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Abstract. Here we present first eddy covariance (EC) mea-QO4, which are used to aid the interpretation of the glyoxal
surements of fluxes of glyoxal, the smallestdicarbonyl  fluxes. Further, highly sensitive and inherently calibrated
product of hydrocarbon oxidation, and a precursor for sec-glyoxal measurements are obtained from temporal averag-
ondary organic aerosol (SOA). The unique physical anding of data (e.g., detection limit smaller than 2.5pptv in
chemical properties of glyoxal —i.e., high solubility in water an hour). The campaign average mixing ratio in the South-
(effective Henry’s law constantky =4.2x 10°Matm™1)  ern Hemisphere (SH) is found to be 43 pptv glyoxal,

and short atmospheric lifetime-(2 h at solar noon) —make it which is higher than the Northern Hemisphere (NH) aver-
a unique indicator species for organic carbon oxidation in theage of 32+ 6 pptv (error reflects variability over multiple
marine atmosphere. Previous reports of elevated glyoxal ovedays). The diurnal variation of glyoxal in the marine bound-
oceans remain unexplained by atmospheric models. Here wary layer (MBL) is measured for the first time, and mixing
describe a Fast Light-Emitting Diode Cavity-Enhanced Dif- ratios vary by~ 8 pptv (NH) and~ 12 pptv (SH) over the
ferential Optical Absorption Spectroscopy (Fast LED-CE- course of 24 h. Consistently, maxima are observed at sun-
DOAS) instrument to measure diurnal variations and ECrise (NH: 35+ 5 pptv; SH: 474 7 pptv), and minima at dusk
fluxes of glyoxal and inform about its unknown sources. The(NH: 27+ 5 pptv; SH: 35+ 8 pptv). In both hemispheres,
fast in situ sensor is described, and first results are presentatie daytime flux was directed from the atmosphere into the
from a cruise deployment over the eastern tropical Pacificocean, indicating that the ocean is a net sink for glyoxal dur-
Ocean (20N to 1C S; 133 to 88W) as part of the Tropi- ing the day. After sunset the ocean was a source for glyoxal to
cal Ocean tRoposphere Exchange of Reactive halogens artle atmosphere (positive flux) in the SH; this primary ocean
Oxygenated VOCs (TORERO) field experiment (January tosource was operative throughout the night. In the NH, the
March 2012). The Fast LED-CE-DOAS is a multispectral nighttime flux was positive only shortly after sunset and neg-
sensor that selectively and simultaneously measures glyoxatdtive during most of the night. Positive EC fluxes of soluble
(CHOCHO), nitrogen dioxide (N&, oxygen dimers (@), glyoxal over oceans indicate the presence of an ocean surface
and water vapor (kD) with ~ 2 Hz time resolution (Nyquist  organic microlayer (SML) and locate a glyoxal source within
frequency~ 1 Hz) and a precision of- 40 pptv Hz %5 for the SML. The origin of most atmospheric glyoxal, and pos-
glyoxal. The instrument is demonstrated to be a “white- sibly other oxygenated hydrocarbons over tropical oceans,
noise” sensor suitable for EC flux measurements. Fluxes ofemains unexplained and warrants further investigation.
glyoxal are calculated, along with fluxes of NOH,O, and
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1 Introduction with the shortest atmospheric lifetime, and it is present in
the lowest abundance. The short lifetime of glyoxal limits
Eddy covariance (EC) fluxes are a well-established andhe spatial scale over which it can be transported in the at-
widely used technique to measure surface—atmosphere gafosphere to a few tens of kilometers. Further, glyoxal is the
exchange. The EC flux method provides insight into sourcesnost soluble molecule in Table 1; i.e., its Henry’s law con-
and sinks of atmospheric parameters (physical and chemicajtant is 2000, 13 860, and 30 000 times larger than that of the
state variables) suitable to test our process-level understangther oxygenated hydrocarbons (OVOC) methanol, acetone,
ing (Baldocchi et al., 2001). EC fluxes are defined as the timeand acetaldehyde, respectively. The differences in the phys-
average covariance between deviations from the mean of velical and chemical properties have fundamental implications
tical wind velocity and deviations from the mean in the pa- for the air-sea exchange of glyoxal. For example, while it is
rameter of interest, e.g., here, the mixing ratio of a trace gaspossible to supersaturate the surface ocean with acetaldehyde
f (Zhou and Mopper, 1990; Kieber et al., 1990; Millet et al.,
= 2010; Yang et al., 2014), it is impossible to supersaturate the
Fe=w'e _/CWC(f) df. @) ocean with glyoxal (Sinreich et al., 2010). Studies measur-
0 ing the waterside concentration of glyoxal have values in the
whereF is the flux,w’ is the vertical wind velocity compo- nanomolar (nM) range (Zhou and Mopper, 1990: 0.5-5 nM;
nent,c’ is the mixing ratio of the trace gas component, the van Pinxteren and Herrmann, 2013):4 nM), while based
prime denotes the instantaneous deviation from the nfgan, on Ky giyoxal and an airside VMR of 50 pptv the expected
is the Nyquist frequency of the measurements,@gglisthe  seawater concentration should&0000 nM. The low gly-
cospectrum. oxal abundance in the MBL and unique properties make gly-
A requirement of the EC flux technique is that measure-oxal a particularly interesting, yet challenging, molecule to
ments of both vertical wind velocities and the trace gas ofmeasure EC fluxes. To the best of our knowledge there have
interest are performed at high sampling frequencie@yp- been no previous attempts to measure EC fluxes of glyoxal.
ically a minimum of several Hz), sufficient to capture a ma- Glyoxal, the smallest-dicarbonyl, is largely produced
jority of those frequencies that contribute to the overall flux. from the oxidation of volatile organic compounds (VOCSs)
Balancing this requirement with preserving sufficient sen-of both natural and anthropogenic origins (Myriokefalitakis
sitivity in the measurements is one of the major challengeset al., 2008; Stavrakou et al., 2009). It can also be directly
with developing chemical sensors suitable for EC flux appli-emitted from sources such as biomass burning and fossil
cations. For mobile deployments, a portable and robust senand biofuel combustion (Grosjean et al., 2001; Kean et al.,
sor is needed. Further, additional measurements of platforn2001; Hays et al., 2002). Atmospheric removal of glyoxal is
motion need to be performed, and corrections on the wind vedriven by photolysis, reaction with hydroxyl (OH) radicals,
locity data are needed. A description of the system deployediry and wet deposition, and uptake to aerosols (Stavrakou
in this study and the method of correction is described byet al., 2009). Additionally, glyoxal has been identified as an
Fairall et al. (1997) and Edson et al. (1998), respectively.important secondary organic aerosol (SOA) precursor (Lig-
A particular challenge arises for EC flux measurements ofgio et al., 2005; Volkamer et al., 2007; Fu et al., 2008; Er-
short-lived species in the marine boundary layer (MBL), for vens and Volkamer 2010; Waxman et al., 2013). There are
which concentrations often do not exceed tens to hundredsurrently only few reports of glyoxal measurements over
of parts per trillion (1ppte=10-12 volume mixing ratio  oceans (Zhou and Mopper, 1990; Sinreich et al., 2010; Ma-
(VMR) =2.46x 10’ molecules cm® at 298K temperature  hajan et al., 2014). These data show significant variability
and 1013 mbar pressure). As a result of these challenges, ship the abundance of glyoxal (25-140 pptv) and confirm the
based EC flux measurements have today only been reportedidespread presence of glyoxal over oceans that had been
for the seven trace molecules: dimethyl sulfide (DMS) (Hue-suggested by satellites (Wittrock et al., 2006; Lerot et al.,
bert et al., 2004; Blomquist et al., 2006, 2010; Marandino et2010). Satellites find vertical column densities (VCDs) of
al., 2007, 2008, 2009; Miller et al., 2009; Bell et al., 2013), 2—-4x 10" molecules cm? over the eastern Pacific Ocean,
carbon dioxide (CQ) (Fairall et al., 2000; McGillis et al., comparable to and exceeding the upper range of glyoxal
2001, 2004; Kondo and Tsukamoto, 2007; Miller et al., 2009, mixing ratios observed in the MBL (assuming all glyoxal
2010; Taddei et al., 2009; Edson et al., 2011; Norman etwas located inside a 1 km high MBL). In situ observations
al., 2012), ozone (&) (Bariteau et al., 2010; Helmig et al., hold great potential to inform this apparent mismatch, but
2012), carbon monoxide (CO) (Blomquist et al., 2012), ace-there are no previous in situ measurements of glyoxal re-
tone (Marandino et al., 2005; Taddei et al., 2009; Yang et al. ported over oceans. While virtually all measurements of gly-
2014), acetaldehyde (Yang et al., 2014), and methanol (Yangxal have been made over land (Vrekoussis et al., 2009),
et al., 2013). Table 1 lists typical concentrations for theseour understanding of the sources, sinks, and chemical pro-
molecules in the MBL and compares them with glyoxal in cessing of this molecule in continental air masses remains
terms of their Henry’s law constant&(;, at 298 K) and typ-  poor. Known continental sources only account fe60 %
ical atmospheric lifetimes. Notably, glyoxal is the molecule of the glyoxal budget based on VCDs from the SCanning
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Table 1. Overview of eddy covariance flux measurements from ships.

Molecule MBL concentration Ky Lifetime* Reference flux

(pptv)  (Matnm 1) (days) measurementin MBL
COy 380-400 & 10°) 0.035 >3x10° Fairall et al. (2000)
co 60-150 k 103)  1x 1073 16 Blomquist et al. (2012)
Acetone 700-900 30.3 10 Marandino et al. (2005)
O3 10-30 & 103 0.011 6 Bariteau et al. (2010)
Methanol 300-900 222 4 Yangetal. (2013)
DMS 20-1500 0.485 0.8 Hubert et al. (2004)
Acetaldehyde 200-300 141 0.2 Yangetal. (2014)
Glyoxal 25-80 4.%10° 9x1072 This work

* Lifetimes calculated against reaction with OH (assuming [6+§ x 108 molecules cr3), and photolysis rates
calculated for aerosol-free, noontime-at-Equator conditions.

Imaging Absorption spectroMeter for Atmospheric CHar- -160 -140 -120 -100 -80 -60
tographY (SCIAMACHY) satellite (Stavrakou et al., 2009). 40T 1 40
Over the tropical ocean, atmospheric models predict virtu- 3g} Henrollu Hi 30
ally no glyoxal (Myriokefalitakis et al., 2008; Fu et al., 2008; 20
Stavrakou et al., 2009); the presence of this molecule in g
the remote MBL, thousands of kilometers from continental g 10 10
sources, is surprising and currently not understood (Sinreiclg ¢ 0
etal., 2010). - 10l Puntarenas, 10
The University of Colorado Fast Light-Emitting Diode ™ |- \Costa Rica ] -
Cavity-Enhanced Differential Optical Absorption Spec- -20f .. - ™ -1-20
troscopy (Fast LED-CE-DOAS) instrument was developed 3ol o -1 . | . 1l .3
to obtain new insights about the sources of glyoxal in the re- -160 -140 -120 -100 -80 -60
mote MBL. The following sections describe the instrument, Longitude

characterize performance, and report first results from a ship_ _ o _
deployment over the tropical eastern Pacific Ocean during th&igure 1. Cruise track of the NOAA R\Ka'imimoanaduring the
Tropical Ocean tRoposphere Exchange of Reactive hangenEORERO 2012 field experiment (red trace). The ship set sail from

. . Honolulu, HI, on 25 January 2012 and made final port in Puntare-
and Oxygenated VOCs (TORERO) field experiment. nas, Costa Rica, on 1 March 2012 (37 days at sea). Shown along the

ship track are HYSPLIT 5-day back trajectories (initiated at 00:00
and 12:00LT every day; solid grey lines). The black circles along
2 Experimental 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
The TORERO 2012 field campaign was an extensive effortreaching the ship and often did not experience land influences for
to measure a variety of atmospheric parameters and tracet least 5 days. Air sampled in the Southern Hemisphere had been
gases over the eastern tropical Pacific Ocean from aircraffver the ocean for more than 5 days without obvious land/pollution
and ships. The ship-based portion of the campaign took p|acénfluences. The location of the example glyoxal spectrum is marked
aboard the NOAA RVKa'imimoanaon a research cruise Y the green star.
leaving from Honolulu, HI, to Puntarenas, Costa Rica, be-
tween 25 January and 1 March 2012 (37 days at sea). Fig-
ure 1 shows a map with the ship track. Also shown are HYS-1979), the advent of CEAS measurements coupled with
PLIT 5-day back trajectories for noon and midnight (local DOAS retrievals has provided particularly sensitive mea-

time) along the ship track for each day. surements (Thalman and Volkamer, 2010; Ryerson et al.,
2013). The multispectral nature of the light sources, such as
2.1 Fast LED-CE-DOAS instrument light-emitting diodes (LEDs), add selectivity to enable the

simultaneous detection of multiple trace gases, while pre-
Differential optical absorption spectroscopy (DOAS) is a serving excellent sensitivity found in other in situ cavity-
well-established technique that has been successfully used enhanced techniques (e.g., cavity ring-down spectroscopy)
measure a wide variety of atmospheric trace gases, includingThalman and Volkamer, 2010; Ryerson et al., 2013). The
glyoxal (Platt, 1994). While traditionally DOAS measure- Fast LED-CE-DOAS instrument is a further development of
ments were conducted in the open atmosphere (Platt et althe instrument described in Thalman and Volkamer (2010).

www.atmos-meas-tech.net/7/3579/2014/ Atmos. Meas. Tech., 7, 35885 2014



3582 S. Coburn et al.: Diurnal variations and EC fluxes of glyoxal over the Pacific Ocean

Glyoxal Fitting Window O, Fitting Window NIRRT BTSRRI BRI BRI AT P
1.0+ RMSI=8.8x10'5 ) IRMS=1.7x1'04 I + 1.0 4: 400 ms (raw data)
0.0 oottt b VA Y Ascr MV 0.0 ) M 2s W 8s W 40s 100
< a0 . 1t , I S « . ® 8min ¢ alldata [®
- + + + + + = . 6 =
% 10% cy=1ex0” I oi=1sa0” § 10 € .3 ® Theoretical RMS [ a
2 o8 -“-—_'__//\:- ° 2 10 83 [s] 4 v
~— * - - -
2 0.09 ¥ E 0 2 61 P4
a ’ t 14 t t t t © T =2 Q-
S 53 NO.=-58x10 s - 4+ | 7
g = i 9,
8 M o b o
S o } no,=s80x10" 1o & 2 \' -10=
2 " ' + + + ~ S
o 160+ H0=6.1x10" TT H0=62x10° T 160 [72) . 6 -
150} + 150 S a4 B PR
10 3 : -4
140 ] 1 A Mo 14 81 N i
130 4 : : : : 130 61 .
440 450 460 460 470 480 4 ~ |2
Wavelength (nm) -
5 6 7 8 9
Figure 2. Example spectra of molecules measured by the Fast 10 10 10 10 10
LED-CE-DOAS instrument. The DOAS fits are shown for gly- # of Photons @ 455nm

oxal (left panel, 433—-460nm fit window), Oand NG (right
panel, 457-487 nm), and water vapor (both windows). The RMSFigure 3. Fast LED-CE-DOAS instrument performance: sensitiv-
residual for each fit is shown in the top row. The spectra shownity. The residual noise (RMS) from the DOAS analysis is shown
here were recorded on 14 February 2012-#16:20 LT (glyoxal) as a function of the number of photons corresponding to different
and 11 February 2012 at 13:40LT (Qy). The corresponding averaging of the data. Grey points represent all data, while colored
slant column density for each trace gas is also given in units ofsquares represent their respective mean value; black circles repre-
molecules ci2, except @, which has units of moleculésm>. sent the theoretical RMS value determined from photon-counting
statistics (Coburn et al., 2011). The correspondiagptecision of
glyoxal is plotted on the right axis.

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 longe{Thalman and Volkamer, 2013), and M@vandaele et al.,
(~2x 10* times) than the length of the cavity itself. The 1998) were simultaneously fitted in both windows. Figure 2
light is collected from the backside of the mirror opposite the shows spectral fit results from the DOAS analysis of these
LED by an optical fiber and directed onto the spectrometertrace gases: the left column shows fits from the glyoxal anal-
slit (see Fig. 4). ysis window for a clean period (no N@ontamination from
For this system, a high-power LED (LedEngin model the ship stack), and the right column shows spectral fits from
number LZ1-00B205; peak optical power 1.3 W) with peak the O window where some N@contamination is present.
emission near 465 nm was used in conjunction with customrhe water measurement was used to monitor ambient condi-
coated mirrors (Advanced Thin Films) with peak reflectivity tions, NG was used as a tracer for sampling the ship stack
between 440 and 470 nm. The cavity had a base length gblume, and the @ measurement was used to correct the
86 cm (74.45 cm sample path length) and was coupled to HOAS data for sampling time lag and inlet characterization
Princeton Instruments Acton SP2156 Czerny—Turner imag{discussed in Sects. 3.1.1 and 3.1.2).
ing spectrometer with a PIXIS 400B CCD (charge-coupled The primary measurement of the DOAS technique is slant
device) detector (1340 400 pixels or 26.& 8 mm). The  column density (SCD), which is the integrated concentration
spectrometer utilized a custom 1000 g mhyrating blazed  of the measured species along all light paths. It is easily con-
at 250nm which covered the wavelength range of 390-verted using Lambert—Beer’s law to concentration if the light
530 nm with~ 0.75 nm resolution (full width at half maxi- path length within the cavity is known. Two different meth-
mum, or FWHM). ods were utilized to experimentally determine the cavity light
The wavelength range observed simultaneously by oupath: (1) comparison of measured SCDs and the calcu-
system was from 430 to 480 nm and allowed for the selecdated concentration of Owithin the cavity, and (2) using
tive detection of glyoxal, N@ H,O, and Q. Two spec- the ratio of the signal measured in two different pure gases
tral fitting windows were utilized during this study: one op- whose Rayleigh scattering cross sections are well known
timized for the retrieval of glyoxal and the other for; O (Thalman and Volkamer, 2010). For this study, method 2 was
The glyoxal fitting window covered the wavelength range of employed and Nand He were used for this process (referred
433-460 nm; the @window covered the range 457—-487 nm; to as mirror curves from this point forward). Mirror curves
and trace gas reference cross sections for glyoxal (Volkawere taken on a near daily basis, which enabled the con-
mer et al., 2005), b0 (measured with this instrument),O tinuous monitoring of the cavity performance. Additionally,
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an inherent consistency check exists from the comparison 02.2 TORERO field campaign
O4 SCD measurements with those calculated from the mir-
ror curve, the Rayleigh scattering cross section of air, and/Vhile the cruise started on 25 January 2012, only data taken
known temperature and pressure (Thalman and V0|kame[('iuring 2 and 28 February 2012 will be considered for this
2010). For the duration of the cruise, the peak mirror re-study. The inlet for the cavity was mounted near the top of
flectivity was maintained between 99.9967 and 99.9973 %32 10m jack staff (18 m above sea level, a.s.l.) on the bow
translating into routine cavity path lengths of 18—20km at along with the inlets for the COflux system (Blomquist et
455 nm. al., 2014) and the in situ monitor, the sonic anemome-
In order to accelerate the data acquisition of the instru-ter, and a motion system. The sampling line between the
ment to rates sufficient to accommodate EC fluxes, softinlet and the instrument was 65m long and consisted of
ware was developed to simultaneously eliminate shutted/8in. inside-diameter coated aluminum tubing (Eaton Syn-
movements and decrease readout time (through binning oflex Type 1300). Additionally, an aerosol filter (changed ev-
CCD rows). The final instrument measurement frequencyery other day) was included after the inlet in order to pre-
of ~2Hz strikes a balance between time resolution andvent collection of sea salt in the sampling line and to keep
the duty cycle dedicated to collecting photons (as comparedhe air reaching the CE-DOAS system aerosol-free. The fil-
to readout time of the CCD). The measurement detectiorfer was regularly changed to avoid aerosol accumulation, and
limit with CE-DOAS measurements is typically photon shot- €xperiments of glyoxal transfer through Teflon filters showed
noise-limited. We assess the instrument performance by inno visible attenuation (Thalman and Volkamer, 2010). In
vestigating the root mean square (RMS) of the optical den-Oorder to maintain turbulent flow throughout the sampling
sity of the residual remaining after the nonlinear least squaredne, a high-flow pump maintained a flow 6120 L min~*
fitting routine and by comparing it with the theoretical pho- (Lenschow and Raupach, 1991). From this main flow, a sam-
ton shot noise (Coburn et al., 2011). Individual spectra wereple flow of ~ 9 L min~* was pulled through the cavity. These
summed and analyzed to improve the signal-to-noise ratidlow conditions resulted in an operating pressure inside the
of the measurements. In an ideal instrument (i.e., completehgavity of ~470-500torr. This sub-ambient cavity pressure
limited by photo shot noise), the RMS of the fitting routine had to be actively addressed due to the sensitivity of opti-
should follow photon-counting statistics, where the theoret-cal cavities to fluctuations in pressure (which can de-align
ical RMS is inversely proportional to the square root of the the mirrors). This was accomplished by the addition of sta-

number of photons collected. bilizing mounts for the mirrors to prevent movement during
measurements. Figure 4 contains a plumbing diagram for the

RMS= i ) CE-DOAS system, with arrows indicating the direction of air

VN’ flow at various points along the sampling line. Two pumps

and three mass flow controllers (MFCs) were used in this

wheren is the number of photons collected. _ system: the main flow through the sampling line was set at
The measured RMS of the Fast LED-CE-DOAS instru- 120 | min-1 (controlled by MFC 1), the smaller sample

ment field deploymen.t is compared to the theoretipal RMSq 4,y through the cavity was set at9 L min—! (controlled
and plotted asa function of the ngmber of photons in Fig. 3'by MFC 2), and the calibration gases for the Fast LED-CE-
The grey points are raw data at different Ie\{els of averagingpoas system (used for monitoring cavity performance and
and t_he colore_d squares represent the median \{alues for eaﬁétermining cavity path length) were controlled by MFC 3.
set: light blue is the raw 400 ms data; dark blue is the sum ofppgographs of the inlet, operational cavity, and instrument

5 spectra{-2s); purple is the sum of 20 spectra§s); red ¢k containing all controlling electronics and spectrometer
is the sum of 100 spectra-(40s); and the green is the sUm 41, be found in Fig. S1 in the Supplement.

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 binning3 Results
Shown on the right axis is the correspondirgdrecision for
glyoxal. 3.1 Instrument characterization

Appropriate quality assurance filters were applied to the
raw CE-DOAS measurements prior to calculating glyoxal The following sections will describe the characterization of
fluxes in order to exclude the use of any stack contaminationinstrument properties pertinent to the measurement of fluxes
or otherwise questionable data. These filters removed periodéa the EC technique.
of elevated NQ@ (contaminated by the ship stack plume: val-
ues greater thary 30 pptv), instability in the cavity (@and

internal cavity pressure measurements: acceptable pressure. :
o ind sensor data were collected at 10Hz, and in order
range 470-500torr) and any spectra where the DOAS f|tt|ng[0 calculate the glyoxal fluxes the CE-DOAS measure-

: 3
resulted in RMS values larger than<1.0™. ments needed to be synchronized to these data. Rather than

3.1.1 Phase correction (N pulse)

www.atmos-meas-tech.net/7/3579/2014/ Atmos. Meas. Tech., 7, 35885 2014



3584 S. Coburn et al.: Diurnal variations and EC fluxes of glyoxal over the Pacific Ocean

Pump . <— Blue LED | 1 L L 1 1 1 1 1 1 5.0
f/1lens >+— §
120 Lpm = <~ GG 420 Filter — 1.60 -
{ | > 1 - 4.0
irar | ; L 4.
Filter Data 5
< Acquisition N 1.50 - Z
Computer 2 e
_— > [ - 3.0~
I = 1407 0, SCD 8
N, | N, He Air — Spectrometer ) ® O, S [}
;l:.:r: :M C’()ZD detector E 1.30 (raw data) - 2.05
f/4lens — = E —-o- 0, SCDs ;l_i
iiter 7 Optical Fiber 3] _ (interpolated) <
BP Filter "L 1.20 — N2 pUIse L 10
(@) —— Step Response
Figure 4. Sketch of the Fast LED-CE-DOAS setup and plumbing 1109 Fit 0.0
diagram for sampling during TORERO 2012. Thgguff” system —r T T T T T T
11:00:00 AM 11:00:18 AM

is indicated by the red box, and a graphic of the sonic anemometer 2/22/2012 Date/Time

is shown at the top of the tower. Arrows show the direction of flow

through various portions of the system. Photographs of this setugFigure 5. lllustration of the phase correction and time response us-

can be found in Fig. S1. The bandpass (BP) and GG 420 filters aréng O4. Individual CE-DOAS Q measurements (black dots) were

used to further narrow the wavelength range of light reaching theinterpolated onto the timestamp of the wind sensor (red dots). The

spectrometer to that around the peak reflectivity of the mirrors. TheN, pulse signal (solid black line) is visible as the drop ip 8CDs;

lenses utilized in this setup were selected based the incident lighthe data have already been time-shifted to match thigridger.

and the space allocated for the optics, necessitating the use of bothlso shown is the fit of a step response function (solid blue line) to

f/1 and f/4 focal length lenses. MFC: mass flow controller. the drop in the @ signal, from which an instrument time response
can be determined.

degrading the high resolution wind data, the CE-DOAS mea- gl el el
surements were first interpolated from 2 to 10 Hz. Since the
trace gas is drawn through an inlet, there is a finite time dif-
ference between the instantaneous wind velocity measure-
ments and those of the trace gas measurements. The flux
system deployed here includes a method for experimentally

Segment Length
31 30 min
—— 10 min

ro-=----t

b

il 1
— I
] N 1 3
T 1
o~ 1
e 1
o ] i
L . : , s N D b Gl e phin
determining this correction. The method is described in de- ¥ J *;;'ﬂﬁ,-«. ~¢¢*{~‘-‘1:—
tail in Bariteau et al. (2010), so only a brief overview will 5 ‘ (B
be given here: the inlet is equipped with a fast-switching %1000 Sl
solenoid valve that injects pure nitrogen (supplied from a 2 9{ Variance (6x10”- 1 Hz) Lt L
compressed air cylinder) into the sample flow. The valve is 3 ®1 10min data = 1590ppt’ ] o i
triggered for 3-5s at the beginning of every hour, and the S & 30min data = 1580ppt’ T [
signal used as the trigger is recorded on the same timestamp % I i
as the anemometer. These data are used in conjunction with Sy B B B
the accompanied drop in the trace gas signal (recorded on 0.001 0.01 0.1 1
a different timestamp) to continuously monitor and apply a Frequency (Hz)

correction to the timestamps prior to correlating both sen-

sors. In the cavity, the measurement of @as used for this Figure 6. Fast LED-CE-DOAS instrument performance: frequency

. . . . esponse for glyoxal. The glyoxal variance distribution per fre-
correction. Figure 5 contains a plot showing an example OfE]uency bin is for a 6 h section of data (representative of the global

the corrected @signal ove_rlald Or.] the nitrogen pulse signal average) on 4 February 2012 from 06:00 to 12:00 LT. The horizontal
(_black trace); also shown is the fit of the step response funcy o represents the integral varianee1600 ppf Hz~1) at frequen-

tion from method 1 (blue trace; see below). The rayn@®a-  cjes measured by the instrument (green shading). The solid vertical
surements are shown as black circles, and the interpolateghe represents the cutoff frequency determined from the average
data are the smaller red circles. Two methods were used téme response of the instrument; the dashed vertical lines represent
determine the phase correction based on the drop in the Othe standard deviation of the time response data (grey background
signal: (1) fitting of a first-order step response function (2) shading); higher frequencies were not measured by our setup (red
and manual determination. Method 2 involved usingdata  shading). The Nyquist frequency of our setup is 1 Hz.

averages to identify when theoNvas attenuating the £»ig-

nal, and from there to determining the time at which the sig- ,
nal actually started dropping. Each analysis was performeé'ux data was 576. The average difference found between the

on hourly data files; 626 files were analyzed, and 50 of thesdV© Phase correction methods was 0.11s, and the statistics
files did not meet basic criteria to enable the pulse matching*SSociated with each analysis can be found in Table 2.
and so were rejected; the total number of usable hours for the
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3.1.2 Response time 3.2 Diurnal cycle measurements

The pulse of nitrogen described in the previous section was\nalyzing data created from summing 1000 spectr& (nin
also used to characterize the response time of the instrumentbtal integration time) enabled the measurement of a diurnal
Introducing pure N gas into the sample flow created a drop cycle of glyoxal between 2—-28 February 2012. A time series
in the Qu signal, which was exploited to determine the re- of these measurements can be found in Fig. 7 (top panel, left
sponse time of the instrument. The same two methods emaxis). Summing 1000 spectra allowed the realization of an
ployed for the phase correction were used to calculate theverage RMS value of (1:80.1)x 104, which translates
instrument response time, which also gave an average diffelinto an average detection limit of 5.9 pptv over 8 min; lower
ence between methods of 0.11 s (statistics in Table 2). Theletection limits are possible from further averaging of the
instrument response is best determined experimentally, sincdata. Figure 3 indicates that the reduction in the achievable
high-frequency flux attenuations can be caused by drawind.-o precision follows the theoretical RMS over several min-
the sample through the aerosol filter and long sampling lineutes, and becomes limited by the photon shot noise of the
Here, a low-pass filter function was chosen to represent theeference spectrum at longer times (rolling-off in the “the-
attenuation. oretical RMS” trace). In the absence of this reference-noise
1 limitation, a photon count over 1 h (310° photons) corre-
— (3) sponds to an extrapolatedslprecision of 0.8 pptv, and a 3-
1+ @rfr.) o detection limit (1 h) of~ 2.4 pptv glyoxal. If, instead, the
detection limit is calculated based on averaging the statisti-
cal variability of the VMR data, the 3-detection limit (1 h)
is ~ 2.2 pptv. This sensitivity is needed to resolve the small
changes in the diurnal variation of glyoxal shown in Fig. 7.
Also shown are time traces for in sitisOsolar zenith angle
(SZA), NO,, RH, ambient air temperature, ambient pressure,
1 wind speed (from the sonic anemometer), and a flag indicat-
(4) ing periods that were suitable for EC fluxes. Figure S2 con-
tains time traces of the parameters used to determine periods
Using the average values of the response time of 0.283hat were suitable to perform the EC flux calculations.
and 0.282 s for the first-order step response function and the
manual determination, respectively, the calculated cutoff fre-3.3  Ambient flux measurements
quency is 0.56 Hz. The application of the filter function for . .
this system and the effect of the response time on the high3-3-1  Signal attenuation

frequency attenuation will be discussed in Sect. 3.3.1. Thes%\S introduced in Sect. 3.1.2, a low-pass filter function was

small differences in response time determined from the tWOused t0 assess the high-frequency flux attenuation due to
methods add certainty about the correction of the flux mea- 9 q y

surements, as is discussed in more detail in Sect. 3.3.3. the a_erosol filter and sampling line length; Eg. (1) can be
re-written as Eq. (5):

H(f)=

wherer, is the instrument response time.

Using the measured response time and the filter function
the instrument cutoff frequency¥) (the frequency at which
the signal fluctuations drop by 1/2) was calculated, which
corresponds to a drop in the signal to 0.5.

F-=
¢ 27T,

3.1.3 Fast measurements Fe=wcp=

The variance spectra for glyoxal as a function of frequency I . Jo

for a 6h time period on 4 February 2012 from 06:00 to wac(f)[H(f)]?df=/chm(f)df, (5)
12:00 LT are shown in Fig. 6. Data from both 10 min (purple) 0

f'md 30 min (I'ght blue) averaging periods (see Sect. 3.3.2) Ahere the subscript m represents the measured values; see
included in this plot. .
: . Eqg. (1) for other variables (note that the square root appears
The constant variance per Hz in the frequency range SaML the modified equation because only the signal of the trace
pled by the instrument demonstrates that the Fast LED-CE- _ " . 4 y 9
o : ) . as is attenuated).
DOAS system is indeed a white-noise sensor. The horizonta ; . ;
: . . This relationship can then be used to assess the effect of
black line represents the integral of the data in the frequency : . :
4 . . attenuation on the overall flux by applying the filter func-
range 6x 10~ to 1 Hz of ~ 1585 ppt¥. The solid vertical . . . -
: . : tion using the Kaimal model neutral-stability cospectrum
black line depicts the cutoff frequency of the instrument cal-

culated from the average response time of the instrument, ang<a|mal etal., 1972), derived via Egs. (6a) and (6b):

the dashed vertical black lines represgsit standard devia-  fCwe(s) 11n n <10 (6a)
tion of these data. Fe  (1+133)Y7% =
Fo ~saszd "0 (6b)
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Table 2. The average phase correction and time response of the Fast LED-CE-DOAS instrument (with standard deviation) for the two
different methods employed in this study. See text for details.

Method 1 Method 2
Phase Time Phase Time
correction (s)  response (S) correction (s)  response (S)
Average —-2.54 0.28 —-2.61 0.28
Standard deviation 0.23 0.16 0.24 0.14

1 1 1 1 1 1 1 1 1 1 1 1 1 0
-2 ‘
S 8 50 . .‘ ! .
> <N
6 8259 ‘ 4 ﬂlll %0 —>
— 0_= o i 0 Y e v N
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G o 3 E o S5
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2/5/2012  2/9/2012 2/13/2012 2/17/2012 2/21/2012 2/25/2012
Date/Time

Figure 7. Time series of glyoxal, @ and NQ, as well as meteorological parameters. Grey shaded background represents times suitable for
flux calculations; filters included N£) cavity pressure, wind direction, wind direction standard deviation, ship heading raibe/dd, and
the horizontal glyoxal flux components. See text and Fig. S2 for details.

where the surface normalized frequemcy: fz/ur, z is the  whereCy,_k denotes the Kaimal cospectrum. For the calcu-

measurement height, ang is the average relative wind lation of this ratio, the average value of 0.282 s for the instru-

speed. Using the calculated “true” and “measured” Kaimailment response time was used in the filter response function

cospectra, an attenuation ratiRqfin) was derived. H(f). The assessment of these data leads to an average at-
tenuation ratio of 0.947 but never resulted in more than a
10 % correction.

/n
[ Cue k(.. 00 [H (f)13df o
Rati(z. T0) _0 - 3.3.2 Flux filtering and results
fCWC_K(fv Zau_l')df
0

Two different averaging periods for the glyoxal and vertical

i wind velocity data were used to determine the glyoxal flux:
[ Cwem_k(f,z, ) df 10 and 30 min, each segment containing a 50 % overlap with

0 - following segments (11 segments per hour for 10 min data,

fn and three segments per hour for 30 min data). Both averaging
J Cwe x (f.z,up) df periods were used for the data derived from the two methods
0 used for determining the phase correction, creating a total
of four different flux data sets. Basic filtering criteria were

/n
owacm(f,z,ur) df applied to the averaged data segments to reject measure-

xm

= = F (7)  ments from undesirable wind sectotsg(° relative wind di-
J Cwe(f,z,un)df rection and less than 1Gtandard deviation) and excessive
0 ship maneuvers (maximum 2Heading range). Additional
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P EEPEPETTTT EEPRPTTT BRI B to signal attenuation was calculated as being, at most, 10 %
0.4 1 . S:)Isl?g‘t; Mean out of ocean | from the characterization in the instrument response time.
0.3- —e— Negative Mean B_ased on the cospectra (Fig. 8), it seems that glyoxal effi-
ciently transferred through the sample lines and using the
B O4 measurements to characterize sample transfer is a justi-
fiable assumption. Additionally, in the DOAS analysis there
exists potential for cross correlations between water and gly-
B oxal due to overlapping absorption features; however the
most prominent absorption features are shifted and thus well
separated (watery 443 nm; glyoxal:~ 455 nm). The effect

0.2
0.1
0.0

-0.14

-0.24 B of water on glyoxal retrievals was assessed in Thalman et
-0.3 B al. (2014), where a very similar cavity-enhanced DOAS in-
strument was compared with numerous other techniques to
-0.4 - Into ocean | . . .
measurealpha-dicarbonyls. The glyoxal retrieval is rela-
0 (;01 o :)1 0'1 ; tively insensitive to the presence of water. However, in order

Frequency Normalized CoSpectrum (ppt m s” Hz)

to rule out any effect of cross correlations in the glyoxal flux
measurements, the eddy covariance flux method was applied
Figure 8. Cospectra of glyoxal and vertical wind from the flux to our water absorption data and water fluxes were derived in
calculations. The green trace represents the average of all cospethe same manner as that for the glyoxal measurements. Fig-
tra that passed the quality assurance filters. The positive cospeqre S3 contains correlation plots of glyoxal and water flux
trum (red) represents data averaged over a period ®6h from  measurements, which show no distinct trends and indicate
#}115 LT OtT‘ 16 Febr“?ry zo(t|2 tc; 00:45LT ‘;” ;; February 2012. 4t the retrieval of glyoxal fluxes in this study is indeed in-
€ negative cospectrum ue) represents- average on e : :

2 February 2012 from 14:45 to 15:45LT. The background color ssanSItllve 0 Water. absorptlon. While the glyoxal qux. changes

Sl L direction depending on time of day, the water flux is always
shading is identical to that in Fig. 6. . . . .

positive, reflecting evaporation (see Sect. 4.2.2 and Fig. 10).

Frequency (Hz)

filtering criteria were applied to exclude outliers in the flux

data through the assessment of the horizontal components ¢f Discussion

the glyoxal flux and the rate of change of glyoxal for each

data segment. These filter values were chosen rather arbft-1 Volume mixing ratio measurements

trarily through a visual inspection of the data. No significant o ) ) )

differences were found between the four data sets. Only reYolume mixing ratio data show a persistent diurnal trend:
sults from the 30 min data determined from phase correctiorflyoxal mixing ratios peak just before dawn (1h average
method 2 will be discussed. While individual flux measure- Maximum in the NH: 43 2 pptv; minimum: 26t 1 pptv;
ments proved to be noisy, further binning of the 30 min flux Maximum SH: 61+ 1 pptv; minimum: 38+ 2 pptv), decrease
measurements reveals trends in the data. Figure 8 contairf¥/fing the day, and reach a minimum in the late evening just
example cospectra from these data, where the average of difter dark (1h average maximum in the NH: 8@ pptv;
data (green trace) scatters around zero. The examples of bofRiNiMum: 16+ 1 pptv; maximum SH: 4& 2 pptv; mini-
positive (red trace) and negative (blue trace) cospectra wer8Um: 24+ 1 pptv), followed by continuous increase through
created by binning data: from 21:15LT on 16 February tothe night. The day-to-day variability in glyoxal is signifi-
00:45LT on 17 February (positive cospectrum); and from cantly larger than the accuracy of our instrument. Major ad-

14:45 to 15:45 LT on 2 February (negative cospectrum). ~ vantages with the Fast LED-CE-DOAS instrument to per-
form precise and accurate measurements of glyoxal are its

3.3.3 Error sources inherent calibration from observing,(see above) as well

as direct calibration from knowledge of the absorption cross
The potential sources of error in these data are (1) inaccurasection of glyoxal (Volkamer et al., 2005). An earlier proto-
cies in determining the phase shift of the CE-DOAS measuretype version of our instrument has undergone detailed com-
ments, (2) high-frequency signal loss due to sampling line atparison with a large variety of state-of-the-art glyoxal mea-
tenuation, and (3) uncertainty surrounding the noisy raw gly-surement techniques (Thalman et al., 2014). In short, these
oxal measurements. Phase shift determination was deemembmparisons revealed an excellent performance; CE-DOAS
to be rather robust (through the comparison of the values dewas found to be both precise and accurate, with virtually neg-
termined using the two different methods), and any smallligible bias over a wide range of laboratory conditions. The
inaccuracies would have negligible effect on the flux dataship measurements are deemed accurate to within 1-2 pptv
(as assessed by comparing the results from the four methglyoxal, or 3.5% at high signal-to-noise ratio, whichever
ods previously mentioned). The high-frequency flux loss dueis higher. This uncertainty in the measurements is smaller
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Figure 9. Diurnal variation in the glyoxafa) and G; mixing ratio

(b) in the Northern (blue) and Southern Hemisphere (red). Only
data that qualify for flux calculations have been averaged. Yellow
shading indicates daytime, while grey indicates nighttime; the SZA
is also shown on the right axis.

Figure 10. Diurnal variations in the fluxes of glyoxé&h), NO» (b),
and B0 (c). Data are separated between hemispheres, and the for-
mat here is the same as in Fig. 9.

fluxes are seen at night (SH: (5£8.3)x 10 2pptvms1;

NH: (2.3+£3.1)x 10 2pptvms™t) and minimum fluxe
than that indicated by error bars, which are dominated (e'g'during(] the dai/;me (gllf_)'_V_(l ng 3a§1)x 10|_£ pgtvmg‘xl's

Fig. 9a) by the multiday variability in glyoxal over oceans. NH: (—5.6+4.1)x 10~2pptvms-1). All nighttime fluxes
Indeed, the error bars for multiday averaged data reflect thi§n the SH are significantly greater than zero (SH night-
variability (standard deviation), rather than the instrumenttime average: (4.7 1.8)x 10-2 pptvms-1). The nighttime
precision/accuracy. Despite this significant day-to-day vari-¢ .o o glyoxal from the ocean to the atmosphere is sur-
ability, some trends can be seen if data are segregated 3Shising, since glyoxal is so water soluble. Previous observa-
f_unctiqn of time of day (local time) and geographical loca- tions o’f positive fluxes of less-soluble OVOCs, such as ac-
tion. Figure 9 shows the glyoxal VMR (panel a) ang\IMR etaldehyde, have been attributed to supersaturation of sub-

(panel b) binned as a function of time of day. Thg data Were  t-ce waters in acetaldehyde (Zhou and Mopper, 1990:
further segregated for measurements collected in the North

: ) Yang et al., 2014). Glyoxal formation in subsurface waters
ern Hemisphere (blue, 181 to 0) and Southemn Hemisphere cannot explain a positive flux to the atmosphere. This is

(red, 010 103); the global average of all data is shown as because of the very large effective Henry's law coefficient

the grey trace. The number of data points within each bin is(KH — 4.2 10° M atm1), which causes the equilibrium of

given in Table 3. The shaded regions in the background indi'glyoxal to be strongly shifted (70 1) towards the ocean

cate daytime (yellow) and nighttime (grey), and the averageo\camer et al., 2009). The higiky value of glyoxal is
S%A (mlnlmutrrr: m_ollﬁ?tes_: solar noon) is further shown for the result of rapid hydration reactions; once hydrated, gly-
reterence on the ngnt axis. . . oxal exists primarily in mono- and di-hydrated forms (Ruiz-
Given the nlght.tlme Increase in the gly0xal conce_ntratlon Montoya and Rodriguez-Mellado, 1994, 1995) that give rise
the.lt we observe in both hemispheres, |©t.he most likely to the 3-5 orders of magnitude high&p value of glyoxal
oxidant (.Df thg glyoxal precursor. Intgrestmgly, we ObserVecompared to other OVOCs (see Table 1). Ervens and Volka-
gbOLf[;t\nge-[lr:ghg_'@cggcer;)tratlonsom ctjhe NH{tZO ppblv mer (2010) estimated the hydration rate of glyoxal to be
.3) than In the t > PPLV Q). 3 JOES not reveal a = 7 1 1pg corresponds to a lifetime of glyoxal with respect
S|gn|f|c_ant diurnal cycle |n_e|ther hemisphere, and the globalto hydrolysis of~ 140 ms. Unless glyoxal escapes from the
campaign averageg/MR is ~ 15 ppbv. ocean within this time frame, it will hydrate and is trapped in

hydrated f in th d d phase. Using Eq. (8
4.2 Eddy covariance flux measurements ydrated forms in the condensed phase. Using Eq. (8)

12
421 Glyoxal b= (8
The diurnal variations in our glyoxal flux measurements where D is the diffusion coefficient (assuming a range
(Fig. 10a) qualitatively reflect the variations in the VMRs (0.001-1)x 10-°cn?s~; Finlayson-Pitts and Pitts, 2000),
seen in Fig. 9a. The error bars in Fig. 10 reflect the 90 %! is distance, and is time, we estimate that the timescale of
confidence intervals of data within each bin. The maximumhydration of glyoxal corresponds to a diffusive length scale
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Table 3. Number of points in each time bin from Figs. 9 and 10.
VMR data (GlyoxalO3) Flux data (GlyoxalNO2/H»0)

Time All data Northern Southern All data Northern Southern
range Hemisphere Hemisphere Hemisphere  Hemisphere
00:00-04:00 494 24%154 287 8443754 206 4082400 202199/154 117114/86 85/85/68
02:00-06:00 50118®034 3026663750 1985142284 203200/159 119116/85 8584/74
04:00-08:00 465714930 3002923836 1654152094 18Y179/133 114112/77 67/67/56
06:00-10:00 400276721 2869333677 1133442044 146138/102 10496/72  42/42/30
08:00-12:00 41246%398 2752803161 137 1832237 147135/111 9§88/70 4947/41
10:00-14:00 457 78%367 2884762916 169 3092451 160152/129 10396/79  57/56/50
12:00-16:00 495793545 2979083036 197 8832509 17Y165/142 10298/80 6967/62
14:00-18:00 473626665 2622803163 211 3462502 174171/142 97/96/76 77/75/66
16:00-20:00 450306845 2578193404 1924872441 178173/141 106101/83 72/72/58
18:00-22:00 486 075984 2906583625 1954142359 197184/145 116110/83 7574/62
20:00-00:00 49725ph120 3026193780 1946382340 193190/151 117115/86 76/75/65

of only ~0.5-17 um. Such a short distance rules out glyoxaloxal source inside the organic sea surface microlayer (SML).
production in sub-surface waters as a source for the positivechemistry within the SML is likely also a source of other
glyoxal flux. OVOCs (e.g., formaldehyde, aliphatic and multifunctional
It is further unlikely that the observed nighttime posi- aldehydes, methylglyoxal, etc.; Zhou and Mopper, 1990; Ay-
tive flux could be attributed to gas-phase chemistry occur-ers et al., 1997; Zhou and Mopper, 1997; Zhou et al., 2014).
ring below the measurement height but above the ocean sur- The maximum average positive (net) flux that we observe
face. This is because we generally observe higher glyoxain the SH at night (5.% 102 pptvms1) corresponds to
fluxes and glyoxal VMRs in the SH, wheresQs lower  a primary glyoxal accumulation in a 800 m high MBL of
than in the NH. The gradient in {between the two hemi- about~ 2.5 pptv over a period of 12 h. This corresponds to
spheres is the reverse of that in glyoxal VMR. In princi- ~20% of the increase in the VMR of glyoxal that is actu-
ple, different precursors and mechanisms could form gly-ally being observed over the course of the night. We note
oxal in the two hemispheres. More likely, we interpret the that the EC technique measures a net flux, i.e., only the
reversed chemical gradients between both hemispheres to réifference between deposition and emission fluxes. Based
flect the fact that the ocean is a net sink fog (Helmig on the variability in the net flux, it appears that both pro-
et al., 2012); glyoxal is a product of the chemistry that de-cesses are contributing to the signal. Given the rapid hy-
stroys @ at the ocean surface. Fasteg @estruction at the dration reaction and high solubility of glyoxal, the frac-
ocean surface in the SH (reflected in the lower observed Otion of the glyoxal molecules which deposit to the surface
VMR) is thus compatible with the positive glyoxal fluxes, and are later re-emitted is likely small. We can assume that
and higher glyoxal VMR, that we observe in the SH. As- the deposition is essentially a 100 % efficient sink and the
suming a rather fast (upper limit) reaction rate constantemission we see is due to instantaneous production/emission
for O3 to react with a glyoxal precursor in the gas phasewithin the SML that compensates for, and exceeds, the
(kos ~ 10~ cm® molecules®s™1; Atkinson et al., 2006), deposition flux. The actual surface production flux is the
the corresponding precursor lifetime with respect toré net flux corrected for the deposition flux. The daytime ob-
action is about 45min (assuming an average VMR of served fluxes are significantly negative (NH daytime average:
15 ppbv). Given that the glyoxal concentration increases(—4.6+ 2.3)x 102 pptvms1). Assuming a dry deposition
through much of the night in both hemispheres (Fig. 9), thevelocity, vgep=1 x 10~3ms™1, and using the campaign av-
precursor that forms glyoxal at night is most likely longer erage glyoxal VMR of 36 pptv results in an estimated flux to-
lived (possibly a lifetime of several hours). Hence, any gas-wards the ocean 6£3.6 x 10~2 pptvms 1, which is within
phase chemistry below our inlet is unlikely to be sufficiently the error of the measurements. A larger deposition velocity,
fast to contribute much glyoxal over the 18 m distance frome.g., 7x 10~ 3ms™! (Yang et al., 2013), would correspond
our inlet to the ocean surface. Furthermore, gas-phase chente a deposition flux of-0.25 pptvms?, which is compen-
istry below our inlet would produce glyoxal at a twice-higher sated for by the SML production. A SML production flux
rate in the NH compared to the SH, while we see lower-of ~0.3 pptvms?! is compatible with our data. A net pro-
glyoxal VMR in the NH and observe positive fluxes primar- duction flux on this order is needed to explain the observed
ily in the SH. This evidence supports the assignment thaiglyoxal VMR increase over night. However, the actual flux
the positive glyoxal fluxes observed at night locate a gly-responsible for changes in the glyoxal VMR at night reflects
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the balance between production and deposition fluxes, which The HO fluxes (Fig. 10c) are on the order of 0.5—
are likely operative and significant at night. The observed1.5x 1073% VMR ms ! and consistently positive. A dis-
positive (net) fluxes cannot explain the observed increase itinct diurnal variation is observed consistently between the
the glyoxal VMR at night by the SML source alone. NH and SH, with minima just before sunrise and maxima
During the day the observed glyoxal flux is negative andseveral hours after solar noon. This increase in th® H
indicates some unknown gas-phase source of glyoxal anflux indicates faster evaporation ob8 from the ocean dur-
likely other OVOCs in the MBL. While negative or neutral ing the day. Notably, if imperfections in our current knowl-
fluxes have also been observed for acetone and methanedge about absorption cross sections of water vapor were
(Marandino et al., 2005; Yang et al., 2013, 2014), both ofto severely overlap (and create cross-correlations) with gly-
these molecules live sufficiently long (acetone: 15 days;oxal absorption structures, the water fluxes could become a
methanol: 13 days) for transport from the free tropospheredriver for the glyoxal fluxes. However, no evidence for such
(entrainment fluxes) and from terrestrial sources to likely a cross-correlation is observed. Indeed, while the direction of
contribute to their abundance in the remote MBL. By con- the water flux is consistently positive, glyoxal fluxes change
trast, any glyoxal lost to the ocean has been produced lodirection over the course of the day. There is further an offset
cally. The daytime lifetime of glyoxal~2h) is too short in the timing of minima/maxima. The independent behav-
to explain this source in terms of transport from terrestrialior of diurnal variations in the pD and glyoxal fluxes thus
sources. The lack of measurements of glyoxal vertical distri-indicates that both gases are robust, and indicates that miss-
butions over oceans in the literature complicates discussiongg H,O absorption structures in spectral databases such as
of possible entrainment fluxes of glyoxal from the free tropo- High-resolution TRANsmission (HITRAN) are unlikely to
sphere. However, for purposes of this discussion any entrainaffect the measured glyoxal fluxes.
ment flux could help explain the negative net flux observed O, is not a stable molecule but the result of collision-
during the day, but cannot explain the positive net flux ob-induced absorption of two O molecules (Thalman and
served at night. We conclude that the SML is a significantVolkamer, 2013). If the @flux is converted to units of vari-
source of glyoxal. However, the negative daytime net flux in-ations in the @ mixing ratio, the corresponding flux is
dicates deposition exceeds SML production during the dayalways smaller than 1¢% O, VMR ms™1, which corre-
A glyoxal source in the atmosphere is thus needed to sussponds to concentration changes int@at are 4-5 orders of
tain the elevated glyoxal VMR during the day, and currently magnitude smaller than the ambient @MR of ~20.95 %
remains unexplained. SML production alone appears insuf{< 10 ppmAOQO>). Fluxes of this magnitude are observed both
ficient to explain the glyoxal abundance and variation insidepositive and negative yet are about 2 orders of magnitude

the MBL. larger than the corresponding fluxes of £&@Blomquist et al.,
2014). As such, we interpret the;@luxes to essentially re-
4.2.2 NQ, H20, and O4 fluxes flect the noise in our measurements. These small upper limit

_ fluxes reflect a very stable signal fopGhe change in this
Absorption measurements of NCH20, and Q by the Fast  iterna) calibration gas is smaller: 0.4% of the typicaj O

LED-CE-DOAS instrument are a by-product of processing signal per hour (and not systematic).

the glyoxal data. The fluxes for these quantities were pro- kg, re 54 shows a selection of ocean and atmospheric state
cessed in the same fashion as the glyoxal fluxes, and diurngj, ameters that are binned in the same fashion as the VMR

profiles of NG and RO fluxes are shown in Fig. 10. FOr 5.4 fiux data and separated between NH and SH for archival.
NO;, the fluxes are smaller 0.05 pptv N@ s~1, and no ev-

idence for a NQ flux diurnal cycle is observed (Fig. 10b).
This is consistent with the idea that N@ not directly emit-

ted from oceans (Logan, 1983). The median glfbal averagesiobal measurements of glyoxal from satellites agree that the
of all NO, flux measurements is-0.04pptvms=. It has  g55tem Pacific Ocean is a global hot spot for glyoxal over
been shown that nitrogen oxide (NO) is photo-chemically 4ceans (wittrock et al., 2006; Lerot et al., 2010). In this con-
produced by the ocean (Zafiriou et al., 1980; Zafiriou andygyt it s interesting to note that measurements by Sinreich
McFarland, 1981; Olasehinde et al., 2010). N® subse- o 5| (2010) in a similar season and in a region that borders
quently produced frlam the gas-phasle relactlon of NOWEh O that probed here towards the east found average concentra-
(kno,o; = 1.8 10 cr_n3 molecules™ s~ Atkinsonetal.,  ion of 63+ 21 pptv that agree only marginally within er-
1997). At 15 ppbv @, this reaction converts NO into N®n o hounds with the in situ measurements presented in this
atimescale of-2-3min. The absence of positive NBuxes ¢4y This raises questions about a longitudinal variation
and lack of a N@ diurnal cycle is compatible with, and fur- i, g1v0xal at tropical latitudes, which had been observed by
ther corroborates, the indication by positive glyoxal fluxes of ¢ o satellites (Wittrock et al., 2006) but not by others (Lerot
chemistry within the SML rather than a gas-phase reaction,; al., 2010). Our in situ measurements in the NH probe a

below our inlet. reasonably large longitude range and help assess this ques-
tion. We do not find any obvious variation of glyoxal as a

4.3 Context with satellite observations
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function of longitude. The average glyoxal VMR in the west- spatial scales probed by in situ and column observations, as
erly NH cruise segment is 325 pptv (average over 7 days; well as uncertain assumptions about a priori profiles, cloud
13’ N to O latitude; 133 to 105W longitude), compared to screening, and other factors that influence air mass factor
31+ 8pptv in the easterly NH cruise segment (average overcalculations. Some of these factors were further investigated
7 days; 13N to O latitude; 105 to 80W longitude). Early re-  from collocated measurements of glyoxal from aircraft dur-
ports from SCIAMACHY found the annually averaged (year ing the TORERO project. The fast in situ LED-CE-DOAS
2005) VCD of 4.5x 10 and 6.0x 10"*moleculescm?  instrument holds great potential for future deployments on
VCD over the western and eastern cruise segments in the Nifesearch aircraft.

—and 3.5< 10" molecules cm? over the SH cruise segment

(Wittrock et al., 2006). Interestingly, measurements from the

Global Ozone Monitoring Experiment-2 (GOME-2) satellite 5 Conclusions

(Lerot et al., 2010) report 4.5 x 1*molecules cm? in both

regions of the NH, i.e., find no evidence for a longitudi- We have performed the first in situ measurements of glyoxal
nal variation in multiyear averaged data (2007 to 2009) andVMRs over oceans and presented first EC flux measurements
~ 3 x 10 molecules cm? over the SH cruise segment. The of this soluble and short-lived molecule. Data from the first
absence of a gradient over 3000 km distance in GOME-2 datdield deployment of the instrument are presented (26 days
is consistent with our data. However, it is interesting to noteof measurements). The Fast LED-CE-DOAS instrument is
that the lower-limit VCDs of both satellite instruments cor- a multispectral sensor suitable to measure eddy covariance
respond to~ 183 pptv glyoxal in the NH ane 120 pptv gly-  fluxes of glyoxal and other gases selectively in the remote
oxal in the SH (assuming all glyoxal is located inside a 1km MBL. The measurement frequency of2 Hz is sufficient
high MBL). Such high glyoxal is not confirmed by our ob- to capture~90% of the glyoxal flux. Inlet and sampling
servations, or by the measurements of Sinreich et al. (2010)ine attenuation was determined using the measured response
We note that the maximum concentration of 140 pptv re-time of the instrument (0.2& 0.14 s, based on fOneasure-
ported by Sinreich et al. (2010) presents an extremely rarenents) and accounts for a correction ©fL0 %. Multiple
scenario that is not deemed representative of this data setther gases are detected simultaneously with glyoxal and are
(see their Fig. 3c). In situ and ship MAX-DOAS column ob- exploited as follows: N@measurements are used to identify
servations (Sinreich et al., 2010; Mahajan et al., 2014) agreand filter data affected by stack contamination from the ship,
that there is insufficient glyoxal inside the MBL to explain and NG fluxes inform discussions about gas-phase chem-
satellite VCDs; this is particularly true over the NH tropical istry below our inlet to be unlikely; 5D measurements are
eastern Pacific Ocean (by a factor 2 to 6). Furthermore, ouused to calculate ambient relative humidity, angoHluxes

in situ data show glyoxal is more abundant in the SH tropi- (consistently indicate evaporation) are used for correlative
cal MBL. By contrast, both satellites find 25-42 % lower-  analysis of glyoxal fluxes and reveal a lack of any apparent
glyoxal VCDs in the SH compared to the NH. The campaigncorrelation. Glyoxal is well separated fromp®. The HO
average VMR during mornings in the SH (477 pptv gly-  fluxes help address concerns about spectral cross-correlation
oxal) corresponds te-1.2x 10 molecules cm? glyoxal between missing water lines in the HITRAN database, and
VCD over the SH cruise segment, which is 2—3 times lowerthe lack of a HO and glyoxal correlation further confirms
than long-time average VCD observed from space. The reathe robustness of our retrievalss @easurements in ambient
son for this apparent mismatch in glyoxal amounts, and re-air are used an internal calibration gas to assure control over
versed hemispheric gradients, is currently not understood. Aavity alignment and mirror cleanliness (Thalman and Volka-
particularly interesting development to investigate the diur-mer, 2010); further the pulsing of nitrogen gas into the inlet
nal variation of glyoxal over oceans consists in the Tropo-is monitored from fast high signal-to-noise measurements of
spheric Emissions: Monitoring of Pollution (TEMPO) satel- O4 as part of individual spectra.s then used to charac-
lite mission (planned to launch in 2019), which will provide terize sample transfer time through the sampling line, and
first time-resolved glyoxal VCD observations from geosta- to synchronize the clocks of the chemical sensor with that
tionary orbit. Our diurnal profiles show further that glyoxal of the wind sensor. Two different methods showed excellent
concentrations change by 30% over the course of the dayontrol over the phase correction from @easurements (av-
With the caveat that changes in MBL VMRs may not be in- erage difference-0.11+ 0.10s) and give confidence in the
dicative of VCD changes, this also implies thal5 % lower  EC flux measurements of glyoxal.

VCDs are expected at the time of the Ozone Monitoring In- The campaign averaged VMR (all data) was138 pptv
strument (OMI) satellite overpass (13:45LT at the Equator).glyoxal. This is slightly less glyoxal compared to first mea-
The differences between satellite and in situ measurementsurements of glyoxal inside the MBL, which fourd30 pptv

are as of yet difficult to reconcile. Notably, a direct compar- over the Sargasso Sea (Zhou and Mopper, 1990). It is possi-
ison between in situ observations and column data is comble that some continental outflow of terrestrial glyoxal might
plicated due to the lack of vertical profile measurements ofhave contributed to these elevated glyoxal VMRs. Sinre-
glyoxal at tropical latitudes, different averaging times, andich et al. (2010) reported- 63+ 21 pptv daytime glyoxal
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