February 2012 from 15:00–21:00 UTC are shown in Fig. 6. Data from both 10 min
(purple) and 30 min (light blue) averaging periods (see Sect. 3.3.2) are included in this
plot.
The constant variance per Hz in the frequency range sampled by the instrument
demonstrates that the Fast-LED-CE-DOAS system is indeed a white noise sensor. The
−4
horizontal black line represents the integral of the data in the frequency range 6 × 10
2
to 1 Hz of ∼ 1585 pptv . The solid vertical black line depicts the cut-off frequency of
the instrument calculated from the average response time of the instrument, and the
dashed vertical black lines represent ± 1 standard deviation of this data.
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effect of the response time on the high frequency attenuation will be discussed in
Sect. 3.3.1. These small differences in response time determined from the two methods add certainty about the correction of the flux measurements, as is discussed in
more detail in Sect. 3.3.3.
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Signal attenuation

As introduced in Sect. 3.1.2, a low-pass filter function was used to assess the high
frequency flux attenuation due to the aerosol filter and sampling line length; Eq. (1) can
be re-written as Eq. (5):
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where the subscript m represents the measured values, see Eq. (1) for other variables
(note that the square root appears in the modified equation because only the signal of
the trace gas is attenuated).
This relationship can then be used to assess the effect of attenuation on the overall
flux by applying the filter function using the Kaimal model neutral-stability cospectrum
(Kaimal et al., 1972), derived via Eqs. (6a) and (6b)
f Cwc(f )

15

Zfn

= Cwc (f )[H(f )] df = Cwcm (f )df
0
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where Cwc_K denotes the Kaimal cospectrum. For the calculation of this ratio, the average value of 0.282 s for the instrument response time was used in the filter response
function H(f ). The assessment of this data leads to an average attenuation ratio of
0.947, but never resulted in more than a 10 % correction.
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Two different averaging periods for the glyoxal and vertical wind velocity data were used
to determine the glyoxal flux: 10 min and 30 min, each segment containing a 50 % overlap with following segments (11 segments per hour for 10 min data, and 3 segments
per hour for 30 min data). Both averaging periods were used for the data derived from
the two methods used for determining the phase correction, creating a total of 4 different flux data sets. Basic filtering criteria were applied to the averaged data segments
◦
to reject measurements from undesirable wind sectors (± 60 relative wind direction
◦
◦
and less than 10 standard deviation) and excessive ship maneuvers (maximum 25
heading range). Additional filtering criteria were applied to exclude outliers in the flux
data through the assessment of the horizontal components of the glyoxal flux and
the rate of change of glyoxal for each data segment. These filter values were chosen rather arbitrarily through a visual inspection of the data. No significant differences
were found between the 4 data sets. Only results from the 30 min data determined
from phase correction method 2 will be discussed. While individual flux measurements
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Kaimail cospectra, an attenuation ratio (Rattn ) was derived.
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proved to be noisy, further binning of the 30 min flux measurements reveals trends in
the data. Figure 8 contains example cospectra from this data, where the average of all
data (green trace) scatters around zero. The examples of both positive (red trace) and
negative (blue trace) cospectra were created by binning data: from 16 February 21:15–
17 February 00:45 LT (positive cospectrum); and from 2 February 14:45–15:45 LT (negative cospectrum).
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The Fast-LED-CE-DOAS instrument is a multispectral sensor suitable to measure eddy
covariance (EC) fluxes of glyoxal in the remote marine boundary layer (MBL). The
measurement frequency of ∼ 2 Hz is sufficient to capture ∼ 90 % of the glyoxal flux. Inlet
and sampling line attenuation was determined using the measured response time of the
instrument (0.28 ± 0.14 s, based on O4 measurements) and accounts for a correction
of < 10 %. Multiple gases are selectively detected simultaneously with glyoxal, and are
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The potential sources of error in this data are: (1) inaccuracies in determining the phase
shift of the CE-DOAS measurements; (2) high frequency signal loss due to sampling
line attenuation; and (3) uncertainty surrounding the noisy raw glyoxal measurements.
Phase shift determination was deemed to be rather robust (through the comparison of
the values determined using the two different methods), and any small inaccuracies
would have negligible effect on the flux data (as assessed by comparing the results
from the 4 methods previously mentioned). The high frequency flux loss due to signal attenuation was calculated as being, at most, 10 % from the characterization in
the instrument response time. Based on the cospectra (Fig. 8), it seems that glyoxal
efficiently transferred through the sample lines and using the O4 measurements to
characterize sample transfer gives reasonably good agreement.
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exploited for our flux measurements as follows: NO2 measurements are used to identify
and filter data affected by stack contamination from the ship; H2 O measurements are
used to measure ambient relative humidity; O4 measurements are used an internal
calibration gas to assure control over cavity alignment and mirror cleanliness (Thalman
and Volkamer, 2010); further the pulsing of nitrogen gas into the inlet is monitored
from fast high signal-to-noise measurements of O4 as part of individual spectra. O4
is then used to characterize sample transfer time through the sampling line, and to
synchronize the clocks of the chemical sensor with that of the wind sensor. Two different
methods showed excellent control over the phase correction from O4 measurements
(average difference ∼ 0.11 ± 0.10 s), and give confidence in the EC flux measurements
of glyoxal.
We have performed the first in situ measurements of glyoxal volume mixing ratios
(VMRs) over oceans, and present first EC flux measurements of this soluble and shortlived molecule. Data from the first field deployment of the instrument is presented (26
days of measurements). For the VMR data a persistent diurnal trend is observed: glyoxal mixing ratios peak just before dawn (1 h average maximum in the NH: 43 ± 2 pptv;
minimum: 26 ± 1 pptv; maximum SH: 61 ± 1 pptv; minimum: 39 ± 2 pptv), decrease during the day, and reach a minimum in the late evening just after dark (1 h average maximum in the NH: 36 ± 1 pptv; minimum: 16 ± 1 pptv; maximum SH: 48 ± 2 pptv; minimum: 24 ± 1 pptv); followed by continuous increase through the night. The day-to-day
variability in glyoxal is significantly larger than the accuracy of our instrument. Major
advantages with the Fast LED-CE-DOAS instrument to perform precise and accurate
measurements of glyoxal are its inherent calibration from observing O4 (see above)
as well as direct calibration from knowledge of the absorption cross section of glyoxal
(Volkamer et al., 2005). An earlier prototype version of our instrument has undergone
detailed comparison with a large variety of state-of-the-art glyoxal measurement techniques (Thalman et al., 2014). In short, these comparisons revealed an excellent performance compared to other measurement techniques and virtually negligible systematic
bias over a wide variety of laboratory conditions. LED-CE-DOAS measurements were
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found to have the lowest limit of detection (LOD), showed the lowest amount of scatter during calibration experiments (highly precise), and are deemed accurate to within
1–2 pptv glyoxal, or 3.5 % at high signal-to-noise, whichever is higher. This uncertainty
is smaller than the typical multiday variability in glyoxal over oceans. Indeed, the error
bars for multiday averaged data reflect this variability (standard deviation), rather than
the instrument precision/accuracy. Despite this significant day-to-day variability, some
trends can be seen if data is segregated as a function of time of day (local time) and
geographical location. Figure 9 shows the VMR (panel a) and EC flux data (panel b)
binned as a function of time of day. The data were further segregated for measurements
◦
◦
collected in the Northern Hemisphere (NH, blue, 13 N to 0 ) and Southern Hemisphere
◦
◦
(SH, red, 0 to 10 S); the global average of all data is shown as the grey trace. The
number of data points within each bin is given in Table 3. For the flux data the error
bars reflect the 90 % confidence intervals of data within each bin. The shaded regions
in the background indicate daytime (yellow) and nighttime (grey), and the average SZA
(minimum indicates solar noon) is further shown for reference on the right axis.
The campaign averaged VMR (all data) was 36 ± 9 pptv glyoxal. This is slightly less
glyoxal compared to first measurements of glyoxal inside the MBL that found ∼ 80 pptv
over the Sargasso Sea (Zhou and Mopper 1990). It is possible that some continental outflow of terrestrial glyoxal might have contributed to these elevated glyoxal VMR.
(Sinreich et al., 2010) reported ∼ 63 ± 21 pptv daytime glyoxal over the remote Eastern tropical Pacific Ocean, which is in marginal agreement with the campaign average
VMR of our in situ measurements. Recent reports of an average ∼ 25 pptv glyoxal, and
no more than 40 pptv, over a wide array of ocean environments (Majajan et al., 2014)
are slightly lower than our in situ observations. The comprehensive evidence generally
supports the global presence of glyoxal over oceans as indicated by satellites (Wittrock
et al., 2006; Lerot et al., 2010). Global glyoxal observations currently remain unexplained by atmospheric models (Myriofekalitakis et al., 2008; Fu et al., 2008; Stavrakou
et al., 2009), and retrievals remain uncertain (Lerot et al., 2010), and largely untested.
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Global measurements of glyoxal from satellites agree that the Eastern Pacific Ocean
is a global hotspot for glyoxal over oceans (Wittrock et al., 2006; Lerot et al., 2010).
In this context it is interesting to note that measurements by Sinreich et al. (2010) in
a similar season and in a region that borders that probed here towards the East found
average concentration of 63 ± 21 pptv that agree only marginally within error bounds
with the in situ measurements presented in this study. This raises questions about
a longitudinal variation in glyoxal at tropical latitudes, which had been observed by
some satellites (Wittrock et al., 2006), but not by others (Lerot et al., 2010). Our in situ
measurements in the NH probe a reasonably large longitude range and help assess
this question. We do not find any obvious variation of glyoxal as a function of longitude.
The average glyoxal VMR in the westerly NH cruise segment is 32 ± 5 pptv (average
over 7 days; 13◦ N to 0◦ latitude; 133◦ W to 105◦ W longitude), compared to 31 ± 8 pptv
◦
◦
◦
in the easterly NH cruise segment (average over 7 days; 13 N to 0 latitude; 105 W to
◦
80 W longitude). Early reports from SCIAMACHY found the annually averaged (year
14
14
−2
2005) vertical column density (VCD) of 4.5 × 10 and 6.0 × 10 molec cm VCD over
14
the western and eastern cruise segments in the NH; and 3.5 × 10 molec cm−2 over
the SH cruise segment (Wittrock et al., 2006). Interestingly, measurements from the
Global Ozone Monitoring Experiment-2 (GOME-2) satellite (Lerot et al., 2010) report
14
−2
∼ 4.5 × 10 molec cm in both regions of the NH, i.e., find no evidence for a longitudi14
−2
nal variation in multi-year averaged data (2007 to 2009); and ∼ 3 × 10 molec cm
over the SH cruise segment. The absence of a gradient over 3000 km distance in
GOME-2 data is consistent with our data. However, it is interesting to note that the
lower limit VCDs of both satellite instruments correspond to ∼ 183 pptv glyoxal in the
NH, and ∼ 120 pptv glyoxal in the SH (assuming all glyoxal is located inside a 1 km high
MBL). Such high glyoxal is not confirmed by our observations, or by the measurements
of Sinreich et al. (2010). We note that the maximum concentration of 140 pptv reported
by Sinreich et al. (2010) presents an extremely rare scenario that is not deemed representative of this dataset (see their Fig. 3c). In situ and ship MAX-DOAS column observations (Sinreich et al., 2010; Mahajan et al., 2014) agree that there is insufficient

Full Screen / Esc
Printer-friendly Version
Interactive Discussion

6264

|

7, 6245–6285, 2014

Measurements of
diurnal variations
and Eddy Covariance
fluxes of glyoxal
S. Coburn et al.

Title Page
Abstract

Introduction

Discussion Paper

Conclusions

References

Tables

Figures

J

I

J

I

|

Back

Close

Discussion Paper

25

AMTD

|

20

Discussion Paper

15

|

10

Discussion Paper

5

glyoxal inside the MBL to explain satellite VCDs; this is particularly true over the NH
tropical Eastern Pacific Ocean (by a factor 2 to 6). Furthermore, our in situ data show
glyoxal is more abundant in the SH tropical MBL. By contrast, both satellites find ∼ 25–
42 % lower glyoxal VCDs in the SH compared to the NH. The campaign average VMR
14
−2
during mornings in the SH (47 ± 7 pptv glyoxal) corresponds to ∼ 1.2 × 10 molec cm
glyoxal VCD over the SH cruise segment, which is 2–3 times lower than long-time average VCD observed from space. The reason for this apparent mismatch in glyoxal
amounts, and reversed hemispheric gradient is currently not understood. A particularly
interesting development to investigate the diurnal variation of glyoxal over oceans consists in the Tropospheric Emissions: Monitoring of Pollution (TEMPO) satellite mission
(planned to launch in 2019), which will provide first time-resolved glyoxal VCD observations from geostationary orbit. Our diurnal profiles show further that glyoxal concentrations change by 30 % over the course of the day. With the caveat that changes in
MBL VMRs may not be indicative of VCD changes, this also implies that ∼ 15 % lower
VCDs are expected at the time of the OMI satellite overpass (13:45 LT at equator).
The differences between satellite and in situ measurements are as of yet difficult to
reconcile. Notably, a direct comparison between in situ observations and column data
is complicated due to the lack of vertical profile measurements of glyoxal at tropical
latitudes, different averaging times, and spatial scales probed by in situ and column
observations, as well as uncertain assumptions about a priori profiles, cloud screening, and other factors that influence air mass factor calculations. Some of these factors
were further investigated from collocated measurements of glyoxal from aircraft during
the TORERO project. The fast in situ LED-CE-DOAS instrument holds great potential
for future deployments on research aircraft.
The diurnal variations in our glyoxal flux measurements qualitatively reflect the variations in the VMRs seen in Fig. 9. The maximum fluxes are
seen at night (SH: (5.3 ± 3.3) × 10−2 pptv m s−1 ; NH: (2.3 ± 3.1) × 10−2 pptv m s−1 )
−2
−1
and minimum fluxes during the daytime (SH: (−1.6 ± 3.8) × 10 pptv m s ; NH:
−2
−1
(−5.6 ± 4.1) × 10 pptv m s ). All nighttime fluxes in the SH are significantly greater
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where D is the diffusion coefficient (assuming a range (0.001–1) × 10
cm s ,
Finlayson-Pitts and Pitts, 2000), l is distance, and t is time, we estimate that the time
scale of hydration of glyoxal corresponds to a diffusive length scale of only ∼ 0.5–17 µm.
Such a short distance rules out glyoxal production in sub-surface waters as a source
for the positive glyoxal flux. The observation of the positive glyoxal fluxes at night thus
locates a glyoxal source inside the organic sea surface microlayer (SML).
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than zero (SH nighttime average: (4.7 ± 1.8) × 10 pptv m s ). By contrast the daytime
−2
−1
fluxes are significantly negative (NH daytime average: (−4.6 ± 2.3) × 10 pptv m s ).
−3
−1
Assuming a dry deposition velocity of 1 × 10 m s and using an average day time
mixing ratio of glyoxal in the NH of 30 pptv results in an estimated flux towards the
ocean of 3 × 10−2 pptv m s−1 , which is within the error of the measurements. Furthermore, the source of glyoxal from the ocean to the atmosphere is surprising, since glyoxal is so water soluble. Previous observations of positive fluxes of less soluble OVOCs,
such as acetaldehyde, have been attributed to super-saturation of subsurface waters
in acetaldehyde (Zhou and Mopper, 1990; Yang et al., 2014). Glyoxal formation in subsurface waters cannot explain a positive flux to the atmosphere. This is because of
5
−1
the very large effective Henry’s Law coefficient (KH = 4.2 × 10 M atm ), which causes
the equilibrium of glyoxal to be strongly shifted (107 : 1) towards the ocean (Volkamer
et al., 2009). The high KH value of glyoxal is the result of rapid hydration reactions; once
hydrated, glyoxal exists primarily in mono- and di-hydrated forms (Ruiz-Montoya and
Rodriguez-Mellado 1994, 1995) that give rise to the 3–5 orders of magnitude higher KH
value of glyoxal compared to other OVOC (see Table 1). Ervens and Volkamer (2010)
estimated the hydration rate of glyoxal to be 7 s−1 . This corresponds to a lifetime of
glyoxal with respect to hydrolysis of ∼ 140 ms. Unless glyoxal escapes from the ocean
within this time-frame, it will hydrate and is trapped in hydrated forms in the condensed
phase. Using Eq. (8)
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The maximum average positive (net) flux that we observe in the SH at night
(5.3 × 10−2 pptv m s−1 ) corresponds to a primary glyoxal accumulation in a 500 m high
MBL of about ∼ 4 pptv over a period of 12 h. This corresponds to ∼ 30 % of the increase
in the VMR of glyoxal that is actually being observed over the course of the night. We
note that the EC technique measures a net flux, i.e., only the difference between deposition and emission fluxes contributes to the observed chemical gradients that we
correlate with vertical gradients in winds. Based on the variability in the net-flux, it appears that both processes are contributing to the signal. Given the high solubility of
glyoxal, the fraction of the glyoxal molecules which deposit to the surface and are later
re-emitted is likely small. Thus, we assume that the deposition is essentially a 100 %
efficient sink and the emission we see is due to instantaneous production/emission
on the surface monolayer. The actual surface production rate is hence the sum of deposition and the observed net-flux. However, even assuming extreme values for the
−2
−1
deposition flux the maximum possible surface production flux is ∼ 10 × 10 pptv m s ,
and accounts for ∼ 60 % of the glyoxal VMR increase over night. It appears that an
additional source of glyoxal is operational in addition to that in the SML that is not
captured by the EC flux method. Moreover, the observed daytime negative flux of glyoxal indicates some unknown gas phase source of glyoxal, and likely other OVOCs in
the MBL. While negative or neutral fluxes have also been observed for acetone and
methanol (Marandino et al., 2005; Yang et al., 2013, 2014), both of these molecules
live sufficiently long (acetone: 15 days; methanol: 13 days) that transport from terrestrial sources is likely to contribute to their abundance in the remote MBL. By contrast,
any glyoxal lost to the ocean has been produced locally. The daytime lifetime of glyoxal
(∼ 2 h) is too short to explain this source in terms of transport from terrestrial sources.
The widespread positive flux that we observe in both hemispheres at night (more
prevalent in the SH) provides direct evidence that the SML is widespread (Wurl et al.,
2011), and that oxidation reactions inside the SML are a source for OVOCs. Notably,
a recent laboratory study observed the volatilization of several OVOCs (including glyoxal) when O3 was flowed above a polyunsaturated fatty acid film on artificial saltwater
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in a flow reactor (Zhou et al., 2014). These results provide qualitative confirmation that
the oxidation of the SML by O3 can be a source for OVOCs to the gas-phase. However,
the production rates found in this laboratory study are insufficient to explain any appreciable portion of the observed glyoxal over the tropical Pacific Ocean. The sources of
glyoxal in the remote MBL deserve further investigation.
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ment (red trace). The ship set sail from Honolulu, HI on 25 January 2012 and made final port
Puntarenas, Costa Rica on 1 March 2012 (37 days at sea). Shown along the ship track are
890in
HYSPLIT 5-day back trajectories (initiated at 00:00 and 12:00 LT every day; solid grey lines).
The black circles along the trajectories are spaced by 1 day. Air sampled in the Northern Hemisphere had been over the ocean for at least 2 days prior to reaching the ship, and often did
not experience land influences for at least 5 days. Air sampled in the Southern Hemisphere
had been over the ocean for more than 5 days without obvious land/pollution influences. The
location of the example glyoxal spectrum is marked by the green star.
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DOAS fits are shown for glyoxal (left panel, 433–460 nm fit window), O4 and NO2 (right panel,
893
457–487 nm), and water vapor (both windows). The RMS residual for each fit is shown in the
top row. The spectra shown here were recorded on 14 February 2012 at ∼ 06:20 LT (glyoxal),
and 11 February 2012 at ∼ 13:40 LT (O4 ).
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from the DOAS analysis is shown as a function of the number of photons corresponding to
different averaging of the data. Grey points represent all data, while colored squares represent
896
their respective mean value; black circles represent the theoretical RMS value determined from
photon counting statistics (Coburn et al., 2011). The corresponding 1σ precision of glyoxal is
plotted on the right axis.
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898

Figure 4. Sketch of the Fast-LED-CE-DOAS setup and plumbing diagram for sampling during
899
TORERO 2012. The N2 “puff” system is indicated by the red box. Arrows show the direction
of flow through various portions of the system. Photographs of this set up can be found in
Supplement Fig. S1.
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O4 measurements (black dots) were interpolated onto the timestamp of the wind sensor (red
dots). The N2 pulse signal (solid black line) is visible as the drop in O4 SCDs; the data has
902
already been time-shifted to match this N2 trigger. Also shown is the fit of a step response
function (solid blue line) to the drop in the O4 signal, from which an instrument time response
can be determined.

Measurements of
diurnal variations
and Eddy Covariance
fluxes of glyoxal

Discussion Paper

FigureFigure
5. Illustration
901
5 of the phase-correction and time response using O4 . Individual CE-DOAS
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Figure 6
Figure 904
6. Fast LED-CE-DOAS
instrument performance: frequency response for glyoxal. The
glyoxal variance distribution per frequency bin is for a 1 h section of data (representative of the
905
global average) on 22 February 2012 from 04:00–05:00 LT. The horizontal line represents the
integral variance (∼ 1600 ppt2 Hz−1 ) at frequencies measured by the instrument (green shading). The solid vertical line represents the cut-off frequency determined from the average time
response of the instrument; the dashed vertical lines represent the standard deviation of the
time response data (grey background shading); higher frequencies were not measured by our
setup (red shading). The Nyquist frequency of our setup is 1 Hz.
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907

Figure 7. Time series of glyoxal, O3 and NO2 , as well as meteorological parameters. Grey
908
shaded
background represents times suitable for flux calculations; filters included NO2 , cavity
pressure, wind direction, wind direction standard deviation, ship heading range, dGl y/dt, and
the horizontal glyoxal flux components. See text and Supplement Fig. S2 for details.
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910 8. Cospectra
Figure 8of glyoxal and vertical wind from the flux calculations. The green trace
Figure
represents the average of all cospectra that passed the quality assurance filters. The positive
911
cospectrum
(red) represents data averaged over a period of ∼ 3.5 h from 16 February 2012
21:15 LT to 17 February 2012 00:45 LT. The negative cospectrum (blue) represents a ∼ 1 h
average on 2 February 2012 from 14:45–15:45 LT. The background color shading is identical to
that in Fig. 6.
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Figure 9. Diurnal variation in the glyoxal mixing ratio (a) and the glyoxal flux (b) in the Northern
(blue) and Southern Hemisphere (red). Only data that qualifies for flux calculations has been
averaged. Yellow shading indicates daytime, while grey indicates nighttime; the SZA is also
shown on the right axis.
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