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Abstract. Measurements of tropospheric hydroxyl (OH) and 1  Introduction

hydroperoxy (HQ) radicals were made during the MCMA

(Mexico City Metropolitan Area) field campaign as part of Hydroxyl (OH) and hydroperoxy (H® radicals have been
the MILAGRO (Megacity Initiative: Local and Global Re- a subject of considerable interest since it was suggested that
search Observations) project during March 2006. These radOH was produced at sufficient concentrations in the tropo-
icals were measured using a laser-induced fluorescence irsphere to initiate the oxidation of volatile organic compounds
strument developed at Indiana University. This new instru-(VOCs) and other trace gases (Levy, 1971, 1972). Such
ment takes advantage of the Fluorescence Assay by Gas Eprocesses lead to the production of organic peroxy radicals
pansion technique (FAGE) together with direct excitation (RO.), which are converted back into OH via H@hrough

and detection of OH at 308 nm. HGs indirectly measured successive reactions involving nitric oxide (NO). Because of
as OH by titration with NO inside the fluorescence cell. At its high reactivity, OH controls lifetime and fate of most am-
this stage of development, IU-FAGE is capable of detectingbient trace gases and therefore is an important oxidant in the
3.9x10° molecule/cm of both OH and HQ, with a signal  gas-phase photochemistry of the troposphere.

to noise ratio of 1, an averaged laser power of 10-mW and Urban environments are typically characterized by high
an averaging time of 5-min. The calibration accuracieg) (1 concentrations of nitrogen oxides (NENO+NQ,) and
are+17% for OH andt18% for HG, using the water-vapor VOCs. These areas exhibit a complex oxidation chemistry
photolysis/Q actinometry calibration technique. involving odd hydrogen radicals (H@OH+HO,), VOCs,

OH and HQ concentrations were successfully measuredand NQ that leads to the formation of ozone and secondary
at an urban site in Mexico City, with observed concentra-aerosols. Understanding the coupling betweer Bl NG
tions comparable to those measured in other polluted enviin the presence of VOCs is essential for the design of ef-
ronments. Enhanced levels of OH and Hfadicals were ficient strategies seeking to reduce the impact of anthro-
observed on several days between 09:30-11:00 a.m. and sugogenic emissions on air quality over urbanized areas. Mea-
gest an intense photochemistry during morning hours thasurements of OH and HQcan provide a critical test of our
may be due to elevated sources of HOH+HO,) and afast ~ understanding of this fast photochemistry (Heard and Pilling,
cycling between the radicals under the high,N®IO+NO,) 2003).
conditions of the MCMA. Laser-induced fluorescence is a versatile technique for
the sensitive detection of simple molecules such as OH,
as well as HCHO and Ng) both in the laboratory and in

Correspondence tdS. Dusanter the free atmosphere (Clemitshaw, 2004). This technique
BY (sdusante@indiana.edu) has been used successfully to measure Ir@licals in the
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stratosphere (Wennberg et al., 1995) and in the tropospherair quality, understanding the photochemistry of urban envi-
(Heard and Pilling, 2003) using two different excitation- ronments is important, as they may have a strong impact on
detection schemes. Initial instruments were based on OHegional air quality and global climate change (Molina and
excitation at 282 nm and red-shifted fluorescence detectioMMolina, 2004).

at 308 nm, allowing optical filtering of the OH fluorescence In this paper we report the description of a Hstru-

from the intense scattered laser-light. This detection schemenent developed at Indiana University (IU-FAGE) based on
has been applied with success in the stratosphere, but is néite Fluorescence Assay by Gas Expansion technique and the
applicable in the troposphere where the higher ambient pressesonant detection scheme at 308-nm. This instrument was
sure and the high content of water-vapor lead to the producfirst deployed as part of the Mexico City Metropolitan Area
tion of OH from the photo-dissociation of{@t 282-nm (R1)  (MCMA) field campaign during March of 2006, and success-
by the laser beam, and the subsequent reaction of the photéully measured daytime OH and HQoncentrations. The

product, OD), with water-vapor: qualitative behavior of HQconcentrations during MCMA-
2006 is examined and compared to observations from previ-

O3+ hv — O(*D) + O (R1)  ous urban field campaigns. A more detailed analysis of the
data, including model comparisons and a discussion of the

O(*D) + H20 — OH + OH (R2)  radical budget will be presented in a companion paper (Du-

santer et al., 2009).
The laser-generated OH can be excited within the same laser

pulse that produced it, resulting in a quadratic dependence of
the detected OH signal with laser power. 2 Instrument description

In order to reduce the fwater photolytic interference,
while keeping a high instrumental sensitivity, a second de-The |U-FAGE instrument takes advantage of the Laser-
tection technique based on OH excitation and detection atnduced Fluorescence Assay by Gas Expansion technique
308 nm and at low-pressure is widely used for tropospherigLIF-FAGE) to probe the OH radical at low pressure together
measurements (Heard and Pilling, 2003). Ambient air iswith excitation and detection of OH at 308-nm. IU-FAGE is
expanded inside a detection cell and OH is probed by low-equipped with a high repetition-rate laser system, a sampling
energy laser pulses generated at a high repetition-rate. Thisell for ambient air expansion, a reference cell for wave-
sampling technique, known as Fluorescence Assay by Gakength calibration, and a gated detection system.
Expansion (FAGE), exhibits several advantages: (i) Sam-
pling at low pressure reduces the concentration of bah O 2.1  High repetition rate laser system and laser-light
and HO in the sampled air mass, as well as other trace gases,  propagation
reducing the production of laser-generated OH as well as un-
wanted secondary chemistry (Stevens et al., 1994). (ii) TheA schematic of I[U-FAGE instrument is shown in Fig. 1. The
fluorescence lifetime of the excited OH radical is extendedlaser light is generated at a repetition rate of 6 kHz using a
to hundreds of nanoseconds due to lower quenching rates, atlye laser (Lambda Physik, Scanmate 1) pumped by the sec-
lowing temporal filtering of the weak OH fluorescence from ond harmonic of a pulsed Nd:YAG laser (Spectra Physics
the scattered laser light. In addition, excitation of the OH Navigator 1l YHP40-532Q). The primary emission of the
radical at 308-nm instead of 282-nm further reduces the phodye laser was found to be optimum using a mixture of Rho-
tolytic interference by a factor of approximately 30 due to damine 640 in isopropanol. Approximately 7 W of laser light
a lower 3 absorption cross section and a lower quantumat 532-nm from the Nd:YAG laser produces 150-200 mW
yield for the production of GD) (Stevens et al., 1994). Note at 616-nm from the dye laser. The 616-nm emission is fre-
that the use of a high repetition-rate laser system that deliverguency doubled by a BBO (Beta Barium Borate) crystal, and
low-energy pulses, but a high average power, also reduces thbe second harmonic is separated from the fundamental by
photolytic production of OH from each pulse. Instruments a system of prisms. The resulting laser beam at 308-nm
based on the FAGE design with resonant detection of OH aexhibits a pulse-width of approximately 20-ns and an aver-
308-nm have proven their ability to perform measurementsaged laser power of 1-15 mW. A planoconvex lens, tilted to
of tropospheric OH by reducing the photolytic interference correct the laser beam astigmaticity, focuses the light onto
below negligible levels (Heard and Pilling, 2003). an optical fiber launcher assembly employed to propagate

Laser-Induced Fluorescence instruments as well as Chenthe laser-beam to the sampling cell. Two different optical
ical lonization Mass Spectrometer (CIMS) and Differential fibers (Thor Labs), 2 and 12-m long, are used depending on
Optical Absorption Spectrometer (DOAS) instruments havethe experiment requirements. These fibers, with their opti-
been used extensively to characterize thegdemistryina  cal launchers, exhibit respective transmittances of 45% and
variety of different environments (Heard and Pilling, 2003). 37%.
However, only a few investigations have focused on urban Two quartz plates are positioned at an incident angle of
areas (Table 1). In addition to the local impacts of urban45° in the path of the laser beam after the BBO crystal. The
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Fig. 1. Schematic diagram of the IU-FAGE instrument. PC: planoconvex lens, QP: quartz plate, L1 and L2: optical launchers, SV: solenoid
valve, MCP: microchannel plate.

Table 1. Chronologic compilation of the urban and suburban field campaigns that inclugerté@surements. The numbers in brackets

are median values. P@Dis the value at the peal® P(O3) calculated from measured HGnd RGQ concentrations? P(O3) calculated

from measured H@ concentrations.© Range of HQ/OH ratios from binned Nod P(O3) calculated from a box model that took into
account all the reactions converting NO into NG The contribution of HONO was calculated after subtraction of the OH+NO sink.

The MCMA-2003 HQ concentrations have been revised (Mao et al., 2009), and are approximately a factor of 1.6 times higher than the
previously reported values shown here.

Field Campaigns Measured OH  MeasuredHOMeasured (ppb) HEIOH P(Q;)  Daytime model comparison RGBources  References
(10fcm~3) (108cm™3) 03, NO, NO, (ppb/h)  Calculated/Measured
LAFRE, Los Angeles Free Radical Experiment 4.0-6.0 1.6-2.0 Pgak4®-200 Lumped mechanism: CAL, HONO3O (George etal., 1999)
Claremont, Los Angeles (CA), September 1993 N@0-90 OH: 1.5 at midday, H® >1 at midday HCHO,
dialdehyde,
Oz-alkene
BERLIOZ, Berliner Ozonexperiment 2.0-8.0(3.5) 0.5-85(2.2) 3:-O 0-200 (G OH: NOx>5 ppb: good for MCM and RACM Q (Platt et al., 2002)
Pabstthum, Berlin, July—August 1998 N@0.1-1.5 NQ<5ppb: 1.25 at midday (MCM), 2 (RACM) HCHO, (Holland et al., 2003)
NOy: 1.5-5.5 HQ: good (MCM), 1.4 (RACM) HONO, (Konrad et al., 2003)
Oz-alkene
PUMA, Pollution of the Urban Midlands Atmosphere 2.0-9.0 15-10.0 g3 29.0-41.2 20-160 MCM 3.1, OH: 0.58, H(0.56 OVOCs, (Heard et al., 2004)
Birmingham (UK), June-July 1999 NO: 2.7-4.2 Ogz-alkene, (Emmerson et al., 2005a)
NO,: 6.6-14.4 HCHO, (Emmerson et al., 2005b)
HONO, O3
SOS, Southern Oxidants Study 7.0-20(10.0)  2.8-22.4 (7.5)3: <@-90 (14.59 Lumped mechanism, OH: 0.75, H00.64 G, (Martinez et al., 2003)
Nashville (Tennessee), June—July 1999 NO: 0.1-70 HCHO,
NOy: — HONO
PUMA, Pollution of the Urban Midlands Atmosphere 0.5-4.0 15-10.0 3 13.2-22.0 MCM 3.1, OH: 0.50, H© 0.49 Q-alkene, (Heard et al., 2004)
Birmingham (UK), January—February 2000 NO: 4.5-20.5 OVOCs, (Emmerson et al., 2005a)
NOy: 9.3-22.9 HONO (Emmerson et al., 2005b)
PMTACS-NY, PM 5 Technology Assessment 5.0-20.0(7.0) 0.5-6.0(1.0) Pgak4d) (5-70§ (20)b RACM, OH: 0.91, HQ: 0.81, HONO, (Ren etal., 2003b)
and Characterization Study-New York, June—August 2001 agreement better at low NO Ogz-alkene (Ren et al., 2003c)
NOx: (20-48)
MCMA-2003, Mexico City Metropolitan Area 5.0-8.0(7.0) 3.0-12.0(7.4) PeakQ: (115) 8-250 (20-156) (48)b RACM (morning-midday), (Shirley et al., 2006)
Mexico City, April 2003 Peak NQ (86) OH: 0.93-1.30, H@ 0.86-1.27 (Volkamer et al., 2007)
TORCH, Tropospheric Organic Chemistry experiment 1.2-75 0.2-33 Avergge0(B-95.2 2-500 (10-70) (7.2)d MCM 3.1, OH: 1.24, HQ 1.07 QOVOCs, (Emmerson et al., 2007)
London, England, July—August 2003 Average NO: 0.3-9.9 Ogz-alkene,
Average NQ: 1.5-13.2 Oz,
HONO,
HCHO
PMTACS-NY, PM, 5 Technology Assessment (1.4) 0.2) Peak (20) 50-400 RACM, Median OH: 1.02, Median H00.17 HONO® (Ren et al., 2006)
and Characterization Study-New York, January—February 2004 NO: (7-30) Og-alkene
NOy: (15-30)
IMPACT IV, Integrated Measurements Program for Aerosol (1.5) (1.1ppt) Pgak30) 1-80 (3-30) RACM, OH: 0.93-1.23, H@: 0.48-0.88 Q-alkene, (Kanaya et al., 2007)
and oxidant Chemistry in Tokyo, Japan, Jan-Feb 2004 NO: 1-70 (8.1) OVOCs,
NO,: (18.2) HONO®
IMPACT L, Integrated Measurements Program for Aerosol (6.3) (5.7 ppt) Pgal30) 1-700 (5-400) RACM, OH: 0.86, HQ: 1.29 OVOCs, @, (Kanayaetal., 2007)
and oxidant Chemistry in Tokyo, Japan, Jul-Aug 2004 NO: 0.1-20 (2.6) Ogz-alkene,
NO,: (9.4) HONO®
MCMA-2006, Mexico City Metropolitan Area 2.0-15.0 (4.6) 0.6-4.5 (1.9) Pegk(@0) 1-300 (8-70) (80}J Dusanter et al., 2009 This work
Mexico City, March 2006 Peak NO: (200)

Peak NQ: (80)
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The operating pressure was chosen for the following reasons:
(i) an early FAGE instrument exhibited an unusual drop in
sensitivity with an increase of the ambient water-vapor mix-
ing ratio by operating the sampling cell at a lower pressure
(Hofzumahaus et al., 1996; Creasey et al., 1997). This effect
was attributed to radical scavenging on water cluster formed
in the cold zone of the gas expansion. (ii) The sensitivity
is strongly dependent on the operating pressure (Faloona et
y al., 2004); however, this dependence is minimized around
Ambient ai Windows l concare 5.3 hPa and potential pressure changes during field measure-
Wil e Ve ™™ ments would induce less variation on the sensitivity than at
pumes other pressures.

A White-type multi-pass cell is used inside the sampling

cell to improve the instrumental sensitivity by increasing the

Fig. 2. Cross-sections of the detection cell. The left figure displays 2MOUNt of generated fluorescence. It consists of three 1-in.-
thg intersection between the sampled air mass andgthe exgitai/ioq'ameter mlr.rors, UV coated for high reﬂect|V|tR§99.9%).
beam through the multipass cell. The right figure displays the de-at 308-nm with a base length of 250-cm. The entrance mirror
tection axis. has two cut-outs allowing the laser beam to enter and leave
the sampling cell. The light delivered by the optical fiber
is focused at the entrance mirror and is propagated 24 times
first plate is used to deliver a small fraction of the UV light through the sampled air mass before exiting the cell. The
to a reference cell for wavelength calibration. The secondlaser beam is then focused on an external photodiode detec-
plate allows monitoring the laser power at the output of thetor for laser power monitoring (UDT-555UV, OSI Optoelec-
dye laser using a photodiode detector (UDT-555UV, OSI Op-tronics, interference filter at 308-nm, ESCO products). The
toelectronics) equipped with an interference filter (308-nm, multi-pass cell is designed with internal square openings al-

D, o5,
°’9c!io,, e‘o\\““
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pinhole

uoisuedx3y

Bandpass
filter
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White cell

end mirrors

Collimating
lenses
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ESCO products). lowing the laser beam to go back and forth between the mir-
rors while trapping scattered photons. Dry nitrogen is con-
2.2 Sampling and reference Cells tinuously flushed through each end of the multi-pass cell to

avoid contamination of the mirrors.

The sampling cell design is based on the Ground-based Tro- A single-pass reference cell is employed to get the maxi-
pospheric Hydrogen Oxides Sensor developed at Pennsylvanum spectral overlap between the laser emission and the OH
nia State University (Stevens etal., 1994; Mather et al., 1997transition. The cell is made out of aluminum and is equipped
Faloona et al., 2004). The current version of IlU-FAGE usesyith 2 suprasi] windows for laser beam access. A rotary
a single axis for successive measurement of OH and HO pump (Leybold D16B, 20 fhh~1) is used to keep the refer-
radicals (Fig. 2). The sampling cell consists of a central alu-ence cell under vacuum and a high concentration of hydroxyl
minum cube 11.4-cm in length, a cylindrical inlet nozzle (5- radical is produced by thermal dissociation of water-vapor
cm diameter, 20-cm long) and a multi-pass cell (White de-at low pressure using a hot alumel filament. The resulting
sign). Inner walls are anodized in order to minimize light OH fluorescence is collected by a Hamamatsu photomulti-
scattering. plier tube (H6180-01) equipped with an interference filter at

Ambient air is pumped through a flat pinhole approxi- 308-nm (ESCO products).
mately 1-mm in diameter and is expanded along the length of
the nozzle. A loop injector is located downstream the sam-2.3 Gated photon-counting detection
pling inlet to allow the addition of either nitric oxide (NO,
Matheson, 99.8%) or perfluoropropylenesfg, Matheson, The laser beam encounters the sampled air mass approxi-
99.8%). These gases are respectively used to convert amhinately 20-cm below the sampling point to ensure that OH
ent HG, into OH or to scavenge ambient OH before the de-is probed when the rotational temperature has been thermal-
tection axis. The loop was designed with radial holes point-ized to ambient temperature (Stevens et al., 1994; Kanaya et
ing towards the center of the nozzle to improve the gas mix-al., 2001). OH is probed under thermalized conditions for
ing and to avoid potential wall reactions. Three mechanicalseveral reasons. (i) The low temperature in the cold zone of
vacuum pumps (Leybold D16B, 20%h~1) are connected in  the gas expansion may lead to radical scavenging on water-
parallel to provide a flow rate of 10 SLPM (Standard Liter clusters (Hofzumahaus et al., 1996; Creasey et al., 1997). (ii)
Per Minute), allowing air to be refreshed rapidly at the de- The instrumental sensitivity depends on the Boltzmann dis-
tection axis. The internal pressure is kept at#D32hPa tribution of OH and the quenching rates of the excited state
and is monitored at the bottom of the cell by an absolute caby N, O, and HO. These parameters are strongly depen-
pacitance gauge (MKS 0-10 Torr, better than 1% precision)dent on the temperature (Bailey et al., 1997) and geometry
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variations of the gas expansion may lead to OH sensitivityinated: (i) & in the sampling cell is alternatively measured
changes during field measurements. Probing OH in a therwith and without laser excitation inside the reference cell.
malized region minimizes these issues. (ii) Son is measured during air-zero tests when IU-FAGE is
The OH fluorescence is collected by an optical train sampling clean air provided by a flow-tube interfaced on the
(Fig. 2) at aright angle to the excitation beam through a solidtop of the nozzle. During MCMA 2006, none of these tests
angle that has been approximately doubled by using a conshowed a significant offset in the measured net OH signal.
cave mirror opposite the detector (100-cm diameter, 40-cm
focus lens, Melles Griot). Two coated lenses (f=75-mm, CVI 2.4 Automation and field control
Laser) allow careful imaging and spatial filtering of the flu-
orescence onto the detector. A band-pass filter centered #t/-FAGE is automated using a combination of GPIG, DAQ
308 nm (Barr Associates, transmission 65%, bandwidth 5{National Instrument, PCI-6024E) and RS232 interfaces. A
nm, OD>5 at other wavelengths), is inserted in the optical custom software program coded using LabView (National In-
train to selectively reduce scattered photons from solar lightstruments) allows monitoring the H@oncentrations in real-
red-shifted fluorescence of the walls, and potential fluorestime. The program includes several routines to acquire the
cence of other chemical species. excitation spectrum of OH, adjust the wavelength to maxi-
The detection system is shown in Fig. 1 and is com-mize overlap between the laser emission and the OH tran-
posed of a time-gated micro-channel plate photomultipliersition, and perform periodic modulation cycles between on-
tube (Hamamatsu R5916U-50), a preamplifier/discriminatorresonance and off-resonance measurements. The program
(F-100T, Advanced Research Instruments) and a high-speealso switches between OH and bi@easurements by con-
photon counter (SRS400, Stanford Research Systems). THgolling the NO addition inside the sampling nozzle. A mass
intense laser light that is scattered when the laser is fired caflow controller (MKS 1179A) is used to regulate the NO flow,
saturate the micro-channel plate (MCP) and lead to the geneand leakage during OH measurements is prevented by the in-
ation of after-pulses which deteriorate the instrumental senternal valve of the flow controller and two additional solenoid
sitivity (Creasey et al., 1998). To avoid detector saturation,valves connected in series. At the end of anyHfeasure-
the MCP gain is reduced by a factor of’1@uring the laser  ment, the valve of the flow controller is immediately closed,
pulse, and switched to the highest gain 60-ns after the lasetOs later the first solenoid valve located downstream of the
pulse. The gain is kept high for approximately:%-in or-  flow controller is turned off, and the second solenoid valve is
der to collect most of the OH fluorescence, and is then reclosed after another 10 s. In a similar manner, a flow £##¢C
duced until the next laser-pulse. The signal from the MCPcan be added to check for potential photolytic interferences
is amplified and filtered by a pulse-height discriminator thatduring OH measurements. This is discussed in detail in the
delivers TTL pulses for each detected photon. The photorHOx-specificity section.
counter is set with a timing gate using a delay and width for The time-resolution is controlled by the photon counter,
the 2-m long fiber of 130 and 260-ns after the laser pulsewhich sums the detected photons from the ambient channel
These parameters were optimized to give the best signal-tofor 1 s and transfers the data to the computer. This event ini-
noise ratio by discriminating electronic noise and scatterediates the acquisition of 1 s averaged parameters such as the
laser-light against the weak OH fluorescence, and are differsignal from the reference channel, the sampling cell pressure,
ent when the 12-m long fiber is used. Reflection of the lasetthe photodiode signals, NO andfgg flow rates, and the sig-
light between the two ends of the fiber generates a secondals from ancillary monitors.
light pulse which occurs approximately 160-ns later than the
main pulse, similar to that observed by Faloona et al. (2004)2.5 Measurement principle
In order to reduce the detected scattered light from this sec-
ondary pulse, the MCP gain-switch and the photon countingThe FAGE instrument is a non-zero background technique
gate are respectively delayed 70 and 90-ns later than that useand the background signal must be measured to derive the
for the 2-m long fiber. net signal produced by the OH fluorescence. The proce-
The photoelectron pulses from the reference channel ardure employed is based on successive modulation cycles dur-
detected and quantified by a counter on a National Instruing which the wavelength is successively tuned on-resonance
ment acquisition board (PCI-6024E). The reference chanand off-resonance with an OH transition. The on- and off-
nel signal (reference cell and associated electronics) was olyesonance measurements are usually acquired for 10-s in or-
served to cross-talk with the ambient channel (sampling celder to catch the rapid variation of the background signal due
and associated electronics) when the reference signal was tdo potential changes in the solar scattered light entering the
high. This issue was fixed by attenuating both the laser lightnozzle (ambient light going through the nozzle).
propagated inside the reference cell and the amplitude of the The Q(3) transition of OH at 308.1541 nm was chosen be-
photoelectron pulses. Two different tests are systematicallycause the @3)-Q1(3)-P1(1) triplet is easily identified and
performed during ambient OH measurements to ensure thahis transition exhibits one of the strongest absorption cross
cross-talking between the counters has been efficiently elimsections around 308 nmv£1.4x10-16cn?, P=1013hPa,

www.atmos-chem-phys.net/9/1665/2009/ Atmos. Chem. Phys., 9, 1685-2009
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1700 27000 paring the two surrounding background signals allows check-
ing for potential spectral interferences which may be induced
by other fluorescing species. An interesting example can be
found in Martinez et al. (2004). The authors observed that
L 12000 naphthalene exhibits a transition at a slightly longer wave-
g length than the (2) transition of OH and fluoresce around
RS T A ,/ AN 308-nm. Potential spectral interferences in the measurements
%0 s ana : —L 200 presented here are discussed in theg4$@ecificity section.

Time (5) Hydroperoxy radical measurements are based on the rapid

gas-phase reaction of HQvith nitric oxide and subsequent

Fig. 3. Segment of raw data recorded on 15 March with a 10-sdetection as OH (R3):
modulation cycle. The solid black line corresponds to the signal

byt

Bky ( L \ﬂ&/ " i ,n“/"‘”\\ ’fid ﬂm{’vﬂ%

1500

1300 4

(Ctsls)
(Ctsls)

Signal Ambient Channel

1100

Signal Reference Channel

recorded from the ambient channel. The grey circles and the grey102 + NO — OH + NO> (R3)
symbols are the 1-s on-resonance signal and the averaged 10-s sig-
nal, respectively. The black triangles and the black symbols arddH+ NO+M — HONO+ M (R4)

the 1-s background signal and the 10-s averaged background sig- o
nal. The dashed black line corresponds to the signal recorded fror® flow of pure NO (Matheson, better than 99% purity) is
the reference channel and indicates when the measurements are p&dded through a loop injector located just below the sampling
formed on- and off-resonance. point after passing though an ascarite trap. The optimum NO
flow (1 SCCM) used to convert the H@adicals before the
detection axis is a trade-off between the conversion op HO
T=300K) (Dorn et al., 1995). In addition, a rapid switching jnto OH and the removal of OH by reaction with NO (R4).
between @(3) and R(1) allows for a check for potential The fraction of HQ (Croy) converted into OH is measured
spectral interferences from other ambient species. The ﬂUduring calibration experiments. When NO is added to the
orescence is a one photon process that is linear with both thgampled air stream, the sum (background+net OH+neyHO
laser power and the OH density, provided that the OH tran4is measured. The net HGignal (Si02) is derived from the
sition is not saturated. Stevens et al. (1994) observed a 10%ptraction between the net OH signal with NO added and
saturation for the 3) transition at 1.4J/cn? (assuming a the net OH signal without NO.
laser beam radius of 0.5cm). The maximum laser power of The radical concentrations are calculated by inverting
15-mW produced by the [U-FAGE instrument leads to an av-ggs. (1) and (2):
erage value of approximately 6.5-mW of UV light inside the
sampling cell when the 2-m long fiber is used. The laser flu-SoH = [OH] x Ron x Py (1)
ence calculated for the maximum laser power is;dlfcn?
(beam radius of 0.5-cm), below the 10%-limit determined by Sro, =1

Steyens et a!. (1994). Calculating HQ concentrations requires the measurement of
Figure 3 dlsplgys a segment of raw Qata record.ed on 15t|30|—|, Sho2 and the laser power,P It also requires the cali-

March 2006 during the MC_MA-_2006 field campaign. One bration of the detector response towards OldRand HG,

half of the measurement time is devoted to measuring theg v \yhich are discussed in the calibration sectiomR

backgrounq signal, while the remaining time Is ded'catedrepresent the number of photon counts per second produced

to measuring the on-resonance signal. The off-resonanche; oy radical and normalized to 1-mW of laser power. The

signal is an average of the two backgrounds Su”ound'n%etector response towards bi(Ryop) is the product of Ry

the on-resonance measuremeiyn(resonance 0.004nNMm and 5,4 the fraction of HE converted into OH (Gog) prior the
Aon—resonancg0.004 nm). Tests performed in the Iaboratory detection axis (Ro2=Ronx Cro)-

have shown that less than 1% of the on-resonance OH Sig- ¢ jnstrumental stability is largely governed by the sta-

nal was measured at the background wavelengths under thgyiw, of the laser intensity. Slow drifts are tracked during

working conditions. o _ measurements by monitoring the laser power at the exit of
The net OH s'|gnal (&) is inferred from subt.ractlng the  poth the dye laser (Uyje) and the white cell (U¥e). The

off-resonance signal from the on-resonance signal. The ad:;;4 UVeel/UVaye is used to track the transmission of the

vantage of measuring the background as an averaged SUfzqer light through the optical fiber and the cleanliness of the
rounding off-resonance signal is twofold: (i) The laser poweroptiCS inside the white cell.

varies slightly with wavelength, which can lead to small dif-

ferences in the background signal between the on- and off2 6 |nstrument calibration

resonance measurements. This may lead to a miscalculation

of the net OH signal if the background signal is only mea- The accuracy of in situ measurements of OH and H&l-
sured on one side of the OH transition, especially if the back-icals in the atmosphere is critically dependent on the accu-
ground signal is largely due to scattered laser-light. (ii) Com-racy of the calibration factor and the potential changes which

HO5] x Ruo, x Py (2)
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may occur during field measurements. The sensitivity to- The calibration procedures employed to measuwg &1d
wards OH depends on the excitation rate (ER) of OH in theRyo2 have been described in details elsewhere (Dusanter et
rotational level being probed, on the fluorescence yield (FY)al., 2008) and only information relevant to the K@ali-
of the OH excited state and on the collection efficiency (CE)bration for MCMA-2006 are given here. Calibrations were
of the resulting fluorescence (Stevens et al., 1994; Holland eperformed using two techniques based on fundamentally dif-
al., 1995; Kanaya et al., 2001): ferent approaches. Calibrations using the steady-stgte O
alkene technique were done before, during and after the
Ron = T[ER(L. v. Avp. Avi. Pw. Peell. Pamb. T) . () MCMA campaign, while calibrations using the water-vapor
FY (trad kg;» [M;]) , CE(Q, Ty, 0y, f)] UV-photolysis technique were done after the MCMA cam-

The excitation rate (ER) represents how many OH radicalspaign'

are promoted to the excited state per unit of time. This term 1he (s-alkene technique relies on the production of a

is a function of the length of the laser beam overlapping theSteady-state concentration of OH during the ozonolysis of

ambient air stream, L, the operating wavelengththe full trans-2-butene in a flow tube at atmospheric pressure. Dur-

widths at half maxima of the molecular (Dopplery ) and ing a calibration, gy is measured at various alkene concen-
laser (Av;) lineshapes, the averaged laser power, fhe trations for a constant ozone concentratiogyRs inferred
L] ZLa)

pressure inside and outside the sampling celly Bnd Rumb, fr_om its relationship with the intercept of a linear regres-
and the rotational temperature at the detection axis, T. The'on between 1/@4land u [tr_ans—2—butene] and the values Qf
collection efficiency (CE) represents the fraction of fluores- the rate constants involved in the OH steady-state calculation
cence collected by the optical train and recorded by the pho(Hard et aI.,'2002; pusanter etal., 2008). The water-va}por
ton counting system. This term depends on the solid angIéJV'phOtOIySIs technique takes ad_vantage ofthe photo_IyS|s of
imaged on the detectof?, the transmittance of the optics, water-vapor at 184.9-nm in a calibrator at atmospheric pres-
T,, the quantum efficiency of the MCR,, and the frac-  SUre- The water-vapor photolysis leads to the production of
Vs vy

tion of the pulses emitted during the counting gate period,"fm equal amount of OH and HQadicals. The concentra-

f. With the exception of average laser power, both the excitatlon of OH radicals is determined using; @ctinometry to

tion rate and the collection efficiency depend on parameterger've the lamp flux and the photolysis time (Dusanter et al.,

that are kept under control and do not vary during field mea-2008). Inside the calibrator, OH and H@adicals can be

surements, except the excitation rate which depends linearl{PSt through self- and cross-reactions and on the wall of the
calibrator. The loss of each radical is measured during the

on the averaged laser power. However, simultaneous moni librati q 4 th leulated rati
toring of the laser power during HOmeasurements allows C&!Pration procedure and the caiculated concentrations are
corrected to reflect the concentration of radicals entering the

tracking the excitation rate (ER) and thu
J (ER) SR |instrument (Dusanter et al., 2008).

The fluorescence efficiency (FE) is the ratio of the tota h tivities derived f h q 2k
lifetime of the OH excited state,, and the natural radiative | 1€ Sensitivities derived from the steady-statgdlkene
technique were found to be consistently lower than that de-

lifetime, trad: ) 4 .
fad rived from the water-vapor UV-photolysis technique by ap-
FE— = (4) proximately 40%. Although this difference is within the ex-
Trad perimental uncertainties of the techniques, there are a num-

The total lifetime depends otjaq and on the collisional de- ber of possible explanations for this difference (Dusanter
activations due to the specieswhich quench electronically et al., 2008). A likely reason for the discrepancy between

excited OH by inelastic scattering at a ragg: the techniques is a systematic error associated with the O

) . alkene calibration technigue which may be the result of an

)" = (trad)” "+ qu,- [4i] ®) OH production time-scale that is different between the cali-
i

bration experiments (140-210 ms) and the scavenger exper-
The fluorescence yield, and thug{R depends on the operat- iments used to derive OH yields fromg@lkene reactions
ing pressure and the chemical composition of the sampled aifa few minutes to hours) (Atkinson and Aschmann, 1993;
mass. The most efficient quenchers of the OH excited stat&enske et al., 2000; Kroll et al., 2001b). The OH yields pub-
in ambient air are Bl O, and HO. Constant atmospheric lished in the literature, measured at long reaction times, may
02 and N mixing ratios as well as the negligible variation of be higher than the OH yield produced in the calibration sys-
the internal pressure under normal operating conditions ddem at short reaction times (Kroll et al., 2001a). As a result,
not cause variation of the quenching rates. However, the wausing the reported OH yield may lead to an underestimation
ter mixing ratio is highly variable in the troposphere (1-3%) of Roy. Because of the uncertaing@lkene chemistry and
and care must be taken to calibrate the dependence)gf R the time dependence of the OH yield, only calibrations per-
toward the water concentration. During field measurementsformed with the water-vapor UV-photolysis technique were
simultaneous monitoring of absolute humidity allows correc- used to derive By for the IU-FAGE instrument (Dusanter et
tion of Roy for the quenching of the fluorescence yield from al., 2008).
water-vapor.
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2.7 Specificity of the HQ measurements

-
N

Spectral interferences in the measured OH signal may be
B S S i : caused by other fluorescing species, which can be excited and
detected around 308-nm. Only species exhibiting a resolved
excitation spectrum can interfere with |{@®easurements
due to the fine rotational structure of OH and the on/off-
] resonance procedure used to deriygySThe fluorescence
31 generated by species that exhibit broad absorption features is
discriminated from the OH fluorescence during the measure-
% IR HS SR SRR RN R ment sequence when the laser wavelength is adjusted on- and
4Mar  6Mar  AMar  16-Mar  2Mar  26-Mar  3-Mar off- resonance with the narrow OH spectral line. The same
amount of spurious fluorescence is recorded during on- and
Fig. 4. The black circles represent the calibration performed dur- off- measurements and potential interferences are automati-
ing the MCMA-2006 field campaign using thez@lkene calibra-  cally subtracted when the net OH signal is derived. However,
tion technique described in Dusanter et al. (2008). The grey squarehemical species such as naphthalene and formaldehyde ex-
plotted on 1st March represents the average value for calibrationgipit resolved excitation spectra near 308 nm and may inter-
performed during laboratory tests prior to MCMA-2006. fere with OH measurements. Naphthalene was recently ob-
served to interfere during background measurements when
. ) . the Qu(2) transition of OH is employed (Ren et al., 2004).
. Pr_|or to the MCMA'.ZO% field campaign, Ie}borato_ry cal- However, published naphthalene excitation spectra around
ibrations perfqrme.d with a ?-m long optical fiber using the Q1(2) and Q(3) show that Q(3) is free of interferences
Og-alkenee cahbratg)n tegh nique Igd tola.measgrem'}af (Martinez et al., 2004). Ren et al. (2004) investigated poten-
2.1x107 cts/sfcnm _/mW in dry air. _S|m|lar calibrations tial spectral interferences on the Ground-based Tropospheric
were performed using a 12-m long fiber and led to a mea'Hydrogen Oxides Sensor (GTHOS), developed at Pennsyl-

—7 3 ; : PR
sured R’H of 9.0x 19 cts/sicnT/mW in dry a, which is vania State University (Stevens et al., 1994; Mather et al.,
approximately 2.3 times lower than that obtained from the1997; Faloona et al., 2004), and concluded that formalde-

shorter fiber. This difference is due to a lower transmittance . .
. . hyde does not interfere for OH measurement: ng 2
of the laser light through the longer fiber and the use of Y S hoLInter Su s using it2)Q

delaved i te 1 d back d tter due t &ransition. It is worth noting that the instrumental response
clayed counting gate 1o avold background scatler due to reg, formaldehyde may be somewhat different for thg(3)

f'eg'o.” Oft:]heli/?éiﬂr :f;g:)eGends of_the ];'r? enésiiggoye){ transition. To our knowledge, no other spectral interferences
uring the ; campaign, the 1U- INSU- -~ have been reported in the literature for the resonant detec-

Lne?tdwa§ se’i-hup W':E thet12;]m_ long Ic:)ptlcal Et:fr allnd cali- ion scheme of OH at 308nm. In the future, instrumental
rated using the Qalkene technique. Figure 4 displays six tests will be performed during field measurements to investi-

field calibrations and shows the stability opR throughout ate whether potential spectral interferences are present. The

the campaign. The averaged sensitivity measured using thi : . X o
L : ~ 7 3 ) pectral properties of the fluorescing species, excitation spec-
calibration technique wasdg;=8.8x 10"" cts/s/cnT=/mW in trum and lifetime of the excited state, will be monitored us-

dry air, similar to the calibrations performed before the cam—ing an automated sequence. The recorded parameters wil

palgrtlh This vall:e do': B for trﬁ MS]MA'ZSOG (?’:lmdp:rugn be compared to that expected for the OH radical to provide
vvfazoo/en gorrecg b otvsccoutr;] or te Sys emS\'/C hl terlen_C%uantitative evidence that the detected signal arises solely
0 o observed between the water-vapor UV-photolySiSt.,m, the OH radical. Unfortunately, the sensitivity of the in-

technique and the ste_ady—stat@-é)kene techmque. (B". . ﬁtrument prevented implementation of these tests during the
was also corrected for its water-dependence using add|t|ona}\/|C|v|A_2006 field campaign

calibrations performed after the campaign (Dusanter et al.
2008). Uncertainties in &4 and Ryo2 from the water-vapor

©
e
L
»

R X107 (Ctsls) I mW / (OH cm?)

" Additional interferences with measurements of ambient

: o . : OH radicals can arise from OH radicals generated in the low-
UV-photolysis calibration technique are respectively 17% . f the FAGE Chemical :
and 18% (Dusanter et al., 2008), while the precision in thepressure region of t © . apparatus. emical species
measurements of using; the Q-’alkene technigue is 7% that absorb the laser light during measurements may decom-

Assuming an additional error of 10% to correct for the sys- gomsele?r;]rl]dp:(r:giligiﬂo'(_'th(i_lrgﬁg[e(ﬂ;)terfereHrTc’\(laomZ)r:ti?)):e d
tematic difference between the calibration techniques and a P y

: . L above). This artificial OH is then detected within the same
propagation of errors in quadrature, the uncertaintiesgn R

. ) laser pulse that produced it. Ren et al. (2004) investigated
A m 0,
ggg/o&oz for the MCMA campaign are respectively 21% and potential photolytic interferences from HONO (up to 5 ppb),

H>02 (up to 120 ppb), HN®@ (up to 50 ppb) and acetone
(up to 200 ppm) on the GTHOS instrument and concluded
that none of these species were able to generate significant
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interferences. Note that the concentrations used during thost  1.4x107
tests were higher than that observed during MCMA-2006.

Photolytic production of OH can be investigated during 1.2x107
field measurements using two different on-line tests: (i) In
contrast to the detection of ambient OH, which is a one pho- & 101’
ton process, the detection of laser-generated OH requires twc
photons to successively produce and detect an OH molecule
Providing that the OH absorption transition is not saturated,

8.0x10¢

Average [OH] (cm

the one-photon process will exhibit a linear dependence with B0t ¢ .

the averaged laser power. In addition, providing that the ab- < .46 - s .
sorption transition of the interfering species is not saturated, . : . .

the two-photon process will exhibit a quadratic dependence 2.0x106 9

for a direct production of OH (such as HON®OH+NO). If

OH is generated during complex kinetics involving compet- 0

0.0 2.5 5.0 75 10.0 12.5 15.0 17.5

ing secondary reactions at the detection axis, a scaling expo Laser power (mW)

nent different than 2 may be observed. In order to determine

whether laser-generated OH is produced in the detection reIfig. 5. Average OH concentrations (10:00 a.m. to 05:00 p.m) mea-

gion, the OH concentration is successively measured at varig,req between 14 and 31 March as a function of the average laser
ous laser powers, assuming that ambient OH concentrationgower.

do not vary significantly between the measurements. (ii) A
second testis based on chemical modulation of OH by adding
a scavenger (§Fs) during the sampling stage (Dubey et al., tion. However, difficulties associated with the NO injection
1996). The scavenger concentration is adjusted to removeystem during the campaign required disabling thEgGn-
ambient OH prior to the air sample reaching the detection rejection system. The absence of this automated test makes
gion. Laser-generated OH produced and detected within thé difficult to rule out interferences during the MCMA cam-
same laser pulse will not be removed efficiently due to thepaign. However, several points suggest that the level of such
short reaction time and can be easily identified. interferences were low compared to ambient OH concentra-
Thermal decomposition of an unstable species inside theions: (i) The IU-FAGE instrument is based on a similar de-
low-pressure cell may also produce OH. A possible examplesign to GTHOS (Faloona et al., 2004), which was deployed
is the unimolecular decomposition of Criegee intermediatesn a similar polluted environment without interference issues
produced from the reaction ofQwith alkenes, producing during MCMA-2003 (Shirley et al., 2006). In addition, the
OH radicals at low pressure (Kroll et al., 2001a). This spu-IU-FAGE instrument uses a lower laser power than GTHOS
rious OH would exhibit a linear dependence with the laserto detect OH, suggesting lower potential photolytic interfer-
power. As a result this interference can not be detected bynces. (ii) Tests performed before the MCMA-2006 cam-
changes in the laser intensity. However, a change in theaign (including GFg tests on ambient measurements) sug-
chemical modulation efficiency could indicate the production gest that the IU-FAGE instrument was free of photolytic in-
of OH from a non-photolytic source. The chemical modu- terferences. (iii) Over the course of the campaign, the laser
lation efficiency can be defined as one minus the ratio bepower decreased from 15.8 to 2.2-mW. If a laser generated
tween the OH signal remaining after reaction with the chem-interference was present, it would be expected that its con-
ical reagent and the OH signal monitored without reagenttribution to the OH signal would decrease by a factor of ap-
flowing. The chemical modulation efficiency depends on in- proximately 50 during the campaign. However, measured
strumental parameters such as the concentration of the chen®H concentrations did not exhibit a significant trend as the
ical reagent (GFg) inside the sampling cell, the internal pres- laser power decreased (Fig. 5), strongly suggesting that the
sure and the transit time between the sampling point and theneasurements are free of photolytic interferences.
detection zone. This parameter can be characterized under Potential interferences can be investigated during inter-
the working conditions of the FAGE apparatus for various comparison studies involving instruments based on differ-
concentrations of reagent using an interference-free sourcent techniques. Unfortunately, there have been relatively
of OH radicals such as the photolysis of water-vapor. Dur-few intercomparisons of OH measurement techniques (Heard
ing ambient measurements, if OH is produced in the samand Pilling, 2003). These intercomparisons have involved
pling cell by decomposition of unstable species, the chemi-DOAS, CIMS and FAGE instruments, and show relatively
cal modulation efficiency should appear lower than that ob-good agreement (Heard and Pilling, 2003; Dusanter et al.,
served during laboratory measurements. 2008). These studies give confidence regarding the low level
The IU-FAGE instrument was equipped with the chemi- of interferences of the FAGE technique.
cal modulation test before the MCMA campaign, with addi-
tion of C3Fg through the same injector used for NO injec-
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3000 nal was normalized to 1-SCCM of NO and plotted against
the laser power as shown in Fig. 6. The signal exhibits a

@ 2500 Q clear dependence on the laser power, characterized by an
e /D exponent of 3.880.07 (r, N=36 values). The exponen-
g 2000 / tial factor is higher than the expected quadratic dependence
L 1500 y, on laser power due to a two-photon process such as {he O
> / water interference, and is likely the result of complex kinet-
§ 1000 ics involving competing secondary reactions in the detection
é zone. Further laboratory tests will be performed to resolve
500 this issue. However, the calibration curve shown in Fig. 6 al-
0 S lows quantification of the OH interference produced during

0.0 25 5.0 7_‘5 10.0 12.5 HO, measurements, and thi_s curve was used to _correct the
net HG, signal measured during the MCMA campaign. Cor-
rections were in the range 5-60% on a daily average with the
Fig. 6. Calibration of the spurious OH produced during pibea-  highest impact for days when B@oncentrations were low
surements in clean air. g was measured at various laser power and a high laser power was used. In general, this correction
and various NO flows during the MCMA-2006 field campaigaS ~ was usually below 35%. The additional error due to this in-
was found to be linear with NO and was therefore normalized to 1terference was included in the estimates of the precision of
SCCM of NO. The circles display all the measurements performedthe HGQ, measurement.
on nine different days during the campaign. The black line is a QOther potential interferences during tropospheric ;HO
non-linear fit of the measurements using a power function. measurements have been discussed in several publications
(Stevens et al., 1994; Hard et al., 1995; Faloona et al., 2000;
Martinez et al., 2003; Ren et al., 2004; Ren et al., 2006;
Hydroperoxy radical measurements using FAGE are baseg¢(anaya et al., 2007). One potential interference involves the
on the rapid gas-phase titration of KOy nitric oxide, which  conversion of ambient organic peroxy radicals §R® HO,
produces one molecule of OH per molecule ofH@duced.  jnside the sampling cell. ROradicals can react with NO

The amount of OH prOduced during the titration step is then|eading to the production of through a two-step mecha-
quantified by laser-induced fluorescence. As a consequencgism (R5, R6):

of the addition of high amounts of NO inside the sampling

Power (mW)

cell, secondary chemistry may lead to the production ofRO, + NO — RO+ NO» (R5)
spurious OH. These secondary reactions include the laser-
photolysis of impurities present in the NO mixture and laser-RO + O, — RO+ HO, (R6)

photolysis of chemical species produced in the sampling cell.
Artificial OH may also be generated by bimolecular reactionsThe chemical reaction between R@nd NO leads to the
involving NO. Note that photo or thermal decomposition of formation of alkoxyl radicals (RO), which can decompose
chemical species formed in the atmosphere is unlikely to pro-and/or react with oxygen to produce HQHowever, numer-
duce interferences during HOneasurements. If such inter- jcal simulations (Stevens et al., 1994) and laboratory charac-
ferences were present, their impact would be observed duringrization (Ren et al., 2004) have shown that the rate of HO
OH measurements. Since HOoncentrations are generally formation from RO+Q is too slow under the reduced pres-
much higher than OH (10 to 100 times), an interference ob-sure conditions inside the FAGE cell to generate significant
served at the ambient OH level would be insignificant at theconcentrations of H9from ambient RG. Interference lev-
ambient HQ level. els lower than 2% have been characterized by these authors.
Tests performed during MCMA-2006 indicated that an in-  Another potential interference involves thermal dissocia-
terference was present during bi®easurements due to the tion of peroxynitric acid (H@NO2) and others peroxyni-
addition of NO inside the sampling cell. We observed a sig-trates leading to the production of H@adicals in the sam-
nal showing a power dependence with the laser power angling cell. Previous studies have found that this type of in-
a linear dependence with the NO concentration, characterterference is negligible under polluted conditions (100 ppb of
istic of a multi-photon process. This interference, probablyNOy) (Hard et al., 1995). In addition, thermal dissociation of
caused by photolysis of unknown impurities in the NO mix- HO>2NO» in a FAGE instrument was found to be negligible
ture, has not been identified but was quantified during theduring aircraft measurements (Faloona et al., 2000). Produc-
MCMA campaign by performing zero-air tests. A flow-tube tion of OH from a chemical reaction between KD, and
was attached to the sampling nozzle and the laser-generatédO was recently proposed as another potentiay fif@erfer-
OH was measured in clean air with NO flowing through the ence (Kanaya et al., 2007). The authors argued that a conver-
injector. Tests performed showed an excellent linearity besion of 1% of HQNO, to OH would be enough to double the
tween the detected signal and the NO flow. The net sig-measured H®signal since the HeNO>/HO» ratio was as
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high as 100 during the IMPACT 1V field campaign. On a me- that deteriorates the detection limit of OH. Scattered Photons
dian basis for MCMA-2006 between 08:40 and noon, mea-from gaseous molecules (Rayleigh), particles (Mie) and re-
sured HQ concentrations ranged from 6.5 tox180” cm—3 flections on the wall of the sampling cell are minimized by
while model estimated concentrations of D, are in  working at low pressure, careful baffling of the laser path,
the range 5-1010° cm~3 (Dusanter et al., 2009). Assum- anodized inner surfaces and a gated detection system.

ing a model-calculated [HENO,] at noon of approximately Instrument performance can be expressed using three
2x10°cm 23, a HO;NO,-to-OH conversion of 1% would quantities: the measurement precision, the detection limit
lead to an estimated interference of B’ cm 3, approxi-  and the total uncertainty. The precision is governed by rapid

mately 10% of the observed median Hncentration mea- variations of the background signal due to laser power fluc-
sured at noon. A conversion efficiency of 3% would lead to tuations, changes in Rayleigh and Mie scattering efficiency,
an estimated interference ok@0’ cm~3, which could ac-  and changes in solar scattered light. The precisigy,is
count for 30% of the observed HGignal. Although there defined by the standard deviation of the background signal
have been no reported measurements of a reaction that comtegrated during seconds aV samples/second:

verts peroxynitrates to OH under high KN@onditions, addi-

tional studies are required to address this potential interfer :@ (6)
p
ence. VNt

Intercomparison studies involving instruments based onEquation 6) assumes that the number of points acquired
different techniques for the measurement of4#de sparse. (N x¢) is similar for the on-resonance and the off-resonance
HO, measurements were performed simultaneously by ajgnals as shown by the factor df2. Using photon counting
FAGE and a MI-ESR (Matrix Isolation-Electron Spin Res- techniques, the standard deviation of the background signal
onance) instruments during the BERLIOZ field campaign follows a Poisson distribution anghyg is equal to the square
(Platt et al., 2002). A linear regression of the FAGE mea-root of the background signal. However, investigations of
surements vs. the MI-ESR measurements exhibits a slope ghe |U-FAGE background signal have shown that its distri-
1.03+0.08 and an intercept of 0.38.47 (R?=0.94). Note  pution does not follow Poisson statistics. Figure 7 shows
that NG concentrations were in the range 2-16 ppb. Antwo segments of data taken during laboratory and field mea-
intercomparison between a FAGE and a CIMS instrumentssyrements, and shows that the background signal distribution
was performed at a rural site in Pennsylvania (Ren et al.js petter represented by a Normal distribution. The reason
2003a) where ambient HOconcentrations were measured for this is likely the result of normal-distributed fluctuations
for 4 days under NQconcentrations ranging from 4 to 7 ppb. from rapid variations of the laser power and the scattering ef-
A linear regression of the measured pi€bncentrations re-  ficiency of the sampled air mass when the background signal
sulted in a Slope of 0.96 and a Statically insignificant inter- distribution is investigated on a |ong time period_ As a con-
cept of 0.60 ppt R?=0.85). Recently, a FAGE instrument sequence, the precision of our measurements for the MCMA
modified to measure RFHO, was compared to a MI-ESR  campaign was calculated using Normal statistics. It is worth
instrument measuring the sum of peroxy radicals in the atnoting that using a Poisson distribution would improve the
mospheric simulation chamber SAPHIR (Fuchs et al., 2008) measurement precision but would lead to an obvious under-
An excellent agreement was observed between the two techsstimation of the measurement error.
niques under low levels of NO The three intercomparison  The detection limit is the lowest OH concentration re-

studies mentioned above give confidence in ambient meaquired to observe a net OH signal that is above the precision
surements of H@using the FAGE instruments deployed in for a given signal to noise ratio (SNR):
the field.

Op
ROH Py,

The total uncertainty for an OH measurement depends on
The overall performance of IU-FAGE in terms of precision the precisiond,), the uncertainty of the calibrated sensitiv-
and limit of detection depends on the calibrated sensitivity,ity Ron, the uncertainty of the & water-dependence and
the stability of the laser power, and the various sources othe uncertainties of the measured ambient water mixing ra-
noise that contribute to the background signal. The latter igios and laser power. Laboratory characterizations performed
detected in absence of OH fluorescence and is a combinatiobefore the MCMA campaign shown that the 1U-FAGE in-
of dark noise, electronic noise, and scattered photons fronstrument, set-up with the 12-m long fiber, is capable of de-
solar light and the laser beam. Dark noise is inherent to thetecting 3.9< 10° molecule/cr at a signal to noise ratio of 1,
detector and its contribution to the background signal is neg-an averaged laser power of 10-mW and a signal integration
ligible. Electronic noise was reduced by careful design of thetime of 5-min (on-resonance+off-resonance measurements).
detection system and its contribution does not limit the per-The calibration accuracies )} are +17% for OH and
formances of IU-FAGE. Prompt scattering of the excitation £18% for HQ, using the water photolysis calibration tech-
photons is the primary component of the background signahique. However, during the MCMA-2006 campaign, the

[OH]min= SNRx

Q)

2.8 Instrument performance
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P 3 Deployment of IU-FAGE during MCMA-2006

50 A The Mexico City Metropolitan Area 2006 (MCMA-2006)
S iescEE = 1809 cts/q field campaign was one of four components of MILAGRO
(Megacity Initiative: Local And Global Research Observa-
tions) intended to collect scientific information on the impact
of megacity emissions on local, regional and global scales.
The Mexico City Metropolitan Area was chosen as a case
study for several reasons. Mexico City is the second largest
| megacity in the world and is characterized by high emissions
0 40 80 120 of VOCs and NQ. Mexico City lies at a sub-tropical latitude
Bin Center (cts/s) and an elevated altitude of 2240-m, resulting in an active pho-
tochemical environment. As a result, chemical processing of
Fig. 7. Distribution of the background signal. The left portion the primary po||utants in the MCMA basin gives rise to sec-
of the figure represent the distribution of the background Signa|ondary pollutants such asgPwhose concentration exceed
(537 points, bin width of 4 cts/s) observed during calipration &X- air quality standards more than 300 days a year (Raga and
periment performed at a laser power of 3.6 mW. The right portion Raga, 2000; Molina and Molina, 2002). More information
displays a similar distribution (502 points, bin width of 40 cts/s) ob- about recent MCMA field studies can be found in Molina et

served on 27 March during the MCMA-2006 at a laser power of .
4.0mwW 9 P al. (2007) and references therein.

Only details pertinent to the HOmeasurements per-
formed by the IU-FAGE instrument are given in the follow-

IS
o

Frequency of
distribution
8

N
=3

OH, HO, Solar Flux ing sections. Qualitative observations are provided to help
Measurements understand the behavior of H@oncentrations in polluted
03, NOy environments. Comparisons between model-predicted and
Sampling Cell measured HQconcentrations and an assessment of the rad-
/ ical budget during MCMA-2006 will be presented in a sepa-

rate publication (Dusanter et al., 2009).

3.1 G, NOy and J-values measurements

Measurements of radiative parameters and long-lived
species, characterizing HGsources (photolysis rate con-
stants, @, HCHO, CHsCHO, HONO, CHOCHO, HN@),
sinks (NG, SO, CO, VOCs), and meteorological param-
eters were measured at the Instituto Mexicano del Petroleo
(TO site). Only measurements pertinent for this study are
briefly described below.

IU FAGE in- Measurements of § NOx and J-values were performed
strument on the roof of the building 32 at TO, collocated to IU-FAGE.
O3 was monitored using a commercial monitor (Teledyne
400E) based on UV absorption whose calibration was per-

formed against a photometriczQralibrator (API, M401)
Fig. 8. Configuration of the IU-FAGE instrument during the before and after the MCMA field campaign. Measure-
MCMA 2006 field campaign. ments of NQ (Thermo Environmental) were performed us-
ing a commercial monitor from RAMA based on chemi-
luminescence of N@ Uncertainty and detection limits
IU-FAGE instrument was prone to a large, unknown elec-for 10-min average are 10% ) and 0.1ppb (&) re-
tronic noise which deteriorated the instrument performancespectively for @, NO and NG measurements. Photol-
The observed minimum detectable concentration displayedsis frequencies for N§> NO+O@P), O;—O(D) +O,,
in Table 2 varied from 6.910° to 3.3x 10° molecule/crifor ~ HONO—>HO+NO, HCHO-H+HCO and HCHO»H,+CO
a laser power ranging between 15 and 2 mW and an integrawere directly measured using a spectroradiometer as de-
tion time of 7.5 to 30-min. Improved shielding and ground- scribed for MCMA-2003 (Volkamer et al., 2007). Uncertain-
ing of the detection system will be employed for future field ties are estimated to be 25% for @) and 15% for J(NG),
deployments to reduce this interference. J(HONO) and J(HCHO).

12 meters
Optical Fiber
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Table 2. Fractional amount of OH measurements higher than the limit of detection.

Day Limitof detection Percentage of data-points higher Averaging time

Daily average than the limit of detection (min)
(x108 cm=3) Signal/Noise=1
14 0.98 95.7 7.5
15 0.69 100 7.5
16 0.79 85.3 15
17 0.83 85.7 30
18 21 77.8 30
19 1.3 92.9 30
20 15 75.0 30
21 2.6 74.4 30
22 1.9 80.0 30
23 1.8 83.3 30
25 3.2 42.9 30
26 1.9 55.6 30
27 1.8 375 30
28 3.3 52.6 30
29 29 58.8 30
30 1.2 82.0 30
31 1.5 83.3 30
14-31 79.4
3.2 HOQ measurements every 15-min (14-15 March) and every 8-min (16—31 March)

and OH was measured during the remaining time using 10-

Atmospheric OH and H@concentrations were measured be- S modulation cycles. The calibration accuracies)(are
tween 14th and 31st March. The laser system and associateth %0 for OH and 22% for H@ taking into account the addi-
electronics were located inside an annex on the roof of Build-tional error introduced by the correction from the systematic
ing 32 at TO as shown in Fig. 8. The sampling cell was lo- difference observed between the steady-stat@lkene and

cated on the roof of this annex and was set-up using the 12-rif€ water-vapor UV-photolysis calibration techniques, as dis-
long optical fiber. cussed in the Calibration section.

As mentioned in the Instrument performance section, The time series of measured OH concentrations and its
the precision of the HQ measurements during the cam- median profile for all measurements are displayed in Figs. 9—
paign was degraded by electronic noise at this site, and.1, together with measured JD) values. These fig-
an averaging time of 7-30min was necessary to achievaires show that OH exhibits a diurnal pattern, which fol-
a reasonable detection limit ranging from &X0° to lows the solar actinic flux. The maximum OH concen-
3.3x10P molecule cn® at SNR=1 for OH. Table 2 shows tration observed from day to day varied betweenx2.(P
that 79.4% of the data points recorded from 14 to 31 Marchand 1.5<10’ molecule cnt3. On a median basis (Fig. 11),
are higher than the limit of detection (S/N=1). li€oncen- OH peaked near 4:610° molecule cnt® at noon (CST).
trations were 10-100 times higher than OH and an averagindlote that high levels of OH (usually abovex%0°cm=3)
time of 15-s is sufficient to get a detection limit in the range are clearly observed on 16th, 18th and 21st March between
4.4x10° to 2.8x10’ moleculescm®. OH and HQ were  09:30-11:00a.m. (Fig. 9). This suggests that efficieng HO
not measured simultaneously, as only one detection axis wasources and/or a fast radical propagation under the high NO
used to measure both radicals. FH®as measured for 15-s conditions of the MCMA exist during the morning hours.
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Fig. 9. OH and HQ diurnal profiles from 14 to 22 March. The upper panel displays the measured OH concentrations using black circles.
The OH measurements are averaged for 7.5-min for 14 and 15 March, 15-min for 16 March, and 30-min for 17-22 March). The lower panel
displays the measured H@oncentrations using black circles and an integration time of 15-s. For both panels, the green line corresponds
to the measured JéD) values, the red line displays the limit of detection (S/N=1) and grey error bars are the precisjan(the HQ
measurements.

This is consistent with the intense morning photochemistryapproximately one hour later than OH. The later peak 0fHO
observed during MCMA-2003 (Shirley et al., 2006; Volka- in urban environments with respect to 3@ has been ob-
mer et al., 2007). OH concentrations decrease witHDJO  served previously in several studies and is likely related to
in the late afternoon and remain at a significant level ofhigh NOx emissions during the morning rush-hour suppress-
0.7-1.5¢10° molecule cnt3 between 05:00 and 07:00 p.m. ing the production of H@ as well as @ (Holland et al.,
(CST). This may be the result of the H@onversion into OH  2003; Martinez et al., 2003; Ren et al., 2003b; Shirley et al.,
through its reaction with NO and/or the ozonolysis of unsat-2006). Figure 12 also displays measurements of NOz NO
urated compounds which are known to yield OH, H&ahd  and G sampled within 50—-100 cm of the IU-FAGE nozzle.
RO, radicals (Paulson and Orlando, 1996). The median NO mixing ratio was more than 200 ppb around

) ) ) ) ) 07:00 a.m. and decreased slowly during the morning and
A time series and the median diurnal profile of the Mea-early afternoon.

sured HQ concentrations are also displayed in Figs. 9—

11. The dependence of HCconcentrations on the so- Photolysis of @ at short wavelengths and the subsequent
lar actinic flux is less evident than that for OH. The max- reaction of the photoproduct &) with water-vapor (R1—
imum daily HO, concentration ranged from 5@0’ to R2) is the major source of RQOH+HO,+R0O,) radicals in
4.5x10° molecule cn3. In addition, peak concentrations the remote-rural troposphere and 3{X) can be considered
up to 6.5<10% molecule cn3, were also observed on March as an indicator for the total photolytic production of odd hy-
28th and 31st during morning hours. The diurnal mediandrogen radicals. However, photolysis of other oxygenated
profile of HO, peaks at 1.910% molecule cn® and occurs  species such as HONO, glyoxal, methylglyoxal and other
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Fig. 10. OH and HG diurnal profiles from 23 to 31 March. The upper panel displays the measured OH concentrations using black circles
with an integration time of 30-min. The lower panel displays the measuregddd@centrations using black circles and an integration time

of 15-s. For both panels, the green line corresponds to the measu%bl)d(&bes, the red line displays the limit of detection (S/N=1) and
grey error bars are the precisiors(lon the HQ measurements.

dicarbonyl species can also contribute to thg R@duction  chemical composition (HONO, dicarbonyl species, NO)
in urban environments. The contribution of these species tdor similar J-values. Figure 13 also displays OH measure-
the production of RQ) has been found to be important rela- ments performed under high and low N€onditions.
tive to Oz photolysis in the MCMA (Volkamer et al., 2007).
Note that like HONO, these species are photolysed at wave- Under the high concentrations of N®@bserved during
lengths longer than 330-nm, and as a result J(HONO) is exMCMA-2006, both OH and H@ are expected to decrease
pected to be a better proxy than 3{@) to describe the total with increasing NO under conditions where the production
photolytic production of RQin this environment. However, rate of the radicals is constant (Martinez et al., 2003; Ren et
the observed correlation of the measured OH concentratio@l., 2003b). In the MCMA, the morning production of KO
with J(HONO) is not significantly better than the observed is mainly controlled by photolysis of HONO and to a smaller
correlation between OH and JD). Figure 13 displays the extent by photolysis of glyoxal, methyl glyoxal and unsatu-
correlation plots between measured OH and J(HONO) andated dicarbonyl species (Volkamer et al., 2007; Dusanter et
J(O'D) that illustrates the OH dependence on the photolytical., 2009). However, in the MCMA, temporal variations of
production of radicals in MCMA-2006. The low correlation NOy concentrations and J-values are not independent. High
coefficient ®2=0.199 for J(HONO),R?=0.163 for J(GD)) NOy concentrations observed in the early morning are char-
indicates that less than 20% of the variance of OH can be exacterized by low J-values and low N@oncentrations by
plained by variations in JJHONO) or JtD). A large part of  higher J-values in the late morning-early afternoon. In order
this variance can be attributed to the OH measurement precio investigate the HO/NO dependence, daily 30-min me-
sion and to a lesser extent to the variability of the atmospheriglian OH and HQ@ concentrations were normalized to the 30-
min median measurements of J(HONO) and [HONO] using

www.atmos-chem-phys.net/9/1665/2009/ Atmos. Chem. Phys., 9, 1685-2009
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Fig. 11. Median J(@D), OH and HQ. Grey symbols are individ- Fig. 12. Median NO, NGQ and G;. Grey symbols are individual

ual measurements and black symbols are the medians calculated dRéasurements averaged for 1-min and black symbols are the medi-
data binned with a time interval of 30-min for XD) and 60-min  @ns calculated on data binned with a time interval of 30-min. Day-

for OH and HG. OH concentrations displayed on the middle panel time data between 08:00 a.m. and 06:00 p.m. were recorded from
were averaged for 30-min for each individual day. encen- 14th March to 31st March. The remaining data was recorded be-

trations displayed on the lower panel are individual measurement§véen 26-31 March.
averaged for 15-s for each individual day.

Eq. ©). J(HONO)yqand [HONO}yg are average values cal- 3.3 Comparison with previous urban measurements

culated from 08:30 a.m. to 06:30 p.m.
Table 1 is a chronologic compilation of the field campaigns

XHONO)avg [HONO]an(S) performed in urban and sub-urban environments that in-

J(HONO) x [HONOJt clude HGQ, measurements. Nine of the twelve studies were
[OH]normatized@and [HO ] normalized @re plotted as a function performed during spring-summer months, while only three
of [NQ] in Fig. 14. Only HQ, measurements performed at studies focused on the photochemistry occurring in winter.
NO mixing ratios above 2 ppb are displayed in this figure. Measurement-model comparisons have been performed us-
NO mixing ratios below 2 ppb were characteristic of mea- ing either comprehensive reaction mechanisms such as the
surements performed in the afternoon where other sourceslaster Chemical Mechanism (MCM), or lumped chemi-
of HOy, such as the photolysis of formaldehyde, cannot becal mechanisms such as the Regional Atmospheric Chemi-
normalized by J(HONO). As can be seen in Fig. 14, bothcal Mechanism (RACM). Agreement between modeled and
OH and HQ decrease with increasing NO. A decrease of measured HQconcentrations ranged between an underpre-
both, OH and H@Q, is the expected qualitative behavior in a diction by a factor of 2 for OH (PUMA) and 6 for HEYPM-
NOy saturated environment. HQ@ecreases since NO shifts TACs winter campaign), and an overprediction by factors
the partitioning of HQ towards OH. OH also decreases as of 1.5-2 for OH (LAFRE, BERLIOZ) and 1.4 for HO
the result of an OH loss rate from OH+N@hat is higher (BERLIOZ), with occasional agreement for both OH and
than the OH production rate from B®NO. However, the HO, (MCMA-2003). It should be noted that the reported
observed decrease in OH and pH®@ith increasing NO is not  concentrations for MCMA-2003 have recently been revised
as steep as expected. This point will be discussed in a comand the new concentration profiles are approximately 1.6
panion paper (Dusanter et al., 2009). times greater than previously reported (Mao et al., 2009).

[Hox]t,normalized= [HO]t x
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Fig. 14. Correlation plot between normalized K{@oncentrations
—_—— and NO. 30-min median of daily OH and HQ@oncentrations are
TUUGOEW0  10E05 20805 30EG5  40E05 G005 GOEDS normalized to J(HONO) (see text). Grey circles display the mea-
J(0'D) (5") surements performed before noon. Black circles are medians based
on binned NO.
Fig. 13. Correlation plots between OH radicals, J(HONO) and
J(OlD). Daily measurements are averaged for 30-min over the 1000
whole campaign. The grey circles display measurements performec
under high NQ conditions before noon (3dNO<292 ppb, 100
15.8<NOp<127.1ppb). Black circles display measurements T
performed under lower N conditions (0.2NO<13.5ppb, 2
0.7<NOy<77.1). s -
==
1
This sparse agreement between measurement and model i i .
o . L 0.1
IustraFes the difficulty m_characterlzmg the complex HO Y 1 10 100
chemistry of polluted environments. NO (ppb)

Table 1 indicates that the production of K@dicals un-
der polluted conditions is sometimes controlled by the pho-Fig. 15. Correlation plot between HEOH ratio and NO. Black
tolysis of Q3 (BERLIOZ, SOS), as in remote environments. symbols are individual measurements and orange symbols are the
However, processes such as HONO photolysis (LAFRE, PM-median calculated on binned NO data.
TACs) and non-photolytic @alkene reactions (PUMA) can
also dominate HQproduction in urban environments. The
wide variety of HQ sources and sinks involved in urban en- often offset by higher secondary production rates of -
vironments makes it difficult to determine the radical budgeticals due to photolytic reactions of oxygenated species, reac-
in these areas. Table 1 indicates that OH measurements fdions between @and alkenes and the production of OH from
the summer campaigns lay in a short range of concentrationthe rapid HQ conversion by NO.
from 2 to 9x10° cm~3, with the exception of PMTAC and The HQ,/OH ratio reflects the partitioning between OH
SOS where OH concentrations as high as 20°cm—3were  and HQ, which depends on the processes that interconvert
observed on some days. It is interesting to note that highthe radicals. In contrast to absolute concentrations of , HO
nighttime OH and HQ concentrations were also frequently this ratio does not depend on the production and termina-
observed during these two campaigns, in contrast to the othetion rates of the radicals. As a consequence#@Bi is an
urban field measurements. This may suggest the contributiomteresting indicator of the cycling of RQOH+HO,+R0O,)
of additional HQ sources for the latter two studies. This radicals that can be used as a measure of the efficiency of
qualitative behavior suggests that the increased primary loseadical propagation. Measured HIOH ratios as a func-
of OH, due to increasing NQand VOCs concentrations, is tion of NO are displayed in Fig. 15. Note that OH and HO

www.atmos-chem-phys.net/9/1665/2009/ Atmos. Chem. Phys., 9, 1685-2009
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120 ‘ : 3 + Z kro,+NOPRO+NO,[RO2][NO]

é o T S R S T T In this equation®ro24No represents the yield of RO+NO
- R Y : '3 from RO,+NO. Figure 16 displays P(Q values calculated
g e =k ! ; from 30-min median measurements of pi&hd NO between
prt © w0 R 14 and 31 March. Note that these calculations only account
g S i R B e for the NO-to-NQ oxidation rate due to HE) as they only

0t ; : —— $s .0 | use the first term on the right side of EqQJ. For compari-

5o 100 120 Tim::ésn 1o e e son with MCMA-2003, net instantaneous rate of @oduc-

tion by HO, was also calculated using the formalism adopted

Fig. 16. Instantaneous production ofyGand G from 14 to 31 by Shirley et al. (2006), using only the first and third terms

March. Calculations were performed using Ef0)(and Eq. (1) in Eq. Q1):

(see text). Orange squares display g)(€alculations using median P(O2) = k HO,1INO 11
measurements of Hand NO. Black circles display Pgcalcula- (©2) HOz+NO[HO2]INO] (11)
tions using median measurements of OH, N0 and NQ. Grey + Z kro,+NOPRO+NO,[RO2][NO]

circles are median measurements of surface ozone. The green line

represents the chemical reaction rate of OH+NBNO;3. —koH+No,[OH][NO2]

The difference between EqL@) and (L1) is the subtraction

were not measured simultaneously and for these calculation‘gf t?ﬁ I-;NOQ;.pl’Od]:J Eltlor; rate Lﬂihm tOé—|+NQ dtolne(';otacccr)u_nt
OH was averaged for 30-min around eachHfleasurement dourcti(?n ralﬁ(;\?vr;\?er ?otzrmgt usﬁl gﬁls ngH e; @n%?il 8(
(15-min before and after). HOH is expected to depend ' ’ g only ’

on NO,and VOC concentrations and is expected to decreasg}et?suremergs '? eqlhl)thkelygeadtf tg ztan dutndegstlm?r?on
with increasing NO because of the fast conversion ohb HO of the G production that can be attributed to H&ince the

into OH: subtraction account for the N®nolecules formed during the
oxidation of NO by all the peroxy radicals and not only HO
[HOz] X Rateofreaction€OH — HOp) P(Qy) from Eq. (L0) and P(Q) from Eq. (L1) display similar
[OH] ¥ Rate of reactiondHO, — OH) patterns and only P(§)is discussed below.

P(03) was as high as 80ppb/h in the early morning
korvoclVOC] + kont.colCOJ + Kon+0s[Os] (9)  (08:30-10:00 CST) and decreased to 31 ppb/h around noon,
kr0,+NOINOI + Kr0,-+05[Os] reaching a minimum of 3—-4ppb/h in the late afternoon
Observed H@/OH ratios varied from 1 to 120 during (17:00-18:00 CST). The high PgDvalues observed before
MCMA-2006, while measured NO mixing ratios were in the solar noon are conS|ste_nt with those observed in other ur-
range 1—120 ppb for these calculations. These ratios are sinf2@n environments (Martinez et al., 2003; Ren et al., 2003c;
ilar to that measured in previous campaigns (Table 1) and apSnirley et al., 2006). P(§) values calculated for MCMA-
pear to decrease as NO increases. It is interesting to compar?03 (Shirley et al., 2006) were about a factor of two lower
the results from MCMA-2003 and 2006 where the #i0H  than that for 2006. However, the agreement is better when
ratios were measured in the same city, but at different locatSing the revised Hodataset for MCMA-2003 (Mao et al.,
tions and 3 years apart. The measured ratios during 2006 ag009). These P(§) values calculated for MCMA-2003 are
generally smaller than that measured in 2003 for a similarSimilar to that calculated for MCMA-2006 from 08:00 to
NO mixing ratio (typical HQ/OH ratios of 40 at 10ppb of ~12:00 CST while P(Q) values for MCMA-2006 are a fac-
NO during MCMA-2003). This result is consistent with the tor 2 lower from 12:00 to 18:00. .
lower concentrations of CO observed during 2006 (median The instantaneous production of @stimated from the
peak CO of 2600 ppb in 2003 (Shirley et al., 2006) compareoHOZ m_easurements described aboye appears to be inconsis-
to a median 1600 ppb for CO in 2006), although the total €Nt with the observed £concentrations, and may suggest
level of VOCs was similar during the two campaigns (median@n interference with the measured concentrations 05.HO
peak of 1500 ppbc in 2003 (Shirley et al., 2006) compared toowever, while surface ozone concentrationg][@nd in-
a median of 1600 ppbc for VOCs in 2006). However, medianStantaneous ozone production Bf@re strongly linked to-
NOy levels were generally 3 times lower in 2003 Comloaredgether, these two parameters are characterized by_ different
t0 2006. temporal and spatial scales. Measuregl d@ncentrations,
The gross rate of instantaneoug (@s+NO,) production, which dep.end on .the history of the air mass peing sampled,
P(Q) in Eq. (10), is driven by radical propagation and is reflect an integration of P(£) over a Iargg spatial scale and
also a good indicator of the cycling between OH and peroxy@ long timescale. The calculations of instantaneous ozone

radicals: production presented here do not take these issues into ac-
count, which are critical in the conversion of R{Onto an
P(Oy) = kHo,+No[HO2][NO] (10) amount of ozone eventually produced. In order to relate
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