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Abstract. OH reactivity kgH/ is the total pseudo- rst-order suggestions for future improvements to OH reactivity LFP-
loss rate coef cient describing the removal of OH radicals to LIF instruments.

all sinks in the atmosphere, and is the inverse of the chem-
ical lifetime of OH. Measurements of ambient OH reactiv-
ity can be used to discover the extent to which measured

OH sinks contribute to the total OH loss rate. Thus, OH re-1  Introduction

activity measurements enable determination of the compre-

hensiveness of measurements used in models to predict affH radicals dominate atmospheric oxidation chemistry, con-
quality and ozone production, and, in conjunction with mea-trolling the lifetimes of most primary pollutants and green-
surements of OH radical concentrations, to assess our undeflouse gases emitted into the atmosphere, including methane,
standing of OH production rates. In this work, we describe CO. Volatile organic compounds (VOCs), M@nd SQ,

the design and characterisation of an instrument to measur@hilst also contributing to the production of secondary pol-
OH reactivity using laser ash photolysis coupled to laser- lutants such as ozone, sulphuric acid and secondary organic
induced uorescence (LFP-LIF) spectroscopy. The LFP-LIF aerosol (SOA) (Stone et al., 2012). Appreciation of the fac-
technique produces OH radicals in isolation, and thus min{ors controlling atmospheric OH radical concentrations is
imises potential interferences in OH reactivity measurementdhus essential to understanding the processing and fate of
owing to the reaction of HOwith NO which can occur if trace species in the atmosphere, and to our ability to under-
HO, is co-produced with OH in the instrument. Capabilities stand and predict air quality and climate change. Moreover,
of the instrument for ambient OH reactivity measurementsthe short chemical lifetimes of the OH radical and the closely
are illustrated by data collected during eld campaigns in 'elated HQ radical make OH and Hgldeal species for test-
London, UK, and York, UK. The instrumental limit of detec- Ing the chemical mechanisms used in atmospheric models
tion forkgH was determined to be 1.0%5for the campaign in since their concentr_ations are controlled by in situ chemistry
London and 0.4 s! for the campaign in York. The precision, 2/0n€ and are not in uenced by transport processes. How-
determined by laboratory experiment, is typically <1gor ~ €Ver. model simulations of OH concentrations require cal-
most ambient measurements of OH reactivity. Total uncer-culation of both OH production and loss rates, and there
tainty in ambient measurements of OH reactivity i€ %. is potential for'agreement between'modelled 'and observed
We also present the coupling and characterisation of the LFPOH concentrations based on opposing errors in the produc-
LIF instrument to an atmospheric chamber for measurementfion and loss terms. Similarly, when model calculations show

of OH reactivity during simulated experiments, and provide POO' agfeeme”t with observatiops, it can _be problematic.to
determine whether the model discrepancies result from in-
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2828 D. Stone et al.: Measurement of OH reactivity by laser ash photolysis

complete knowledge of the total production rate or of the to-for airborne measurements of OH reactivity by reducing the
tal loss rate. number of time points used to determine the OH decay rate.
Observations of OH radical concentrations made in con-The ow rates of sampled air in the ow tube method are
junction with measurements of OH reactiviﬂggg/, the to-  relatively high ( 300-900 standard L mirt), with turbulent
tal loss rate of OH and the inverse of the OH chemical life- ow conditions leading to high wall loss rates of OH in the
time ( o/ thus provide a means to separate the productionow tube and relatively high uncertainties in determinations
and loss terms for OH, enabling a more robust test of ourof OH reactivity owing to uncertainties in the wall loss rates.
understanding of OH radical concentrations and of atmo-Knowledge of the ow velocity in the ow tube, requiring di-
spheric oxidation chemistry. In addition, comparison of mea-rect measurement or knowledge of the ow regime, total ow
sured OH reactivity with calculated OH reactivity, based on rate and cross-section of the ow tube, is also needed to con-
observed concentrations of OH sinks and known rate coefvert the distance over which OH and ambient air are mixed
cients for their reactions with OH (Eqg. 3), also provides an to reaction time, and can lead to uncertainties in the contact
indication of the presence and importance of unmeasured Olime between OH and reactants in ambient air. A signi cant

sinks: disadvantage of the ow tube method is the generation of
equal concentrations of OH and Hllowing photolysis of
dTOHUt D 6k x TXUDHU (1) water vapour at the tip of the sliding injector (Reactions R1—
D kgH'IOHU 2) R2), leading to the potential for production of OH in the ow
kgH D 6k XU 3) tube on tr_le times_cale of the exp.eriment owing to the reaction
of HO, with ambient NO (Reactions R3).
where ky is the rate coef cient for reaction of OH with HO,CNO! OHC NO, (R3)

species X and<gH is the OH reactivity (the pseudo- rst-
order rate coef cient for reaction of OH with all reaction The production of OH from Reaction (R3) reduces the ob-
partners present). Finally, using both [OH] ak@h to de-  served decay rate of OH in the ow tube, and measurements
termine d[OH]=dt experimentally, it is possible to evaluate Of OH reactivity using the ow tube method thus also require
the completeness of our knowledge of OH sources, whichsimultaneous measurements of ambient NO concentrations
when added together should eq@al[OH]=dt if the steady-  in order to correct for interferences from HONO, which
state budget is closed (Martinez et al., 2003; Whalley et al.can be quite signi cant. For example, for 75 ppb NO, a typi-
2011; Fuchs et al., 2013; Lu et al., 2013). cal rush hour mixing ratio in Mexico City, a correction factor
Measurements of OH reactivity in the atmosphere haveof 1.7 was required to account for the production of OH
been made by three different techniques — the ow tube techfrom HO,C NO within the ow tube (Shirley et al., 2006).
nique, the laser ash photolysis technique and the compar- In the comparative reactivity technique, a reactive
ative reactivity method, with all three methods relying on molecule not usually present in air, typically pyrrole, is en-
production of above ambient concentrations of OH radicalstrained in a gas ow and the rate of its decay owing to reac-
and monitoring of the OH decay rate, either directly or indi- tion with arti cially high concentrations of OH is measured
rectly. The ow tube method (Kovacs and Brune, 2001) typ- in “zero” air and ambient air by proton transfer quadrupole
ically generates OH radicals at the tip of a sliding injector by mass spectrometry (PTR-QMS) (Sinha et al., 2008), proton
photolysis of water vapour (Reaction R1) using a mercurytransfer time of ight mass spectrometry (PTR-ToFMS) (Mi-
vapour lamp, also resulting in production of H@adicals  choud et al., 2015) or photoionisation detection (GC-PID)

(Reaction R2). (Nolscher et al., 2012). Comparison of the rates of decay of
the molecule in “zero” air and ambient air enables determina-

H,OCh ! HCOH (R1) tion of the competition between the reaction of OH with the

HC 0,.CM/! HO,.CM/ (R2) known concentration of the reactive molecule and the reac-

tion of OH with sinks in ambient air, thus enabling measure-
The OH radical signal is monitored downstream of the injec-ment of the ambient OH reactivity. Absolute measurement of
tor after mixing with a ow of ambient air in the main tube. the physical loss rate of OH is not required for the technique,
By changing the position of the sliding injector relative to the and the limit of detection of comparative reactivity instru-
point at which OH is detected it is possible to vary the con- ments is determined by the sensitivity to changes in the signal
tact time of OH with the ambient air, and thus to determine corresponding to the concentration of the reactive species.
the total loss rate for OH in the ow tube. However, the tech- However, OH radicals are typically produced in comparative
nique has a number of disadvantages. The time resolutioneactivity instruments through Reactions (R1-R2), in a simi-
of measurements made by the ow tube method is relativelylar manner to that used in ow tube instruments and thus also
poor, owing to the need to measure OH signals at a number gbroducing high concentrations of HOInterferences result-
different injector positions to obtain a kinetic pro le, during ing from OH production from H@C NO are thus also poten-
which time the ambient OH reactivity could show signi cant tially problematic for comparative reactivity instruments and
variability, although Mao et al. (2009) overcome this issue knowledge of NO concentrations are required to correct for
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any interferences. In addition, the amount of OH producedin the Mexico City Metropolitan Area (MCMA), with the

is dependent on humidity, and it is essential to ensure conebserved reactivity reaching 120's(Shirley et al., 2006).

stant humidity between measurements made in “zero” air anddigh OH reactivity has also been observed in Paris dur-

those made in ambient air, with signi cant corrections of- ing the MEGAPOLI campaign in 2010, witkpy reaching

ten necessary to account for any differences (Michoud et al.130's ! for continental air masses and calculations based on

2015). measured VOC concentrations underestimating the reactiv-
The laser ash photolysis technique (Sadanaga et al.jty by up to 75 % (Dolgorouky et al., 2012). Reactivity mea-

2004a) produces OH in isolation (i.e. with no simultaneoussurements in Tokyo were underestimated in summer, spring

production of HQ/ via laser photolysis of g typically ata  and autumn, but reproduced to within 5% in winter, with

wavelength of 266 nm, followed by reaction of D) with the reactivity correlating well with N@throughout the year

ambient HO (Reactions R4-R5): (Sadanaga et al., 2004b; Yoshino et al., 2006; Chatani et al.,
2009; Yoshino et al., 2012). Aircraft measurements of OH

O3Ch. D266nnmi! 0,CO.'D/ (R4)  reactivity have also shown that reactivity tends to decrease

0.1D/CH,0! 20H: (R5)  with altitude, with discrepancies between observed and cal-

culated reactivity most pronounced at altitudes up to 2km

The production of OH without initial co-production of HO  and tending towards agreement at altitudes above 4 km (Mao
minimises potential interferences from HONO and ren- et al., 2009).
dersthe ash photolysis technique more suitable to highyNO  Flow tube measurements at an urban site in Houston,
(NOx D NOC NOg2/ environments. The laser ash photoly- US, during the TEXAQS2000 and TRAMP2006 campaigns
sis method also has the advantage that the production of OMao et al., 2010) and at a forested site at Whiteface Moun-
radicals is uniform throughout the reaction cell, minimising tain, NY, USA (Ren et al., 2006b), were well reproduced
the risk of poor mixing which is potentially problematic for by model calculations. However, measurements made at a
the ow tube and comparative reactivity techniques. Flow coastal site in Norfolk, UK, typically characterised by rela-
rates of sampled air are typically lower for the laser ash pho-tively “clean” air were signi cantly underestimated and at-
tolysis instruments ( 12—20 standard L mint) (Sadanaga tributed to the presence of numerous high molecular mass
et al.,, 2004a) than for those using ow tubes 800—  VOCs at low concentrations which were not included in the
900 standard L mint) (Kovacs and Brune, 2001; Kovacs et VOC measurement suite (Lee et al., 2009; Ingham et al.,
al., 2003; Ingham et al., 2009; Hansen et al., 2014), and th009). The presence of unmeasured VOCs was also indicated
resulting laminar ow of gas reduces contact of the gas with for the PROPHET 2000 campaign at a forested site in Michi-
the walls of the instrument, thus reducing the physical lossgan, USA, during which the measured OH reactivity was un-
rate of OH and associated uncertainties. Although averaginglerestimated by 50 % on average, with the “missing” OH
of data is often required to improve signal-to-noise, a sig-reactivity exhibiting a strong temperature dependence poten-
ni cant advantage of the laser ash photolysis technique is tially resulting from temperature-dependent emissions of un-
the ability to measure ambient OH reactivity in “real-time” measured biogenic VOCs (Di Carlo et al., 2004). Uncertain-
through time-resolved measurements of the OH decay folties in emissions and chemistry of biogenic VOCs, particu-
lowing photolysis. The technique has the potential for signif- larly in the oxidation chemistry of isoprene and its oxida-
icantly enhanced time resolution, both in terms of the numbettion products, have also been responsible for underpredic-
of time points obtained during the decay of OH, and the av-tions of observed OH reactivity in forested regions in Suri-
eraging time over which the data are reported, compared tmame (Sinha et al., 2008) and Borneo (Whalley et al., 2011;
the ow tube or comparative reactivity methods. Edwards et al., 2013). Model calculations of OH reactivity

The rst atmospheric measurements of total OH reactiv-in Borneo underestimated the observed diurnal mean reactiv-
ity were made at an urban background site in Nashville, TN,ity by 30 %, and indicated that uncertainties in the chemistry
USA, in summer 1999 using the ow tube technique (Ko- and deposition rates of secondary oxidation products could
vacs and Brune, 2001; Kovacs et al., 2003). Calculations opotentially explain the observed reactivity without the need
OH reactivity, using VOC measurements co-located with thefor additional primary VOC emissions, and that at least 50 %
reactivity measurements, underestimated the total observedf the carbon-containing compounds which react with OH
reactivity by 30 % on average owing to unmeasured or un-were not measured (Edwards et al., 2013). Biogenic VOCs
known VOCs and VOC oxidation products (Kovacs et al., also dominated the daytime OH reactivity in the Pearl River
2003). Subsequent measurements at an urban backgrourmklta region, China, with isoprene and its oxidation prod-
site in New York, NY, USA, were, on average, within 10% ucts comprising 40 % of the total OH reactivity in the af-
of the calculated reactivity in summer 2001 (Ren et al.,ternoon and observed reactivity underestimated B0 %
2003), but were underestimated by 30-40 % during morn-when calculated from measured OH sinks but reproduced by
ing and evening rush hours in winter (Ren et al., 2006a).model calculations considering the contributions from sec-
Signi cant underestimation of the measured OH reactivity ondary oxidation products (Lou et al., 2010). However, ob-
in the morning rush hour was also reported for observationservations of OH reactivity in a forested region in Colorado,
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2830 D. Stone et al.: Measurement of OH reactivity by laser ash photolysis

USA, during the BEACHON-SRMO08 campaign were under- the temperature in the OH reactivity instrument is the same
estimated by model calculations @0 %), with the domi-  as the source of the air being sampled.
nant VOCs found to be 2-methyl-3-buten-2-ol (MBO) and
monoterpenes (Nakashima et al., 2014).
Using a branch enclosure technique, Kim et al. (2011)
demonstrated that underestimations of observed OH reactiv-
ity at the PROPHET eld site, Michigan, USA, during the The reaction cell consists of a cylindrical stainless steel tube
2009 CABINEX campaign were related to oxidation prod- of 50 mm internal diameter and 85cm in length. Ambient
ucts of known and measured biogenic VOCs, rather tharair is drawn through a stainless steel sampling line (50 mm
to unknown or unmeasured primary VOC emissions. Modelinternal diameter and 20 cm in length), enters the reaction
calculations were able to reproduce the CABINEX OH re- cell at 90 to the air ow in the tube, and is drawn along the
activity observations below the forest canopy, but discrepantube by an extractor fan (612F, DC Axial Fan, EBM-Papst)
cies were apparent above the canopy, indicating the presencaounted on the exit arm situated immediately prior to the
of unmeasured trace gases above the forest canopy (Hans€@H detection cell (Sect. 2.2), as shown in Fig. 1. More re-
et al., 2014). Model calculations and experiments using thecently, the connection between the reaction cell and the ex-
comparative reactivity method at a forested site in Finlandhaust has been replaced with an exhaust that draws air out
also observed differences between OH reactivity measuredf the cell over the full circumference of the cell. Although
in the forest canopy and above the canopy (Mogensen ete data recorded with the new exhaust are not reported in
al., 2011; Nolscher et al., 2012). While the in-canopy re- this paper, we do not see any signi cant change in results be-
activity was typically higher than the above-canopy reactiv-tween the different exhaust designs, but this will be discussed
ity, transport of wild re plumes to the site signi cantly in- in future publications.
creased the above-canopy reactivity, increasing it above the The fan speed determines the ow rate of gas in the reac-
in-canopy level and increasing the “missing” reactivity above tion cell, and is set to ensure a laminar ow of air through
the canopy from 58 % for “normal” conditions to 73 % for the cell with a Reynold's number less than 2300. The ow
periods impacted by transported pollution (N&lscher et al.,rate of gas, determined by measurement of the ow veloc-
2012). ity using a hot-wire anemometer (TSI Air velocity trans-
OH reactivity measurements have also been used to deducer 8455-150) or set by calibrated mass ow controllers
termine ozone production rates in southwestern Spain durduring laboratory experiments (Sects. 4, 6, and 7) and mea-
ing the DOMINO campaign (Sinha et al., 2012) and in Lon- surements of instrument zeroes (Sect. 3.1), is in the range 12
don during the ClearfLo campaign (Whalley et al., 2016), to 14 standard L mint, giving a residence time of 7 to 8 s in
and have been used in laboratory studies to assess our undéhe reaction cell and a Reynold's number o860, which is
standing of combustion systems (Nakashima et al., 2010) anfielow that required for laminar ow.
atmospheric isoprene oxidation mechanisms (Nakashima et Production of OH radicals within the reaction cell is
al., 2012; Ndlscher et al., 2014). achieved by the 266 nm laser photolysis afi®the presence
Measurements of OH reactivity thus have a number of ap-of water vapour (Reactions R4-R5). A ashlamp pumped
plications, and can be used to improve our understandindNd WYAG laser (Big Sky Laser CFR 200, Quantel USA)
of atmospheric composition and chemistry. In this work we is used to generate laser light at 1064 nm, which is fre-
present the design and characterisation of an instrument ustuency doubled to 532 nm (lithium triborate, l3Bs, dou-
ing laser ash photolysis coupled with laser-induced uores- bling crystal) and then frequency doubled to generate the
cence (LFP-LIF) to measure OH reactivity in the eld and in fourth harmonic 266 nm radiation (caesium lithium tribo-
chamber experiments. rate, CsLiBOjp, doubling crystal) with pulse energies of
50 mJ, pulse length 8 ns, and beam diameter of 6.35 mm.
The pulse repetition frequency is typically 1 Hz, and has been
2 Experimental varied in experiments between 0.1 and 1 Hz with no signi -
cant impact observed. The laser is operated wifswitch
A schematic of the OH reactivity instrument is given in to modulate the intracavity losses and maximise the pulse en-
Fig. 1. The instrument comprises a reaction cell (describecergy.
in Sect. 2.1) and a detection cell (described in Sect. 2.2), The 266 nm laser head is situated adjacent to the reac-
with the two cells typically situated approximately 5 m above tion cell in order to minimise the footprint of the instrument
ground level on the roof of a shipping container housing thewhen used in the eld. The laser head is powered, controlled
FAGE (uorescence assay by gas expansion) mobile labo-and water cooled by an Integrated Cooler and Electronics
ratory during ambient measurements. During laboratory andinit (Big Sky Laser ICE450, Quantel USA) which is housed
chamber measurements, the instrument is con gured withinwithin the FAGE shipping container and powered via an un-
the laboratory. Thus, for ambient measurements, and laboranterruptible power supply (APC 1000VA, American Power
tory and chamber measurements made at room temperatur€onversion by Schneider Electric).

2.1 Reaction cell

Atmos. Meas. Tech., 9, 28272844 2016 www.atmos-meas-tech.net/9/2827/2016/
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Ambient air
intake
Exhaust
Photodiode
Stainless steel inlet,
Photomultiplier 20 cm length

50 mm internal diameter

tube
Stainless steel reaction cell, 85 cm length, Fused silica
50 mm internal diameter window
To _
pumps
2ommbetween  ~ Air sampled through
pinholeand pinhole to detection cell 266 nm photolysis
I probe laser g g um pinhole diameter, 0.5 mm thickness, P y
flat plate mounted on inlet sampling cone Iaser ("“‘ 1 HZ)
308 nm probe Beam diameter ~ 10 mm
Iaser (5 kHZ) (after expansion)
L J L J
L] T
FAGE detection cell Reaction cell

(~1.5 Torr) (~700 Torr)

Figure 1. Schematic of the laser ash photolysis laser-induced uorescence OH reactivity instrument for experiments and eld measurements
in which the FAGE detection cell was situated at the end of the reaction cell and sampled from the centre of the photolysed volume, leading
to OH decays described by a single exponential. All laboratory and eld measurements shown in this work were obtained with the instrument
con guration as shown here. See text for further details.

Laser light exiting the laser head is directed into the reac-in the reaction cell through reaction with ozone is extremely
tion cell using two dielectrically coated 266 nm turning mir- small given the reaction times involved.
rors of P%iameter (Thorlabs, NB1-K04). Immediately prior
to the reaction cell, the 266 nm beam is expanded to a diame, »  oH detection cell
terof 10mm by a telescope incorporating a plano-concave
lens (Thorlabs LC4252, focal length 30mm) and a
plano-convex lens (Thorlabs LA4148, focal lengts0 mm)
housed in a lens tube (SM1M20, Thorlabs) to increase th
photolysis volume within the reaction cell. The photolysis
laser enters the reaction cell through a fused silica window,
initiating OH radical production.

OH radicals in the reaction cell are monitored by laser-
induced uorescence (LIF) using the FAGE technique. The
EI\_IF—FAGE detection cell has been described previously in
detail (Ingham et al., 2009), thus only a brief description will
be given here.

Initial experiments were conducted with the detection cell

Typically, there is suf cient production of OH in the in- . ! ) .
; . .__situated midway along the reaction cell, and sampling at 90
strument from Reactions (R4—R5) at ambient concentration N ; : . > "
o the direction of air ow along the reaction cell, in a similar

of Oz and water vapour in order to measure a temporal de-; . .
cay of OH. At low ambient concentrations 0 Q< 10 ppb) design to that described by Sadanaga et al. (2004a) and Lou

. et al. (2010). However, the observed OH decays in such a
or during laboratory tests (Sects. 4, 6 and 7) and measurec-on uration displayed biexponential behaviour, comprisin
ment of instrument zeroes (Sect. 3), the OH radical concen- 9 biay b ' P 9

L . N . g fast initial decay followed by a slower decay representa-
tration in the reaction cell is increased by passing a small. 2 . X
) - . . tive of the expected OH reactivity, as observed in previously
ow (0.5standardL.min -) of humidi ed ultra-high purity described instruments (Sadanaga et al., 2004a; Lou et al
air (BTCA 178, BOC Special Gases) across a low pressure2 . . 9 N L "
Hg vapour lamp and mixed with the main sampled air ow 010). In this con guration, the photolysis laser is aligned
(12—14 standard L mirt) in the inlet to the reaction cell such that the beam passes across the inlet to the detection cell

The mixing ratio of ozone in the reaction cell is increasedW'thOUt hitting the inlet. The air sampled in to the detection

by 50ppb by this method (measured by an ozone anal-c.e" thus likely c_ontalns air that has experlen(_:ed the phqtoly-
. sis laser (containing elevated OH concentrations) and air that
yser (Thermo Environmental Instruments Inc., 49¢ADal-

yser) situated at the end of the reaction cell during Iaboratoryh"’lS not experienced the photolysis laser (which will have sig-

. . . °ni cantly lower or zero OH concentrations), with this mixing
tests). Given knowledge of the rate coef cient for reaction of air potentially leading to an apparent increase in the initial
of OH with O3 (konc o, D 7:3 10 cmPs 1, Atkinson et b y g -

al., 2004), the chemical loss of OH resulting from the addi- \?at'egegayc:)arfie%\g:t?otnos 3\',:;];'(;:, gfo:t]aeinail:: Cl(;r\;\fg'rn(lggzeelg)
tion of 50 ppb Qis <0.1s L at 298 K, and any loss of VOCs g

concentrations. Once mixing of the air having experienced
the photolysis laser with that outside the beam diameter has

www.atmos-meas-tech.net/9/2827/2016/ Atmos. Meas. Tech., 9, 28844 2016



2832 D. Stone et al.: Measurement of OH reactivity by laser ash photolysis

occurred suf ciently to give uniform OH concentrations in used for this purpose, with 9 mW used to make measure-
the reaction cell the observed OH decay will result from thements of OH reactivity and a further 13 mW remaining to
chemical losses in the instrument, leading to biexponentiamake measurements of ambient OH, +&hd RQ concen-
decays. Such biexponential behaviour has been attributed tations in a separate instrument (see, for example, Whalley
similar effects of non-homogeneous spatial distributions ofet al., 2016).
OH near the inlet to the detection cell (Lou et al., 2010) and The probe laser, reference cell and pumps are all situated
to local heating and turbulence of the gas ow caused by theinside the shipping container. The9 mW of the 308 nm
photolysis laser (Sadanaga et al., 2004a). A comparison bdaser light used to measure OH reactivity is passed to the de-
tween sampling at 90to the direction of air ow along the tection cell on the roof of the shipping container via an anti-
reaction cell and sampling along the axis of the direction ofre ective coated optical bre with an angled and polished
air ow from the centre of the reaction cell has been reportedend (Oz Optics, QMMJ-55-UVVIS-200/240-3-30-AR2-SP,
previously (Amedro et al., 2012), with different tting pro- lengthD 30 m) through a baf ed side-arm at 9@o the air
cedures required to extract the OH reactivity for the different ow. The probe laser light exits the detection cell through
instrument con gurations attributed to differences in phys- a baf ed side-arm and is directed onto a photodiode (New
ical effects such as diffusion which were more signi cant Focus Large Area Photoreceiver 2032) to measure the laser
when sampling at 90(Amedro et al., 2012). power to enable normalisation of uorescence signals for
Subsequent experiments in this work (including all those uctuations in laser power. For a recent intercomparison at
described below) were performed with the detection cell sit-the SAPHIR chamber, the OH reactivity instrument, com-
uated at the end of the reaction cell along the same axis agrising the reactor owtube and OH uorescence and associ-
the direction of air ow to sample air directly from the cen- ated equipment was placed in the shipping container itself.
tre of the reaction cell. This con guration reduces the chance Fluorescence from electronically excited OH radicals re-
of sampling air into the detection cell that has not experi-sulting from excitation of theQi(1) A6 ¢ (v°D 0) —
enced the photolysis laser beam, and thus reduces the impak£5 3 (vV°D 0) transition at 308 nm is collimated by a
of physical effects such as diffusion. The observed OH sig-symmetrical biconvex collimating lens (Melles-Griot, fo-
nals in this instrument con guration are described by a singlecal lengthD 50 mm at D 546.1 nm, diametdd 50 mm) and
exponential decay, although biexponential decays can still bédocused onto the photocathode of a channeltron photo-
obtained if the photolysis laser is not correctly aligned alongmultiplier tube (PMT) (Perkin Elmer C 943P) by two
the axis of the reaction cell. plano-convex focusing lenses (UQG Optics Ltd., focal
Air is sampled from the centre of the reaction cell through lengthD 75mm at D 250 nm, diameted 50 mm). A nar-
a pinhole of 0.8 mm diameter and 0.5 mm thickness into therow band UV interference lter (Barr Associates Inc.,
aluminium detection cell, which consists of three orthogo- FWHM bandwidth of 8 1.6 nm centred at 309 1 nm with
nal axes and is black anodised to minimise light scatteringa peak transmission of >50 % at 308 nm and a blocking fac-
within the cell. The pressure in the cell is measured by a cator of 1° at other wavelengths) is situated between the ex-
pacitance manometer (Sensotec Z/606-01ZA) and is maineitation region in the detection cell and the PMT to min-
tained at 1.5Torr by a roots blower backed by a rotary imise detection of scattered solar photons. The solid angle
pump (Leybold Vacuum SV200/WAU1001), resulting in an from which uorescence is collected is effectively doubled
air ow of approximately 4 standard L mirt and a super- through the use of a spherical concave mirror coated for high
sonic expansion of the air as it is drawn through the pinhole.UV re ectance which is mounted in the detection cell oppo-
The probe laser consists of a MAAG pumped site the side-arm bearing the PMT. Discrete photon signals
Ti \bapphire laser (Photonics Industries) which generate®n the PMT are processed using a multi-channel scaler pho-
broadband radiation in the range 690-1000 nm. A diffractionton counting card (Becker and Hickl, PMS 400, minimum
grating is used to select radiation withD 924 nm, which  bin width of 250 ns) in the computer used to control the in-
is frequency tripled through generation of the second harstrument.
monic at 462 nm followed by sum-frequency mixing of the
462 nm radiation with that at 924 nm to produce the 308 nm2.3 Instrument control
light with a pulse repetition frequency (PRF) of 5 kHz, pulse
length (full width half maximum (FWHM)) of 35ns, laser A digital delay pulse generator (Stanford Research Systems
line width (FWHM) of 0.065cm?® and beam diameter of DG535) produces a 5kHz TTL (transistor-transistor logic)
3mm (Bloss et al., 2003). pulse to trigger the T¥sapphire laser and a second delay
A reference uorescence cell, containing a heatedgenerator (Stanford Research Systems DG535) which sub-
nichrome wire lament and humidi ed air at 2 Torrto pro-  sequently triggers the gating of the PMT detector for the re-
duce a constant stable source of OH radicals from dissociactivity instrument and a third digital delay pulse generator
ation of water vapour, is used to facilitate tuning the probe(Berkeley Nucleonics Corporation 555) to trigger the 266 nm
laser to the precise wavelength required for the desired OHphotolysis laser and the photon counting card at the speci-
transition. Approximately 1 mW of the 308 nm laser light is ed pulse repetition frequency in synchronisation with the
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308 nm probe laser. A personal computer is used to automat :
data collection, with analogue signals from measurements o (a) |
the pressure in the detection cell and the power of the 308 nn :
probe laser at the photodiode attached to the detection ce |
digitised by anA=D card (Measurement Computing, PCI- :
:
I
|

Probe laser pulse and
associated scatter (laser
pulse ~35 ns (FWHM))

OH fluorescence signal
(~300 ns at 1 Torr)

OH fluorescence overlap with PMT
and photon counting card gates

DAS 1200). Electrical power to all parts of the instrument is
supplied via an uninterruptible power supply (APC 1000VA).

2.4 Data acquisition 2800V
PMT Low gain
. X o X i voltage state High gain state
Data acquisition is initiated by triggering of the photon 000V or

on

counting card, with a background signal measured for 100 ms = ¢ 510, =1+
before triggering of the 266 nm photolysis laser and produc-cou'mwcm-ll;f'] |

tion of OH in the reaction cell. To avoid saturation of the ] ]

PMT resulting from detection of the 308 nm laser pulse itself, o 308nm b
the PMT is gated off at the onset of the 308 nm laser pulse laser pulse ISP Sea)
(35ns FWHM) until 100 ns after the laser pulse, thereby
preventing detection of any re ected or scattered laser light.
The uorescence signal is typically collected for 1pus fol- (b) 2000
lowing each 308 nm probe laser pulse. Repeated measurt N
ments of the OH uorescence signal are taken for 900 ms
following each 266 nm photolysis laser pulse, during which
time the OH concentration and hence the uorescence sig:
nal will decay to the background level. Under normal con-

ditions this occurs within 300 ms of the photolysis laser L
pulse, although this is of course dependent upon the magni

tude of the OH reactivity, and may be longer. The pulse rep- Pl THTTTHTET 5"”‘”“’”““‘““‘%“"“""“
etition frequency of the 308 nm probe laser (5kHz) results

in measurement of the OH uorescence signal every 200 s Time
throughout the m_eaSl_Jrem_ent p_erlod. The data Collectlon_ Cyl_:igure 2. (a) Schematic to illustrate the Stanford Research Sys-
cle, as illustrated in Fig. 2 is typically repeated every 15s (i.e.

ith the bhotolvsis | havi | tition f tems delay generator controlled gate timing of the PMT detector
wi € photolysis laser having a puise repetiion frequency, photon counting card in the OH reactivity instrument. The blue

of 1Hz). Experiments, both in the laboratory and in the eld, patched region indicates the overlap between the OH uorescence
in which the PRF of the photolysis laser was varied betweensignal and the photon counting gatéb) Schematic to illustrate

0.1 and 1 Hz showed no effect on the observed OH reactivitythe photon counting bin structure used to collect OH uorescence
(Sect. 8). photons after each 308 nm probe laser pulse (5 kHz pulse repetition
When measurements of OH reactivity are made alongsiddrequency). Four 50 us wide photon counting bins cover the time pe-
those of ambient OH concentrations, the acquisition of QHriod between each 308 nm laser pulse, but only the bins immediately
reactivity data is linked to measurements of ambient OH con-after the laser pulse collect any uorescence photons (shaded bins),
centrations owing to the dual use of the 308 nm excitationand only the photon counts from these bins are used to construct the
laser. Under such circumstances, measurements are taken Qi decay.
an approximate 7 min cycle, with a 5min “online” period

during which the 308 nm laser is at the precise wavelength torived from the co-addition of data recorded throughout 5 min

gxqte thE.O:trt]ranS|t|olr1, fo{'ﬁvﬁﬂ b?/ al min of 'get" period b online periods during the Clean Air for London (ClearfLo)
uring which the wavelength of the laser is moved to a near ycampaign in summer 2012.

wavelength at which the OH transition is not excited in ord_er Measurements of OH reactivity may also be made inde-

:_0 ene?ble rtr)w_eaflgﬁ'ment ofa;b?ckground ?lgnal fordletevrvnrw1|n| bendently of any other use of the 308 nm probe laser, in
lon of ambien concentrations (see, for example, aWwhich case the timescale over which successive measure-

ley etal. 2010). Approximately 1 min is then required to sCan hent cycles are co-added may be selected as desired, with

tmhﬁrf%e;' V\Llja:)\/rifgsgr;eogizrntgﬁr?tlr;'(:rraerf]sgr)lgetzocer:ld(tsh:c:ngle) the laser periodicglly scanngd over the QH transition to en-

- X "~ 'sure that the maximum OH signal is obtained.
OH reactivity measurements are thus taken during the 5min
online period, and data from successive measurement cy-
cles during each online period are co-added to improve the

signal-to-noise ratio. Figure 3 shows typical OH decays de-

OHfluorescence signal

OH fluorescence signal every 200 ps
(5 kHz probe laser)
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The concentration of OH is given by Eq. (4):
TOHU D H,0U HZO' oHF t; (4)

where n,o is the absorption cross-section of,® at
184.9nm (7.1 0.2) 10 29cn? (Cantrell et al., 1997;
Creasey et al., 2000) o is the quantum yield for OH pro-
duction ( oy D 1), F is the photon ux of the mercury lamp
at 184.9nm andt is the residence time in the photolysis
B region. The producf t is determined by BO actinom-

000 005 010 015 020 025 etry (Commane et al., 2010), with varied by changing
(b) 104 Time /s the current supplied to the lamp, ard controlled by the
ow rate of the gas used in the calibration. The concentra-
tion of water vapour in the ow is determined by diverting
a small known ow of the air to a dew point hygrometer
(CRA4, Buck Research Instruments), and was varied between
300 and 10 000 ppm during calibration experiments.

The calibration for OH was conducted over a range of
mercury lamp uxes and water vapour mixing ratios (be-
tween 300 and 10 000 ppm), giving a calibration fac@§/
of (2.13 0.27) 10 8countss!molecule lcm®mw 1.
The 1 instrumental limit of detection for OH radicals was
determined to be 10’ cm 3 for a 5 min integration period,
Figure 3. Typical OH time pro les following photolysis of ambient ~ enabling observation of suf cient changes in OH radical con-
air (mixed with a small ow of N =0, =03=H,0) observed dur-  centrations in the reaction cell to allow measurements of am-
ing the Clean Air for London (ClearfLo) campaign (black points) bient OH reactivity.
with ts of Eq. (5) (red lines) to the LIF data to determikg, For a minimum ambient @mixing ratio of 10 ppb (below
for data recordeda) during a polluted period on 25 July 2012 \hjch 50 ppb is added to the instrument (Sect. 2.1), an ab-
(kgH D (46.6 3.2)s 1/ and(b) during a cleaner period on 7 Au- sorption cross-section for{»f 9.65 10 8cn? at 266 nm
gust 2012 k3, D (13.9 0.9)s /. Time zero is dened as the (Atkinson et al., 2004), typical laser uence of50 mJ cm 2
time at which photolysis occurs. Decays represent data co-addegnd a quantum yield of 0.9 for production ijqm (Mat-
throughout 5 min periods. sumi et al., 2002), the initial 3D) number density following
photolysisis 1.6 10 cm 3. For a water vapour concen-
tration of 5 10 cm 3 ( 2%), competition between reac-
tion of O(*D) with water koipcH,0 D2.1 10 Pcmds 1,

P ; ; Atkinson et al., 2004), leading to 2 OH, and quenching
Calibration of the detection cell, although not strictly nec- .
g y of O(*D) by N, (koipcn, D3.1 10 tcmds 1, Atkin-

essary for measurements of OH reactivity, is required to en-

11 1
sure that pseudo- rst-order conditions are met in the reactior>°" €t al., 2004) or & (koipco, D4.0 10 cm’s 4,

cell (i.e. combined concentrations of OH sinks are in exceséitk;r;s%?ti:r ng fgr?:g'nttr(;ti% rr??rl:Ct?we%’aéytis:tcalilr{sl?jr?\?ent
over the OH cor]celntra'uon) and provides a means to deFerIc—nc >3 109¢m 2 in agreement with the ca)llibration e-
mine any potential interferences from production of OH via . » IN agreem . o
ambient HQC NO in the reaction cell (from ambient HO sults. At higher ambient mixing ratios of 3Qthe initial
which may survive the sampling inlet, and any Hgener- OH concentration in the reactivity is increased, whilst main-
ated following oxidation of OH sinks in the instrument) and taining bpseudo- rst-order gond]cltl(l)g(s) fOLOH' F%r exan;p_le,
to monitor potential changes in instrument sensitivity with & @mbient @ mixing ratio o ppb, as observed in
time. some poIIut(id engnronments, would_ pe expec_ted to gener-
The calibration procedure has been described in detail by >3 101.cm OH (at 2% humidity), leading to im-
Commane et al. (2010). Production of OH (and #Qs provements in the signal-to-noise ratio and minimisation of
achieved through Reaction (R1) (and pi@rough Reac- any potential interferences in measurements of OH reactivity

tion R2) by passing a turbulent ow of humidi ed ultra-high (Sect. 6).
purity air (BTCA 178, BOC Special Gases) across a low
pressure mercury vapour lamp to photolyse water vapour at

D 184.9nm.

005 010 015 020 025
Time /s

e
=3
=3

2.5 Calibration of the FAGE detection cell

H,OCh. D 1849nm/! HCOH (R6)
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3 Determination of OH reactivity total ow rate of the air in the reaction cell (0.04 for the
conditions used in this work). Potential errors arising from
The observed pseudo- rst-order rate coef cient for OH loss errors in measurements kifysandf have been included in
(kiosd is determined by least-squares tting Eq. (5) to the overall reported errors fok3,,, and contribute, on average,
time-resolved OH decay: 70 and 25 %, respectively, to the total uncertaintidp,.

SoH;; D Son;o exp. Kiosd/ C b; (5) 3.1 Determination ofkpnys

whereSon;, is the uorescence signal at tinteafter ring of Determination okphysis critical to the evaluation of the true
the 266 nm photolysis laseBon;o is the uorescence signal OH reactivity from observations of the total OH loss rate
at time zero (i.e. immediately following ring of the 266 nm in the instrument (Egs. 7 and 8), and requires the measure-
laser and production of OH in the reaction celjssis the  ment of the OH loss rate in the absence of any chemical re-
observed rate coef cient for loss of the uorescence sighal, moval processes such thiasss is equal tokphys A single
is the time since ring of the 266 nm photolysis laser and  value forkgnys is determined (from several experiments) in-
is the background uorescence signal measured by the PMTdependently of any measurementskgfs and is tted over
averaged for the 100 ms prior to ring of the photolysis laser as much of the observed OH decay as possible using the pro-
(typically zero). Fits are typically started within 5ms of the cedure described above in order to obtain the best possible
peak in the OH signal, and data are tted until the OH signal determination ofkphys since tting konys over as much of
is essentially back to the background level by the end of thethe decay as possible reduces the uncertainty in the t. As
t. Values for Son;0 andKkioss are permitted to vary in the  described above, determinations|gfys (andkopd are in-
tting process. Since the OH decays are well described bydependent of the time period over which the data are tted
rst-order kinetics, the tted values foSon;0 andkioss do  since the observed OH decays follow rst-order kinetics and
not depend in any way on the time period over which thecan be described with a single exponential function.
decays are tted. Figure 3 shows typical ts of Eq. (5) to0  To minimise the chemical losses of OH in the reaction
measurements of OH reactivity made in ambient air. cell (and thus to mimmis‘kgH-obJ the loss of OH in the
The value folkioss determined from the t contains a con-  instrument is measured in ultra-high purity air (BTCA 178,
tribution fromkg, .., the rate coef cient for OH loss owing  BOC Special Gases) passed through scrubbers (Gatekeeper
to chemical losses of OH in the reaction cell (the OH reac-Gas Puri ers) to remove b CO and CQ to sub-ppb levels.
tivity), and kphys, the instrument “zero” corresponding to the Despite the use of scrubbed ultra-high purity air, low levels
rate coef cient for physical losses of OH owing to diffusion of residual VOCs can remain in the air, leading to chemical
out of the sampling volume and heterogeneous losses on thesses. Such residual VOCs in the scrubbed ultra-high purity
walls on the reaction cell. The chemical loss of OH in the re-air have been quanti ed by gas-chromatography and their
action cell is thus given by Eq. (6), and in order to determinecontributions (< 1 s/ to the observed OH loss subtracted.

the OH reactivity from measurementslgdss it is therefore Furthermore, humidi cation and addition of a small

essential to characteriggnys (Sect. 3.1). amount of Q to the ultra-high purity air are necessary for
0 the production of OH in the instrument during experiments to

KOH;obs D Kioss  Kphys (6) determinekphys. Approximately 50 ppb of @is added to en-

. . . sure production of suf cient OH, leading to a chemical loss
At low ambient concentrations of ozone (<10ppb) and in ¢ 5141 5t 298K through the reaction of OH withzO

laboratory experiments (Sects. 4, 6 and 7) and measuremenig, .o ver. despite the use of puri ed water for humidi ca-
of kpnys itwas necessary to add a small ow of humidi edair o, “ohtained using a water puri cation system (PURELAB
containing a constant mixing ratio of ozone§0ppb) tothe o, pR|p| B0163, Elga LabWater, Veolia Water Solutions &

_malln_alrhow sampled 'IT orr(il_er“to produk;:_e s‘ﬂf cient Ozdrag- Technologies), impurities in the water can lead to signi cant
icals in the reaction cell. This "non-ambient” ozone added t0 .o ica) Josses for OH and the components in the puri ca-

the.reacfuon qerlll gsugs ina small Iczjss %f OHoolvysmgztggths " tion system must remain uncontaminated in order to ensure
action of G wit , butis expected to be <0.1sat accurate determinations kpys

(Sect. 2.1). However, addition of the small ozone-containing Determination ofkynys in the laboratory and in the eld

air ow (0.5standard L min*) to the sampled ow of ambi- ¢, "o Clearflo campaign in London in 2012 gave an
ent air (12 standard L mirt) does require a correction for the average value (1.11.0)s ! (precision of 0.4sY/ and

dilution of the ambient air ow, such that the OH reactivity (1.25 0.42)s ! (precision of 0.2sY/ for the campaign in
(ky/ is given by Eq. (7): York in 2014 (Sect. 7).

kgH D kgH;obs]-Cf/; (7)

wheref is the dilution factor of the ambient air ow, given
by the ratio of the small ozone-containing ow rate to the
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4 Instrumental validation via measurements of the instrument described in this work, with the possibility

Kon c co and KoH ¢ cH4 for measurements of higher reactivities described in Sect. 9.
Replicates ok3,, measurements at xed concentrations of

As a real-time technique, the accuracy of the time axis dur-CO and CH (Sect. 4 and Fig. 4) also enable determina-

ing which the OH decay is obtained is determined by thetion of the instrument precision. The majority of ambient

accuracy of the delay generators used to trigger the lasergl , measurements are < 35' for which the measurements

and other delays (as described in Sect. 2.4 and shown innder controlled conditions using known concentrations of

Fig. 2), which should be absolute within 1ps. Hence theCO and CH indicate a precision of 1s 1. For reactiv-

method should be absolute in terms of the time separatioities of 110s 1, which were observed in London during

between points in the decay. However, owing to various reathe ClearfLo campaign (Sect. 7, Whalley et al., 2016), mea-

sons, for example the appropriateness of the function used tgurements using known concentrations of CO and, GH

t the decay, or any recycling of OH from oxidation products dicated a precision of 5s 1. In the eld, reactivities of

(for example the reaction of HOwith NO), itis prudentto  upto 140s ! have also been measured, with t errors of

characterise the instrument through the use of known con- 65s 1, although the precision at higher reactivities is worse

centrations of reactants for which the rate coef cient with compared to lower reactivities.

OH is also well known. In order to validate measurements On average, the total uncertainty in measuremenk%gf

of ambient OH reactivity, the well-known rate coef cients s 6%, with the uncertainty itkohys comprising 70 % of

for reactions of OH with CO and CHwere both measured the total uncertainty. When addition og@ the instrument is

under pseudo- rst-order conditions using the instrumentalnecessary to improve the OH signal (at ambient mixing ratios

setup described above. Ultra-high purity air (BTCA 178, of O3 of less than 10 ppb and during laboratory experiments

BOC Special Gases) was mixed with an excess of either CQind measurements k<, the uncertainty associated with

(5% in Np, BOC Special Gases) or GHBOC, CP grade, the dilution of the main ow contributes 25 % to the total

99.5%), producing a main ow of 11.5standard L mi uncertaintyirkgH.

with known concentrations of CO or GHprior to mixing

with a small ow of humidi ed air (0.5 standard L mint)

containing 50ppb @ generated by passing the air ow g Ppotential interferences

across a mercury vapour lamp.

Figure 4 shows the OH reactivity, determined by t- Potential interferences in measurement&3jf were inves-
ting Eq. (5) to the OH decay and subtractinghys  tigated through model simulations of OH decay traces under
(Sect. 3), for a series of CO and G@Hconcentra- various scenarios to investigate the possible effects of OH
tions. The bimolecular rate coefcients for CEICO recycling, and subsequent impacts on measuremerk%_pf
(koHcco/ and OHC CHsz (koHcchd/, determined at through the reaction of ambient NO with any WHOr RO,
298K from the relationshipskd,, D korcco[CO] and  radicals that may be generated within the instrument.
k3,4 D konc cHaCHal, were found to be (2.4 0.2) 10 13 The initial OH concentration in the instrument, follow-
and (6.4 0.6) 10 ®cmds !, respectively (errors are ing photolysis of @ by the 266 nm laser, is estimated at
1 /. The values forkopcco and Konc cra determined >3 10%cm 3 (Sect. 2.5), with no co-production of HO
here are in agreement with the literature values offollowing photolysis of Q. However, there is production
(2:3°0% 10 ° and .6:4°Y3 10 cmPs ! at 298K of HO, from the reaction of OH with CO in the instru-
(Atkinson et al., 2004), respectively, providing con dence in ment, and of R@ radicals from the reactions of OH with
measurements of ambient OH reactivity. VOCs. The HQ radicals produced have the potential to re-

cycle OH through reactions with NO, which would lead to
an apparent reduction in the observed OH reactivity. In addi-

5 Limit of detection, precision and total uncertainty tion, there is potential for production of H@rom the pho-
tolysis of oxygenated volatile organic compounds (0VOCSs)
The instrumental limit of detection for measurementkd)f  in the instrument, with previous studies indicating signi -

is determined by the t error itkjoss (Eq. 5), the determina-  cant radical production following photolysis of oVOCs in
tion of kphys, and its associated uncertainty, and the numberurban environments (Volkamer et al., 2010; Sheehy et al.,
of measurements used to determitkggls. For the ClearfLo  2010). During the ClearfLo campaign in London (Sect. 7),
campaignkpnys was determined to be (1.11.0)s 1, witha  the mean observed HCHO mixing ratio was 9.3 ppb, poten-
precision of 0.4s! and a 1 limit of detection forkgH of tially leading to production of 1 10®8cm 2 HO, follow-
1.0s 1. During the York campaign (Sect. Mphys Was de-  ing the photolysis of HCHO at 266 nm within the reactiv-
termined to be (1.25 0.42) s 1, with a precision of 0.2 s ity instrument. Other oVOCs, notably GBHO, GH7CHO,
andal limit of detection fork,, of 0.4s . IPRCHO ((CHy/2,CHO), GyHgCHO, methacrolein (MACR)
Experiments described in Sect. 4 indicate that OH reac-and methyl vinyl ketone (MVK) during the ClearfLo cam-
tivities of up to  150s ! can be measured reliably with paign, are also potentially photolysed by the 266 nm laser
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Figure 4. Bimolecular plots of pseudo- rst-order rate coef cients describing OH Ida%_ﬂ against known concentrations of reactive gases
during laboratory tests (black points) with best t lines (blue) and literature values (re@)f@0 at 298K (intercedd 1.1s /; (b) CHy

at 298K (intercepb 1.3 s 1/; (c) n-butanol A-C4HgOH, sampling from the chamber) at 298 K (intercBrt.1s /. Literature values are
taken from Atkinson et al. (2004). Corrections for dilution have been applied (Eg. 7). Errors drerth the ts to the observed OH decays.
Note the change in vertical scale between the three panels.

in the OH reactivity instrument, leading to production of the values fokgH determined by tting to the simulated OH
HO,. For the mean oVOC mixing ratios observed during decays to the total reactivity input to the model thus enables
ClearfLo, and literature absorption cross-sections at 266 nnassessment of any potential interferences.
(Atkinson et al., 2004), there is potential for production of  Figure 5 shows the impact of NO on the OH reactivity de-
2.5 108cm 3 HO, in the reactivity instrument, includ- termined by tting to the model output for OH. For model
ing that produced by photolysis of HCHO, with GEHO simulations with the initial concentration of HQet to zero
representing the dominant oVOC photolysed. The effects of(i.e. no photolytic sources of HD, but with subsequent gen-
HO, and RQ radicals produced by OH reactions within the eration of HGQ following reaction of OH with CO, it can
instrument, and of H@production following oVOC photol- be seen that the OH reactivity determined by tting to the
ysis, were therefore investigated over a range of NO mixingmodel output for OH shows only a small deviation of from
ratios. the true OH reactivity in the model, through the recycling of
Model simulations, using the numerical integration pack- OH through HGC NO. At 75 ppb of NO, the deviation from
age Kintecus (lanni, 2002), were initiated with a conser-the true OH reactivity is 4 %, which is less than the overall
vative estimate of the initial OH radical concentration of uncertainty in measurements kff,,. For model runs which
1 10%%cm 2 and a total OH reactivity of 25 ¢ comprised  simulate photolytic production of HOfrom oVOCs, with
of losses to CO (producing H®, VOCs (producing R@ initial HO» concentrations of 1.0 108 or 2.5 10°cm 3,
and NQ (leading to loss of radicals from the system). The it can be seen that the impact of OH recycling through
relative contributions of CO and VOCs to the total OH re- HO,C NO is dependent on the initial OH concentration. For
activity (7 and 68 %, respectively) were set to the averageinitial OH concentrations of cm 3, the impact of pho-
values determined by Whalley et al. (2016) for eld mea- tolytic HO, production is potentially large, with a deviation
surements in London (Sect. 7). The contribution fromJ NO of 18 % from the true reactivity for an initial HOconcen-
was set to increase with increasing NO in the model with thetration of 1.0 108 cm 2 and a deviation of 10 % for an ini-
NO, WO ratio set to the average ratio observed during meatial HO, concentration of 2.5 10°cm 2 at 75 ppb of NO.
surements in London (Bohnenstengel et al., 2015; WhalleyHowever, as discussed in Sect. 2.5, the initial OH concen-
et al., 2016), and the model includes the reaction betweetration produced in the instrument is expected to be signi -
HO, and NG to form HO;NO,, and the reverse reaction cantly higher than 10cm 3. For an initial OH concentration
(which is slow and negligible on the timescale of the reactiv-of 101%cm 3, which is still a conservative estimate of the
ity measurement). Initial concentrations of bi@ere, in sep-  initial OH concentration, the impact of any photolytically
arate model simulations, setto 0, 10°and 2.5 10°cm 3 generated H@is minimal, with the deviation from the ex-
to investigate the potential effects of oVOC photolysis. Ini- pected OH reactivity at 75 ppb of NO similar to that deter-
tial mixing ratios of NO were varied from zero to 75 ppb, mined in the absence of any photolytically produced,H®
the maximum observed during eld measurementkgqj in 59%. However, we note that it is not possible to fully as-
London in 2012 (Whalley et al., 2016). The model was run sess the impact of unmeasured or unknown oVOCs, and rec-
forwards in time and output for OH was analysed in an iden-ommend maintaining high initial OH concentrations in the
tical manner to that applied to the OH decays measured byeactivity instrument in order to maximise the QHO, ra-
the reactivity instrument to determirk%H. Comparison of
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OH reactivity from RQC OH chemistry is itself subject to
. ¢« 98 signi cant uncertainty and the additional 1’5 uncertainty
o & ¢ g &g 89 ¢ g applied to the total OH reactivity represents an upper limit
0951 ., v ° which is included in order to be thorough and complete.

g ‘ . ‘ea, . We thus conclude that the reactivity instrument described
33 0.904 ° . * in this work does not suffer from signi cant interferences as-
X .. sociated with potential production of H®@r RO, within the

0.85+ LR instrument. We do note, however, that measurements of OH
y reactivity using this instrument in environments which may
0.80- contain signi cant concentrations of oVOCs would bene t

o 10 20 20 40 %o & 70 80 from high initial concentra_tlons of OH. We also note th_at any
NO / ppb OH decays observed during eld or laboratory experiments
that cannot be reliably tted by a single exponential function
Figure 5. Impact of NO on the ratio of thkgH tted to model describing a rst-order loss for OH (Eqg. 5) would be treated
simulations for OH to th&Q, , used as input for the model (i.e. with caution and, where appropriate, other tting functions
the equivalent Okgbserveg%-t{le/' Black points show results for would be applied.
model simulations with the initial H© concentration set to zero;
blue data points show results for model simulations with the initial
HO, concentration set to 1 108cm 3; red data points show re-
sults for model simulations with the initial HOconcentration set
to 2.5 108cm 3; circles represent data points with an initial OH

concentration of 19cm 3; diamonds represent data points with an | d at the North Kensinat t sit (ﬂ?N
initial OH concentration of ¥ cm 3; lled data points represent ployed atthe Nor ensington measurement siie !

simulations with the initial R@ concentration set to zero; open data 0 12°W) during the Clean Air for London (ClearfLo) sum-

points represent simulations with an initial R@oncentration of ~Mer campaignin July and August 2012 (Bohnenstengel etal.,
1 101%cm 3. 2014), with near-continuous measurements made from the

21 July to 18 August 2012, alongside FAGE measurements

of OH, HO, and RQ radical concentrations. Measurements
tio and thereby minimise any potential interferences arisingof Oz, CO, NO, N@, HONO, VOCs and aerosol mass and
from production of HQ in the instrument. composition were also made at the site during the campaign.

Model simulations were also performed with an initial  Figure 6 shows the full time series of measured OH reac-

RO; concentration of 1 10'°cm 3 to investigate the pos- tivity for the campaign. The observed reactivity was highest
sible effects of incompletely refreshing the gas sample infor air masses that had previously passed over central Lon-
the reactivity instrument between photolysis pulses, whichdon (24—27 July (Julian days 206—-209) and 8—10 August (Ju-
could potentially lead to increased R@oncentrations in  lian days 221-223)), with a maximum reactivity of 116s
the reaction cell through OB VOC reactions. A reaction recorded during rush hour on 24 July 2012. Measurements
between R@ and OH was also added to the model, with taken on the 25 July 2012 (Julian day 207) are shown in
a rate coefcient of 1 10 %cm®s !, as observed for Fig. 7 to highlight the capability of the instrument, and the
CHz02C OH (Bossolasco et al., 2014) angkz0,C OH  average diurnal pro le for the campaign is shown in Fig. 8.
(Farago et al., 2015). Figure 5 shows that the impact ofA peak reactivity, on average, of27 s 1 was observed dur-
RO, chemistry within the instrument is not expected to haveing morning rush hour, with a minimum of 15s 1 during
a signi cant impact on the observed OH reactivity, with the afternoon and a second peak during evening rush hour.
the potential increase in observed OH reactivity of 1s Detailed analysis of these data, including model calculations
from an initial RQ concentration of 1 10/°cm 3 and  using the Master Chemical Mechanism constrained to ob-
kro,conD1 10 %cm?s 1, being less than the total un- served concentrations of long-lived species, is described by
certainty in ambient measurementskgf,. In addition, ex-  Whalley et al. (2016). The modelling study shows that the
periments in which the pulse repetition frequency of the pho-observed OH reactivity can be reproduced by the model (to
tolysis laser was varied between 0.1 and 1 Hz, thus varyingwithin 6 %) when larger VOCs than those typically measured
the extent to which the gas sample was replaced betweegre included in the model, and demonstrates the importance
laser pulses, did not show any signi cant change in the ob-of oxidation intermediates and the role of heavy VOCs, par-
served OH reactivity. Despite the expectation that the im-ticularly biogenics, in controlling the total OH reactivity and
pact of OHC RO, chemistry on observations &, will be  the oxidation budget in a megacity such as London.
minimal, we include an additional 1§ uncertainty in ambi- Field measurements of OH reactivity have also been made
ent measurements &§, to re ect the potential for interfer-  at a site at the University of York (536°N, 1 02°W) from
ences owing to R@production in the reactivity instrument. the 19 May to 16 June 2014, approximately 3km south-
We note that the contribution to the uncertainty in the total east of the centre of York and 2 km west of a major road,

7 Field measurements

The laser ash photolysis OH reactivity instrument was de-
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Figure 8. Diurnal average for observed OH reactivity (15min av-
Figure 6. Time series of OH reactivity observed during the Clean erages) during the Clean Air for London (ClearfLo) campaign
Air for London (ClearfLo) campaign (21 July to 18 August 2012). (21 July to 18 August). Shaded areas represent the measurement
Uncertainties (represented by the shaded area) represeobrh- variability from day to day during the campaign.
bined uncertainties from the ts to observed OH decays (Eqg. 5), de-
terminations okphys (EQ. 6) and uncertainties in the dilution factor,

f (Eq. 7). 121
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207.0 207.2 207.4 207.6 207.8  208.0 Figure 9. Diurnal average for observed OH reactivity (15min av-
Day of year (2012) erages) during in York (19 May to 16 June 2014). Shaded areas

represent the measurement variability from day to day.
Figure 7. Time series of OH reactivity observed during the Clean
Air for London (ClearfLo) campaign on the 25 July 2012 (Julian
day 207). Error bars represent lombined uncertainties fromthe g chamber measurements
ts to observed OH decays (Eg. 5), determination&gdys (Eq. 6)

and uncertainties in the dilution factdr,(Eq. 7). The eld instrument described above has also been modi ed

in order to interface to the Highly Instrumented Reactor for

with a small wooded area immediately to the east, and thuétmosph.er.ic Chgmistry (HIR.AC). to enable measurement; of
subject to anthropogenic emissions and local biogenic emisOH reactivity during VOC oxidation under controlied condi-

sions. Figure 9 shows the average diurnal during this period?'ons' For complex reaction mechanisms, the oxidation path-

The observed OH reactivity was typically lower than that ob- way followed will have a characteristic time-evolution of the
served during the ClearfLo campaign, with a maximum in thereactivity as secondary products are generated, and measure-

diurnal average of 65 1. Measurements of £ CO, NO ment of OH reactivity and comparison with a model predic-
NO,, VOCs and were allso made at the site duriniq thié pe-tion provides greater constraint for experimental determina-

. . ; i f the mechanism.
riod, alongside measurements by a new instrument couphnéIOn 0 . . .
an OH reactor to measurements of VOCs by gas chromatog\;viHIRAC is a 2.25m stainless steel chamber equipped

raphy with time of ight mass spectrometry (GC-TOFMS) to th UV photolysis lamps to initiate photochemistry and a
aid identi cation of any “missing” OH reactivity. Detailed comprehensive suite of analytical instrumentation, includ-

analvsis of the results will be given in future publications. ing gas chromatography (GC), Fourier transform infrared
ysIs suitswi given in fLture publications (FT-IR) spectroscopy, cavity ringdown spectroscopy (CRDS)

and LIF-FAGE for radical measurements. Photolysis lamps
within the chamber enable initiation of photochemistry, and
experiments can be conducted at temperatures between 203
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Figure 10. Observed OH reactivities for a xed gas composition (for which the expected OH reactivity is shown {ayed)a function of
the total ow rate through the reaction cell (sBnstandard L min 1) and(b) as a function of the pulse repetition frequency of the photolysis
laser.

and 343K and pressures up to 760 Torr (Glowacki et al.,al., 2004), thus indicating the validity of the sampling proce-

2007; Malkin et al., 2010; Winiberg et al., 2015). dure. No dependence of the observed reactivity was observed
Gas is sampled from HIRAC through=2°°PTFE tub-  on the total ow rate through the instrument, which was var-

ing at a ow rate of lstandardLmint and diluted ied between 10 and 22 standard L mtnor on the pulse rep-

with 5standard Lmin® of ultra-high purity air immedi-  etition frequency of the photolysis laser, which was varied

ately on exiting the chamber, then diluted further with between 0.1 and 1 Hz, as shown in Fig. 10.

9 standard L min® of humidi ed ultra-high purity air and The coupling of OH reactivity measurements to chamber

1 standard L min? of ultra-high purity air passed over a low studies will enable detailed assessment of our understanding

pressure Hg lamp in order to generatg @iving a total ow of the chemistry of secondary products in complex oxidation

of 16 standard L min! and hence a dilution factor of\1L6. mechanisms by providing increased constraint on oxidation

The diluted gas ow, containing 45 ppb Q, isthendirected budgets during chamber experiments, and will be explored

into the reaction cell of the OH reactivity instrument, with further in future work.

instrument operation and analysis as described in Sects. 2

and 3 (including the correction of observed reactivity for di-

lution of sampled gas from the chamber using Eq. (7), whichg  Effects of averaging time and future improvements

is signi cant for these experiments in order to avoid mea- g sampling

surement of high reactivities (Sect. 9) and to reduce the vol-

ume of gas removed from the chamber for the reactivity meajjeasurements have also been made in HIRAC to investigate
surements). The uncertainty associated with the dilution conype effect of the averaging time on the measured OH reactiv-
tributes 25 % to the total uncertainty ik, which is ap- jty. Figure 11 shows the observed OH reactivities, for a given
proximately 68 %. set of conditions, as a function of the averaging time, show-
Experiments were conducted to verify the sampling pro-ing successful measurements with an averaging time of 10s
cedure by lling HIRAC with air containing known con-  and indicating the potential for further improvements for fu-
centrations of a reactive gas, with a well-characterised ratqyre integration of ambient OH reactivity observations with
coefcient for reaction with OH, followed by measure- |;x measurements.
ment of the OH reactivity in the chamber. Determination Experiments described in this work using known concen-
of the pseudo- rst-order rate coef cients describing the OH trations of reactive gases have been able to reproduce rec-
loss for each of the given reactive gas concentrations ilpmmended literature values for known rate coef cients, in-
the chamber enabled determination of the bimolecular ratgjicating the validity of the technique described here over the
coef cient for reaction of the reactive gas with OH for gynamic ranges investigated. However, recent work in Leeds
comparison with literature values, as for experiments de-has shown that, at higher reactivities, observed kinetics can
scribed in Sect. 4. Figure 4c shows the bimolecular plotsye in uenced by sampling issues related to the effects of ve-
for experiments in which the chamber was lled with |ocity distributions on the transport time of sampled gas from
butanol (1-C4HgOH) in air at total pressures of 760 Torr the pinhole nozzle to the point at which uorescence is ex-
and temperatures of 298 K. A bimolecular rate coef cient of ¢ited and detected in the FAGE cell. The effects of the veloc-
(85 0.1) 10 *?cm’s ! was obtained, in comparison to ity distributions on the time taken for sampled gas to travel
the literature value of (8“3%/ 10 2cm®s ! (Atkinsonet  from the pinhole to the point of detection coupled with the
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and York, UK, have been presented, and will be discussed
further in future work. The instrument has also been cou-

pled to an atmospheric chamber, and preliminary results have
been shown to demonstrate the potential for reactivity mea-
surements during future chamber experiments.

Reactivity measurements have been made using an averag-
ing time of 105, indicating potential for integration of ambi-
ent OH reactivity observations with ux measurements. Fu-
ture development of the instrument will increase the dynamic
range over which measurements can be made and will en-
able reduced averaging times owing to improvements in the
signal-to-noise ratio.

Figure 11. Observed OH reactivities, for a xed gas composition acknowledgementsThis work was supported by the National En-
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