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Abstract. Current photochemical models developed to sim-1 Introduction

ulate the atmospheric degradation of aromatic hydrocarbons

tend to underestimate OH radical concentrations. In order td-arge amounts of volatile organic compounds (VOCs) are
analyse OH budgets, we performed experiments with benreleased into the Earth’s atmosphere from both biogenic and
zene, tolueney-xylene and 1,3,5-trimethylbenzene in the at- anthropogenic sources with an estimated global emission rate
mosphere simulation chamber SAPHIR. Experiments wereof the order of 18?kg per year Piccot et al. 1992 Arneth
conducted under low-NO conditions (typically 0.1-0.2 ppb) €t al, 2011. Aromatic hydrocarbons like benzene, toluene,
and high-NO conditions (typically 7-8 ppb), and starting Xylenes and trimethylbenzenes are among the most abun-
concentrations of 6-250 ppb of aromatics, dependent on OHlant organic trace constituents observed in the urban envi-
rate constants. For the OH budget analysis a steady-state agPhment fortin et al, 2005 Johnson et al.2010. Major
proach was applied in which OH production and destructionemission sources of aromatics are vehicle exhaust, solvent
rates oy and Don) have to be equal. ThEoy were de-  usage and residential wood burningg{vthorne et a).1988
termined from measurements of HONO, HONO, and @ Niedojadlo et al.2007). Once emitted to the atmosphere, or-
concentrations, considering OH formation by photolysis andganic compounds are oxidized photochemically and are then
recycling from HQ. The Doy were calculated from mea- removed by wet or dry deposition.

surements of the OH concentrations and total OH reactivi- The self-cleaning ability of the atmosphere mainly results
ties. The OH budgets were determined frdmn/ Pon ra- from the presence of OH radicals that initiate the oxida-
tios. The accuracy and reproducibility of the approach weretion processes of most VOCs, including aromatigstalt
assessed in several experiments using CO as a reference co#f299. The predominant primary atmospheric OH source is
pound where an average ratiton/ Por = 1.13+0.19 was  the photolysis of @ (Finlayson-Pitts and Pitt2000. At
obtained. In experiments with aromatics, these ratios rangetvavelengths below about 330 nmg @& photolysed to elec-
within 1.1-1.6 under low-NO conditions and 0.9-1.2 undertronically excited @'D) that subsequently may react with
high-NO conditions. The results indicate that OH budgetswater vapour to give OH:

during photo-oxidation experiments with aromatics are bal-
anced within experimental accuracies. Inclusion of a further,
recently proposed OH production via H® RO, reactions

O3+hv— O(*D)+ 0, A <330nm (R1)

led to improvements under low-NO conditions but the differ- O(lD) +H>0 — 20H. (R2)
ences were small and insignificant within the experimental
errors. Only a minor fraction of @'D) reacts with HO, the remain-

der is deactivated by collisional quenching followed by a re-
generation of @. Photolysis of HONO at wavelengths be-
low about 400 nm is another important OH source, especially

Published by Copernicus Publications on behalf of the European Geosciences Union.



6942 S. Nehr et al.: Atmospheric photochemistry of aromatic hydrocarbons

close to the ground and in the morning houdeffmann,
20079, but also in simulation chambers like SAPHIRdhrer
et al, 2005:

a factor of three to explain the measured OH under low-NO
conditions Hofzumahaus et gl2009 Lu et al, 2012.

In this work, a similar, widely model-independent ap-
proach to investigate OH budgets is used for the analysis
of SAPHIR simulation chamber experiments with aromatic

These primary photolytic production processes are necessa mpo_unds. .Aromat|cs contributed §|gn|f|cantly tq the OH
but insufficient to maintain an effectual OH concentration, eactivity during the measqremer!t§ in the Pearl Rwer Delta
especially in the presence of high concentrations of VOCs. a(Lou etal, 2010 and potential additional OH recycling from

regeneration of OH from H@radicals is therefore essential: aromatlcs oxidation would th_erefore w_npact the .OH. bud-
get. Previous chamber experiments with aromatics indeed

showed unexpectedly high OH concentrations compared to

HONO+ hv — OH+NO A < 400 nm (R3)

HO, +NO — OH+ NO, (R4) model calculationsEloss et al. 20053. Moreover, recent
laboratory work revealed high yields of prompt HINehr
HO, -+ O3 — OH + 20. (R5) et al, 2011, 2012 and effective OH recycling in reactions of

HO, with aromatics-related peroxy radicaBi(dsall et al,
201Q Birdsall and Elro¢2011):

RO, +HO, — RO+ O, + OH. (R9)

An OH budget investigation under the controlled condi-
tions in SAPHIR was therefore performed with four selected

HO, can be formed photolytically (e.g. from formaldehyde),
directly following the initial OH+ VOC reactions (prompt
HOy), or indirectly from organic peroxy radicals (RDafter
another reaction step involving NO:

OH+VOC — RO, (R6)  monoaromatic compounds together with reference experi-
ments with CO to evaluate the validity and the accuracy of

RO, + NO — RO+ NO, (R7)  the approach.

RO+ 02 -~ RO+HO,. (R8) 2 Experimental

Thus, the presence of NO leads to a propagation of the radicaf-he outdoor atmosphere simulation chamber SAPHIR at

chain and counteracts terminating pHl@nd RQ self- and

Forschungszentrum Julich facilitates the investigation of

cross-reactions. NO itself is regenerated during daylight byphotochemical processes under defined conditionsKaee

NO, photolysis that is accompanied by a net@oduction.
Typically the NO ReactionR4) is dominating while the @

et al, 2004 Poppe et a).2007). The SAPHIR chamber has
a cylindrical shape (18 m length, 5m diameter, 270val-

Reaction RS) |sl_c|)f minor |mporta|r1]gehbecause of avery SE%” ume). The chamber wall is a Teflon film that is held by a steel
gt_'e constant. | ow%ver, at toct; '9 confcentratlpns-of(, OH frame. The teflon film is chemically inert and transmits solar
concentrations decrease because of a terminating: radiation without significant absorptioB¢hn and Zilken

NO2 reaction. , , . 2005. A shutter system allows for a rapid opening and clos-
In contrast to this concept, recent field studies in areaqng of the chamber roof within about 60 s

characterized by high biogenic VOC and low NO concentra-

tions revealed unexpectedly high levels of OH that could not2,1  Analytical instrumentation

be explained by model calculations. It was speculated that

these discrepancies are explainable by so far unaccountédAPHIR is equipped with a comprehensive set of analytical
OH recycling processes, e.g. OH formation via ROHO, instruments. Measurements of experimental boundary con-
reactions I elieveld et al, 2008, unimolecular decomposi- ditions include temperature (ultrasonic anemometer), pres-
tion reactions of R@radicals Peeters et gl2009 Crounse  sure (capacitive gauge), replenishment flow rate (mass flow
et al, 2012, Fuchs et a].2013 and/or fast photolysis of hy- controller) and photolysis frequencies (spectroradiometer).
droperoxide compounds$ilfe et al, 2012. Alternatively, Measurements of trace gas concentrations include volatile
a generic mechanism assuming the presence of an unknowesrganic compounds (proton transfer reaction time of flight
compound acting chemically similar as NO was postulatedmass spectrometry, PTR-TOF-MS), HCHO (Hantzsch reac-
and utilized to quantify the missing rate of OH recycling tion), HONO (long path absorption photometry, LOPAP),
(Hofzumahaus et al.2009. Based on a steady-state ap- CO (reduction gas analysis, RGA), @QCH,4, H2O (cavity
proach for OH,Hofzumahaus et al(2009 compared the ring-down spectroscopy, CRDS), as well as NO,N@d &
known production and destruction rates of OH by taking (chemiluminescence, CL). The reader is referred to previous
measured concentrations of OH, EIO and the total OH  publications for detailed information on the analytical instru-
reactivity of ambient air. It was concluded that during a field mentation of SAPHIR \\egener et al.2007 Fuchs et al.
campaign in the Pearl River Delta in southern China, the con201Q 2012 Dorn et al, 2013 Fuchs et a].2013 and refer-
ventional OH recycling rate by HEOF NO was too small by  ences therein).
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Table 1. Properties of key instruments for the investigation of OH budgets during SAPHIR experiments.

Time 1o Accuracy
Observable Method resolution [s]  precision [%]
OH Laser-induced fluorescence (LIF) 47 3&108cm3 10
HO», RO, Laser-induced fluorescence (LIF) 47 x10 cm3 10*
OH Differential optical absorption spectroscopy (DOAS) 205.8010°cm™3 6.5
koH Flash photolysis/Laser-induced fluorescence (FP/LIF) 180 ©@3s 5
NO Chemiluminescence (CL) 90 0.005ppb 7

* RO, interference effects not included, see text.

Table 1 provides an overview of the key instruments for 2.3 Experiment procedure
this study and their performances. Briefly, the detection of
OH, HO, (sum of OH and H@) and RQ, (sum of OH, HQ The sequence of a typical SAPHIR experiment is shown in
and RQ) was performed by laser-induced fluorescence (LIF)Fig. 1, taking the photo-oxidation of 1,3,5-TMB performed
spectroscopyHolland et al, 2003 Fuchs et a].2008 2011). on 17 June 2010 as an example. All experiments were started
From these measurements, concentrations of Ei@ RG after the chamber was flushed overnight with high-purity dry
radicals were determined. Moreover, differential optical ab-Synthetic air to purge trace gases below the limits of de-
sorption spectroscopy (DOASDPOrn et al, 1995 Schlosser tection. A fan was used to assure homogeneous mixing. In
etal, 2007, 2009 was employed for the measurement of OH the morning, the clean chamber was humidified by flush-
radical concentrations. ing ultrapure water vapour (Milli-Q) from a vaporizer with

The total OH reactivitykon, which is equivalent to the @ high flow of zero air into the chamber. Afterwards, the
inverse atmospheric OH lifetime, was measured by theshutter system was opened and the chamber was exposed
flash photolysis/laser-induced fluorescence (FP/LIF) techio sunlight. Usually, no other trace gases were then added
nique that was first realized Wyalpini et al.(1999 and later ~ for a period of about two hours. During this so-called zero
by Sadanaga et a{2004. kon is a pseudo-first-order rate air period, HONO was formed photolytically at the chamber

constant given by the following expression: walls dependent on humidity and UV radiatidiahrer et al.
2005. Relative humidities were around 40 % during the illu-
kon = ka-+OH[Xi], 1) mination periods. Photolysis of HONO is the major primary

source of OH radicals in SAPHIR and therefore OH (and

NO) concentrations were found to increase during this pe-
where [X] denotes the concentration of a reactive trace con-riod. Moreover, the background OH reactivity that typically
stituent andkx, +on is the respective second-order rate con- builds up within SAPHIR without addition of any reactants,
stant. The instrument used in this work at SAPHIR was de-slowly rose to about 2. Subsequently, the compound of
ployed in previous field campaigns and is described in detaiinterest (CO or an aromatic hydrocarbon) was injected into
elsewhereflofzumahaus et gl2009 Lou et al, 2010. The  the chamber. The example in Fifj.shows an injection of
reportedkon were corrected for wall losses within the in- about 6 ppb of 1,3,5-TMB as reproduced by PTR-TOF-MS
strument that account for loss rate coefficients of typicallyand the OH reactivity instrument. The resulting concentra-

1.5s! (Nehr et al, 2012. tion of OH radicals in SAPHIR depended on the concentra-
tions of OH reactants and was further modulated by solar
2.2 Materials radiation. The initial aromatics concentrations were chosen

dependent on the OH +aromatics rate constants to result in
The SAPHIR chamber was operated with highly pu- starting OH reactivities of about 105 This ensured that
rified synthetic air made from liquid N and Q the total reactivity was dominated by the aromatic compound
(99.9999%, Linde). Benzene (99.8%, Merck), toluenewhile it was still low enough to allow the detection of OH at
(99.9%, Merck), p-xylene (99.8%, BDH Prolabo), and good signal-to-noise ratios. After 6-8 h of illumination the
1,3,5-trimethylbenzene (1,3,5-TMB; 99.0 %, Sigma Aldrich) chamber shutter system was closed. Experiments with aro-
were used as purchased. For experiments with elevated N@atics were performed under low-NO (typically 0.1-0.2 ppb
concentrations a mixture of 600 ppm of NO (99.5 %, Messerafter injection of aromatics) and high-NO (7-8 ppb) condi-
Griesheim) in N (99.999 %) was added to the chamber. CO tions. In the case of high-NO experiments, NO was injected
was used in pure form (99.997 %, Messer Griesheim). Gase80 min prior to the addition of the aromatic. For low-NO ex-
were introduced into the chamber using calibrated mass flovperiments the source of NO was photolysis of HONO. Ta-
controllers. Liquids were injected by microlitre syringes via ble 2 provides an overview of all SAPHIR experiments with
a heated injection port. aromatics utilized in this work.
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3 Data analysis and results

. 135-TMB| 06
° O3(x0.2) g g The OH production rat@oy resulting from Reactiond(1)—
(RY) is given by the following equation:
Pon = Jjoupy[O3l %X 2 foH + jHono[HONO]
+  ka[HO2][NO] + k5[HO][ O3] (2)

|
|
|
6 B o HONO

[HONO] / ppb

where Jo(p) and jyono are the photolysis frequen-
cies of Reactions R1) and R3), respectively, and
fon denotes the fraction of @GD) that reacts with
H,O according to Reaction RQ). For the calcula-
tion of Pon, measuredjoap, and jHono were used,
and rate constant&s and ks from recent recommen-
dations: ks = 3.45x 1072 cm® s~1 x exp270 K/ T), ks =
2.03x 10716 cmd s x (7/300 K)*>7 x exp(693 K/ T') (IU-
PAC, 2013. The fon typically were around 0.1 and were cal-
culated using measured water vapour concentrations and rec-
ommend rate constants of D) reactions (UPAC, 2013.

It turned out that under all condition%pH was dominated
by the NO ReactionR4). The second most important OH
source was photolysis of HONO, the contribution of which
is shown in the lower panel of Fig.as an example. It should
be noted that in some experiments where HONO measure-
ments were not available (Tab® its concentration was es-
timated from the resulting OH concentration during the zero
air period based on a parameterization of the HONO produc-
tion rate in the chambeRpEhrer et al.2005. Compared to
HONO photolysis, OH production rates by @hotolysis and
the O; Reaction R5) are almost negligible under the exper-
imental conditions employed, i.e. §P< 20 ppb & 50 ppb
Po 1 for some CO experiments).
k,[HOLJINO] ] The OH destruction rat®oy is given by the product of
°  Juono[HONO] | the total OH reactivity and the OH concentration:

H10
Don = kon[OH]. (3

[0,]x 0.2, [1,3,5-TMB] / ppb

[OH]/ 107 cm™
koy!s™

[HO,] / 10° cm™
[NO,] x 0.2, [NO] / ppb

Do,/ ppb h™!

19 The Doy can be calculated from only two measurements
: > because all chemical OH losses are accounted for by the
0 g e Mo, 0 measurements dfon. In contrast, unaccounted OH recy-
08:00 10:00 12:00 14:00 cling processes and/or primary OH sources might be missed
time / UTC in Poy calculated by Eq.24). In any case, for a short-lived
species like OH, the steady-state approximation applies un-
Figure 1. Measurements of selected quantities performed duringder the conditions of SAPHIR experiments:
a low-NO SAPHIR experiment with 1,3,5-TMB on 17 June 2010.
Grey shaded areas indicate time periods when the chamber roof WM = Pon — Don ~ 0. 4)
closed. Formation of HONO, the major OH precursor in SAPHIR, dt
was observed by LOPAP just after the humidified chamber was ex-Thys, ideally also the calculateby of Eq. (2) should be
posed to sunlight (red poilnts, upper pgnel). The injection of 1,3,5-ph31anced byDow. This analysis is independent of mechanis-
TMB, marked by the vertical dashed line, was observed by PTR~;¢ etajls and model simulations. The only exceptions are
TOF-MS (black points, upper panel) and the OH reactivity instru- he HO, data that were corrected for interferences caused

ment (blue points, second panel). OH and NO rapidly decrease - . . .
whereas H@ increased after the 1,3,5-TMB addition (middle pan- y specific organic peroxy radicalsi¢hr et al, 2011 Fuchs

els). Diurnal profiles ofPoy and Doy (lower panel) were calcu- _et al, 2011). Howe\{er, these correchon; were mln@rgo%

lated according to Eqs2) and @). Other data in the lower panel N 2010 and< 5% in 2011, after technical modifications of

show the main terms contributing Ry the LIF instrument that were made before the 2011 experi-
ments Fuchs et al.2011). More details on this correction
can be found in the Appendix.
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Table 2.Compilation of SAPHIR experiments with starting concen- 15[
trations of aromatic hydrocarbons ([aromagic]These concentra-
tions were calculated from the initial increasekgfy upon addition
of reactants using OH rate constants from MCMv3.2; [M&{de-

notes peak NO concentration during the experiments. Temperatures 10

are mean values covering the experiment periods after injection of g L
aromatics. Error bars correspond to minimum and maximum tem- g r
peratures. \(ID 5
() L
[aromatic  [NO]max i
date [ppb] [ppb] T [K] L
0 - —
benzene L N
7 Jun 2018 230 0.75 2992 0 5 10 15
isA Jun 2010 235 055 3633 Po / ppb h™!
ug 2011 250 0.20 2985
8 Jun 2018 235 7.6 297£3 Figure 2. Correlation of OH destruction rate®gy) and produc-
25Jun 2010 215 7% 304+2 tion rates Pon) from all SAPHIR experiments with CO in 2010
toluene and 2011. The solid line corresponds to a mean ratio of 1.13, the
dashed line indicates a 1: 1 ratio. The total number of data points is
5 Jul 2016 65 0.46 30Qt 4 776.
4 Aug 2011 107 0.27 30k 4
13 Jun 2010 60 74 29743 experiments several injections of CO were made to cover a
wider range ofkoy. CO was selected as a reference com-
p-Xylene . . . . .
pound because its photochemistry is comparatively simple.
14 Jun 2010 26 0.35 363 It is unreactive towards all gas-phase species except OH and
2 Jul 2010 26 035 313 the only known product of this reaction is HOnder the con-
7 Aug 2011 29 0.35 2982 ditions employed. The average of the mean rafdgs;/ Pon
16 Jun 2010 24 69 29943 obtained in the reference experiments wak3# 0.19. The
30 Jun 2010 24 74 308+2 - .

0.13 deviation from unity reflects the accuracy of the exper-
1,3,5-TMB imental approach. This deviation is well within the accuracy
17 Jun 2010 6.0 0.48 2083 of the experimental input data anq consequently the OH bud.—
1 Jul 2010 6.5 045 3083 get was closed for the CO experiments. The standard devi-
10 Aug 2011 7.2 0.26 208 4 ation of +0.19 reflects the reproducibility of single experi-
21 Jun 2010 6.0 7.8 2054+ 1 ments. All data obtained in CO experiments are collected in
28 Jun 2010 6.5 7% 308+1 Fig. 2.

The results obtained with the different aromatic com-
aHigh NO experiment? No HONO measurements available. pounds are listed in Tabl® and examp|es of p|0t$ adPon

as a function ofPoy under low- and high-NO conditions are
shown in Figs.3 and4. The mean ratio®on/ Ponx ranged

The closure of the OH budget was investigated by con-Petween 0.9 and 1.6 and were again mostly greater than
sulting meanDoy/ Po ratios and their standard deviations Unity- No trend was observed for the homologous series of
for the different experiments. For this, all experimental dataromatic compounds but low-NO experiments tended to give
were synchronized to the time grid of the instrument with 9reater ratios (1.1-1.6) than high-NO experiments (0.9-1.2).
the lowest time resolution (either the OH reactivity instru- Overall, considering the result of the CO reference experi-
ment during experiments in 2010 or the DOAS instrumentMents and experimental errors, OH budgets for all aromatics
during experiments in 2011). For the calculation of the meanCOMpounds are regarded as closed.
ratios, data points were weighted according to the errors for [N order to test the potential influence of the recently pro-
Don and Poy resulting from contributions of all measured P0sed OH recycling by ReactioRg), Eq. ) was extended
quantities using error propagation (Tafi)e accordingly:

A total of 13 experiments performed with. CO in 2010 Pl = Por -+ ke[HO2][RO,] (5)
and 2011 were evaluated as reference experiments. Some of
these experiments were dedicated to investigations of comEstimates of the rate constant of ReactidR9) were
pounds other than aromatics where after an about 2-h CO rettaken from the literaturek§ = 1 x 10~ tcm®s~1, Birdsall
erence period the compound of interest was injected. In theset al, 2010. Because the ROmeasurements cannot dis-
cases only the CO periods were taken into account. In othetinguish between different species, the measured total RO

www.atmos-chem-phys.net/14/6941/2014/ Atmos. Chem. Phys., 14, 690852 2014
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concentrations and the same rate constaiwere used for  Table 3. Analysis of OH budgets during SAPHIR experiments.
the calculations. Inclusion of the additional term in EG). ( Means and standard deviations of the ratiDgn/Pon and

led to somewhat smaller ratios, in particular under low-NO Don/Pgy calculated from measurements according to Egs. (2) and
conditions (see right-hand side of Tallidor a direct com- (5), respectively. The da_ta ev_aluation was restri_cted to time periods
parison). However, overall the differences betwé@m and where the chamber was illuminated and aromatlc OH reactants were
Pon were small and merely in the range of experimental er-PreSENtV denotes the number of data points.

rors.
Date N Don/ PoH DOH/PSH
Benzene
4 Discussion 7 Jun 2010 98 B4+032 1284029
. . . 23 Jun 2010 118 .32+0.37 122+0.33
The reSlTIIt.SlllstEd In Tab@ShOW that the OH budgets dUrlng 1 Aug 2011 51 14U8+031 1444029
the OH-initiated degradations of aromatic compounds were 8Jun2010 105 Q924022 0914022
reasonably balanced within experimental errors for all inves- 25Jun2010 101 Q924+0.60 0904+ 0.56
tigated compounds. No clear trend was observed in the OH
. . . Toluene
budget analysis for the homologous series of aromatic com-
pounds. Although the degradation mechanism of all aromat- 5 Jul 2010 107 424029 114+0.22
ics is similar, this result is noteworthy. Because the OH rate 4 Aug 2011 35 16+0.68 137+049
constants increase with the degree of methylati®alyert 13Jun2010 53 117£0.34 101£0.20
et al, 2002, the employed initial concentrations of aromat- p-xylene
ics were very different, e.g. about 250 ppb of benzene and
6 ppb of 1,3,5-TMB. Accordingly, the fractions of the aro- 14 Jun 2010 71 $0£035 129:+029
matics that were degraded at the end of the experiments dif- 2 Jul2010 /8 B2+£037 1094025
fered strongly. While 1,3,5-TMB was completely consumed 7 Aug 2011 15 B9+061 144051
gly 2,27 1 ompletely 16Jun2010 53 1124031 10140.20
and kc_)H decre_ased monotonically during the course of the 30Jun 2010 50 105+047 089+0.17
experiment, this was not the case for benzene where only a
minor fraction was lost anéoy even increased because of 1,3,5-TMB
more reactive secondary products. Despite these differences, 17 Jun 2010 68 P234+026 107+0.18
in the temporal evolution of the experiments, no differences 1 Jul 2010 52 109+0.18 069+0.13
in the OH budget analyses were found. This implies that the 10Aug 2011 41 B0+040 102+0.20
results apply in the presence of primary and secondary OH 21Jun2010 67 104+022 101+0.19
28Jun201d 12 1114+0.11 099+0.10

reactants that emerge in aromatic degradation processes.
All results presented in Tabl8 are based on OH LIF

data that were available in 2010 and 2011. Using OH LIF

or DOAS measurements made no difference in the OH bud-

get analysis which is consistent with previous experimentsregarding RG-HO; interferences (see AppendiXon was
in SAPHIR where excellent agreement of the two OH de- 3150 similar at high and low NO conditions and recycling of
tection techniques was demonstrated under various expereH from HO, was too slow at high NO to influence they
mental conditions&chlosser et 812007 2009 Fuchs etal.  measurements. An unaccounted primary OH source that is
2012. specific for SAPHIR is also unlikely because that would have
The agreement betweetpy and Doy was slightly better  jts greatest effect during the zero air periods when the OH
at high NO concentrations. However, this difference shouldbudget was closed (red points in Figsand4). However, af-
be treated with caution considering the experimental uncerer addition of an OH reactant under low NO conditions, OH
taintieS and the faCt that OH destruction and prOdUCtion rate%rops Strongly making these measurements more Cha”eng_
were greater by a factor of about four under high-NO con-ing. An unaccounted offset in the OH measurements could
ditions, mainly caused by greater OH and NO concentraproduce the observed mismatch between OH production and
tions. Possible reasons for these discrepancies are measuUggsstruction rates, independent of the nature of the added re-
ment artefacts and additional OH recycling processes. Reactant. That could explain why the ratios for CO and aromat-
garding the NO measurements, no problems are expectegs were mostly greater than unity under low NO conditions.
during low and high NO conditions because both concen-n previous LIF-DOAS comparisons no such offset in the OH
tration ranges were covered by regular calibrations using test|F measurements was found, as mentioned above. But it has

gases. H@concentrations were comparable during high andtg pe taken into account that DOAS measurements are also
low NO conditions because HJormation and destruction more difficult at low OH concentrations.

rates were both increased at increased NO. The same applies
to RO, concentrations and associated potential difficulties

* High-NO experiment.

Atmos. Chem. Phys., 14, 6945952 2014 www.atmos-chem-phys.net/14/6941/2014/
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Figure 3. Correlation of OH destruction rateB ) and production ratesPoy) for SAPHIR experiments in 2010 under low-NO conditions

(upper panels) and high-NO conditions (lower panels). Black and red data points indicate different periods of the experiments. Red: zero
air period; Black: after the injection of aromatics. The solid lines correspond to the mean ratios listed in the third column ®f Fghle
calculated by EqR), dashed lines are 1: 1 lines.

The differences of the ratios could also be caused by adand to go in the right direction. Our data are therefore not
ditional OH recycling via H@+ RO, reactions that gain im-  in contradiction with the proposed additional OH recycling
portance under low-NO conditions. Such radical-radical re-but cannot confirm it quantitatively. In any case, HORO;
actions that are usually thought to produce non-radical prodfeactions played a minor role for the OH budget even under
ucts can lead to enhanced OH recycling as shown by recerthe low-NO conditions of this work.
laboratory studies for reactions of carbonyl-containinggRO  Current explicit degradation schemes of the Master Chem-
radicals with HQ (Hasson et @).2004 2012 Jenkin et al.  ical Mechanism (MCMv3.2) underestimated OH radical con-
2007, 2008 201Q Dillon and Crowley 2008 Grofl? et al. centrations in previous environmental chamber studies of
2014). Recently also OH formation for the reaction of IO aromatic compound®(oss et al. 2005a b). This mismatch
with bicyclic peroxy radicals from aromatic precursors was between simulated OH concentrations and those indirectly
proposed with a rate constantas used in the previous sec- inferred from the decay rates of aromatic reactants was
tion. This rate constant corresponds to an OH yield of aboutattributed to potentially missing OH production processes
0.5 Birdsall et al, 201Q Birdsall and Elrod201]) in agree-  (Wagner et a].2003. Our straightforward experimental in-
ment with a conservative upper limit of 0.5 estimated pre-vestigation of the radical balance however suggests that so
viously for bicyclic peroxy radicals from benzendefkin  far unaccounted OH production reactions are not likely to be
et al, 2007). However, this upper limit may have to be scaled a reason for this OH underprediction. Rather, there seems to
down further in view of recent resultd€nkin 2014 and con-  be an overestimation of OH reactivities of secondary prod-
sequently the importance of this OH source is highly speculaucts and an underestimation of peroxy radical concentrations
tive. In our present work, the influence of the HORO, re- in these model simulations, as will be discussed in more de-
actions could only roughly be quantified R, by using the  tail in a companion publicatiorNehr et al, 2014).
measured total ROconcentrations and the same estimated The high and low NO concentrations employed in this
rate constantg from the literature. Despite these uncertain- work roughly corresponded to the conditions encountered
ties the small effects were found to have the right magnituden the Pearl River Delta field study during morning and
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Figure 4. Correlation of OH destruction rate® ) and production ratesPoy) for SAPHIR experiments in 2010 under low-NO conditions

(upper panels) and high-NO conditions (lower panels). Black and red data points indicate different periods of the experiments. Red: zero
air period; Black: after the injection of aromatics. The solid lines correspond to the mean ratios listed in the third column ®f Fghle
calculated by EqR), dashed lines are 1: 1 lines.

afternoon hours, respectivelyi¢fzumahaus et gl.2009. model-independent, steady-state approach for OH was used
While in the field campaign a strong mismatch between OHfor an OH budget determination. Considering primary
production and destruction rates by a factor of three wasOH production and recycling reactions by photolysis and
obtained for low-NO conditions, only an insignificant dif- HO, + NO, measured OH destruction rates slightly exceeded
ference was observed here as discussed above. This cleal@H production rates by factors ranging between 1.1 and
shows that the presence of aromatic compounds plays no rol&.6 under low-NO conditions (0.1-0.2 ppb of NO) and 0.9—
for the explanation of these field observations. 1.2 under high-NO conditions (7—8 ppb of NO). CO refer-
ence experiments show that the OH budgets were balanced
within the accuracy of this analysis. Further OH production
in HO, + RO, reactions that have recently been proposed in

. . . the literature may be operative but turned out to be insignif-
OH production and destruction rates, exclusively calcu-. . . . X
icant within experimental error under the conditions of this

lated from measured quantities, were determined for the ork
first time during SAPHIR atmosphere simulation cham- '
ber experiments with the aromatic hydrocarbons benzene,
toluene, p-xylene and 1,3,5-trimethylbenzene. A widely

5 Conclusions
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Appendix A: Correction of HO », measurement
interferences

Table Al. Organic peroxy radicals (MCM specific designation) de-
tectable but not discriminable by LIF and their respective RO yields
(cro) in RO, + NO reactions and subsequent piglelds (cHp,) in

The LIF technique can only detect OH radicals. Measure-RO + O, reactions as implemented in MCMv3.2.

ments of HQ and RQ radicals by LIF work via conversion

to OH upon addition of NO. The H£&to-OH conversion is ° v Z

direct and can be made shortly before the excitation of OH § % & ;

within the expansion of the sample g&k{land et al, 2003. _ 5 = X w
In contrast, R@ has to be converted to HCfirst which RO, species 2 = 5 < (RO CHOp
requires at least one additionab @eaction following the BZBIPERO2 X 0.92 1.00
RO, + NO reaction. This R@to-HO, conversion is accom- BZEMUCO2 X 0.90 0.50
plished in a pre-reactoF(ichs et a].2008. The different re- C5DIALO2 x 100 1.00
action times thus allow a distinction between OH from HO PHENO2 x 1.00  1.00
and RQ. However, dependent on the nature of the,R&u- HCOCO3 x x x x 100 100
. e e HOCH2CO3 x x x x 1.00 1.00
icals this dlstmcthn is not complete because some RO- MALDIALCO3  x  x 100 100
duce HQ too rapidly. Therefore, LIF H® measurements, C3DIALO2 «  x 1.00 100
[HO3], have to be corrected for the concentration of a num- MALDIALO2 % x 1.00 1.00
ber of interfering R@ radicals[ROy];, detected with the cor- NBZFUO2 X X 1.00 0.50
responding relative sensitiviti@zs;'2 to obtain the true H® BZFUO2 X X 1.00 1.00
concentration, [H@| (Fuchs et al.2011%; Lu et al, 2012. HCOCOHCO3  x x x 1.00 1.00
NCATECO2 X 1.00 1.00
[HO2] = [HO;] _ Z“f?oz[ROZ]i (A1) C5C020HCO3 x 1.00 1.00
; C4C0O2DBCO3  x 1.00 1.00
C6H5CH202 X 0.90 1.00
Accordingly, the true R@concentration (excluding RQhat TLBIPERO2 X 0.89 1.00
form no HQ, at all), [RG,], is given by the sum of the RO CRESO2 x 1.00 1.00
concentration measured by LIF, [BDplus the contribution TLEMUCO2 x 0.90  0.50
. ; . C615C0202 X 1.00 1.00
of those RQ rad|cals,oeROZ x [RO,];, that were spuriously C5C01402 «  x 100 0417
detected as HO C3MCODBCO3 X x 1.00 1.00
. MC3CODBCO3 X X 1.00 0.65
[RO;] = [RO3]+ Y _ o, [RO2; (A2) CAM2ALOHO?2 X x 1.00 1.00
i C5DICARBO2 X 1.00 1.00
. . . TLFUO2 X 1.00 1.00
For peroxy rad|caI§ formeq second.arlly fol!()_vylng the MNCATECO? « 100 1.00
OH + benzene reaction, relative detection sensitivities com- PXYEUO2 « 1.00 1.00
pared to that for HQ of agggzen8= 0.86 were determined CO2H3CO3 %« x x 100 1.00
experimentally in 2010. In 201b2&12¢"was then reduced C6CO20HCO3 x 1.00  1.00
to 0.17 by means of technical changes of the experimental PXYLO2 x 0.90  1.00
setup Euchs et al.2019). PXYBIPERO2 X 0.86 1.00
. . PXYMUCO?2 X 0.83 0.50
Speciated R@measgrements were not available and con- CEM5CO202 9 100  1.00
sequently, the correction of the LIF data was made on the PXYOLO?2 < 1.00 1.00
basis of numerical MCMv3.2 simulations. More details on C3MDIALO? x x 1.00 1.00
these simulations are given elsewheéxelfr et al, 2014). In- DMKOHO2 x 1.00 0.30
dividual organic peroxy radical concentratiofRO;];, were PXYFUO2 X 1.00 1.00
calculated for each SAPHIR experiment. Organic peroxy C4C0O202 x 1.00  0.50
radicals involved in the photo-oxidation of aromatics and de- CHOMOHCO3 x x 100 1.00
tectable by LIF are listed in Tablal. agenze”ewas used _Fr)ﬁlocﬁlzgggg x .00 1.00
. , x 1.00 1.00
for the corrgt_:tlons according to Eq1) and A2) for all C6MOHCOCO3 9 100  1.00
[ROo];. Additional MCMv3.2 based factorsﬁo and C:_'OZ C5DBCO2CO3 x 1.00 1.00
that account for the yields of RO in ReactioR7) and the TMBO?2 % 090 1.00
yields of HO, in Reaction R8), respectively were also con- TM135BPRO2 x 0.84 1.00
sidered. Regarding th€on—Don relationships the correc- TM1350L02 x 1.00 1.00
tions of HO concentrations finally led to ratioBon/ Pon TM135MUCO2 x 094 050
that were greater by.07-+0.12 for the 2010 data and by fﬂfxggég"'oz x 1-88 1-88

X . .

0.05+0.03 for the 2011 data. CACOMOHCO3 ~ 100 100
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