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Abstract

The Mediterranean is a climatically sensitive regiocated at the crossroads of air masses frone ttwatinents:
Europe, Africa and Asia. The chemical processingiofmasses over this region has implications nbt for the air
quality, but also for the long-range transportiofomllution. To obtain a comprehensive understagdif oxidation
processes over the Mediterranean, atmospheric otatiens of the hydroxyl radical (OH) and the hypleroxyl
radical (HQ) were measured during an intensive field campéirprus PHotochemistry EXperiment, CYPHEX-
2014) in the north-west of Cyprus in the summe014. Very low local anthropogenic and biogenic ssiains
around the measurement location provided a vangaie to study the contrasts in atmospheric oxatapathways

under highly processed marine air masses and thfisenced by relatively fresh emissions from maird Europe.

The CYPHEX measurements were used to evaluate @HH&» simulations using a photochemical box model
(CAABA/MECCA) constrained with CYPHEX observation$ Os;, CO, NQ, hydrocarbons, peroxides and other
major HQ, (OH + HG) sources and sinks in a low Nénvironment (<100 pptv NO). The model simulatiéarsOH
agreed to within 10 % withn situ OH observations. Model simulations for Hagreed to within 17 % of tha situ
observations. However, the model strongly undeiipted HG at high terpene concentrations, this underpremticti
reaching up to 38 % at the highest terpene leikfferent schemes to improve the agreement betwbserved and
modelled HQ, including changing the rate coefficients for thactions of terpene generated peroxy radicalgRO
with NO and HQ as well as the autoxidation of terpene generategdpecies, are explored in this work. The main
source of OH in Cyprus was its primary productiooni O; photolysis during the day and HONO photolysis agri
early morning. Recycling contributed about onedhaf the total OH production, and the maximum rdicgec
efficiency was about 0.7. CO, which was the lar@¥stsink was also the largest b€burce. Lowest HOproduction

and losses occurred when the air masses had higgidence time over the oceans.

Keywords: hydroxyl radical (OH), hydroperoxyl radidHQO;), terpene chemistry, peroxy radical (Cbox model
(CAABA/MECCA), oxidation capacity, chemical cyclin@H-HQO, budgets
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1. Introduction
1.1. Air pollution and HQ chemistry

The chemical and photochemical processing of diutamts, in conjunction with local emissions, n@tdogy and
atmospheric transport, strongly influences theaality over a region. The regional air quality meps human health,
agriculture, the overall condition of the biosphanel subsequently the climate. Studies attributerifHion premature
deaths globally to outdoor air pollution (Silvaadt 2013; Lelieveld et al., 2015). Oxidants in Barth’'s atmosphere
prevent the pollutants released into it from buitdiup to toxic levels. These oxidants not only @hwmany toxic
pollutants into less toxic forms e.g. carbon modexiCO) to carbon dioxide (GPbut also help in their removal e.g.
nitrogen oxides (N¢) and sulfur dioxide (Sg) are converted into soluble nitric acid (Hiy@nd sulfuric acid (E5Qs)
respectively, although some toxic chemicals madl/tsti formed during degradation of non-toxic onast of the
oxidation processes in the atmosphere proceed ad@agon pathways initiated by the hydroxyl ratiq®H) during
the day (Levy, 1971), making it the dominant chexhideaning agent of the daytime atmosphere (Leldet al.,
2004). The dominant primary production of OH istia photolysis of ozone @at ultraviolet wavelengths (Crosley,
1995) producing the electronically excited'D) atoms (R1). €D that escapes quenching (R2) reacts with water

vapor in the atmosphere to produce OH radicals (R3)

Oz +hv— O(D) + O, (R1,4<330 nm)
O(D) + M — OCP) + M (M =N, O) (R2)
O(D) + H,O — 20H (R3)

Because OH reacts rapidly with several biogenicafiy anthropogenically emitted gases (e.g. R4)ifé@8me is
typically a few hundred milliseconds in the troplbepe. Oxidation limits these gases (methanesCEO, volatile
organic compounds) from accumulating above traseldein the troposphere. Reactions of OH with C@ an
hydrocarbons (R4) also trigger quasi-instant foiomabf the hydroperoxyl radical (HQvia R5) in our @ rich
atmosphere. In the presence of nitric oxide (N@) @n(R6, R7), a chemical equilibrium is set between &id HQ

on a timescale of seconds. The sum of OH andikl®@own as HQ The reactions R6 and R7 maintain the oxidizing
efficiency of the atmosphere by recycling OH. Sitanéously, in the presence of NGENO + nitrogen dioxide
(NOy)), they also propel a reaction chain leading $dddmation via R8 and R9. R8-R9 are the main chahsource

of tropospheric @ which is an important oxidant, a greenhouse gaseadl as a major secondary pollutant.

CO + OH— CO+ H (R4)
H + O, (+M) — HO; (+M) (R5)
NO + HG; —» NO; + OH (R6)
HO,+ O; — OH +2Q (R7)
NO; + hv — OCP) + NO (R8A<430 nm)
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OCP) + Q (+M) — O3 (+M) (R9)

OH also oxidizes anthropogenic and biogenic hyditmmas (HCs) emitted into the atmosphere leadingeimxy
radicals (R@). NO converts the ROinto HO;, which again leads to OH recycling (R6). The \HQcle can be
terminated by the radical+radical interactions @:Rnd HQ with and between themselves to form peroxides (R10
R11). Depending on NO levels, the Répecies can react through different channels. UlogdeNOy conditions e.g.

in clean marine boundary layer, when the reactioR®; with NO is less significant than its reaction wH®O,,
peroxide formation becomes a major sink forHfdrther leading to OH and:®emoval. Under higher NO levels,
RO, would react with NO to form N&(Os source), HQ (OH source), alkyl nitrates as well as aldehyd®E( R13,
R14). Further, there have been suggestions of atittation of RQ to produce peroxides and yielding OH under
atmospheric conditions (Crounse et al., 2013). &lmgo-oxidation mechanisms proceed through catatyshifts

at a very fast rate (up to ~ 0.1)se.g., conversion of ROgenerated from a carbonyl compound into a highly

functionalized dicarbonyl hydroperoxide compound R

HO, + HO, — H.0, + O (RlO)
RO, + HO, - ROOH + O (R11)
RO, + NO + Q@ — R'CHO + HG, + NO, (R12)
RO, + NO— RNOs (R13)
NOz + OH + M— HNOs; + M (M = Ny, O3) (R14)
0 o)
~3C\!j/\k//““ + 0O, N .lyCﬁC'«s + OH (R15)
,O/ o) -OH

In polluted air when NQconcentrations become large enough that the oactiNG with OH dominates over other
HOx sinks, the major loss of HOs via the formation of nitric acid (HNDR14), which is then removed from the
atmosphere by wet and dry deposition. Some acidifay reactions are also the starting point of pbrtformation
in the atmosphere e.g. via oxidation of;SIB sum, oxidation is a means by which major galits are processed and
removed from the atmosphere, but with concomitamtlications to air quality, agriculture, climatedahealth.
However, large uncertainties in atmospheric reactiathways, rate coefficients and measurementsnadspheric

gases and radicals, limit our ability to understand predict the quality of ambient air.
1.2. Motivation for the campaign

The Mediterranean is a climatically sensitive regiehich is rapidly getting warmer and dryer ovendi(Lelieveld
et al., 2012). The atmospheric chemistry over #ggon is complex with regular exceedances of th@iean Union

(EVU) ozone air quality standard (Doche et al., 2Kalabokas et al., 2013) and a projected incredseimmertime
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Os over the Eastern Mediterranean (Lelieveld et2lQ2; Lelieveld and Dentener, 2000). Cyprus is alsremote
island (area: 9251 kinpopulation: 1.15 x 19 Density: 119.2 people/kinin the Eastern Mediterranean (south of
mainland Europe) with very low local emissions. Tmn-methane volatile organic compounds (NMVOCSPN
SO emitted by Cyprus and European Union (EU28) wese 7.2, 16.8 Gg and 6722, 7819, 3083 Gg respgtiv
for 2014 (European Union emission inventory rep@QA17). Being located downwind of the mainland fparo
emissions, Cyprus provides an ideal vantage poistudy the impact of European emissions on theitelednean
climate (Lelieveld et al., 2002). To study the agmioeric chemistry over the Mediterranean and uteigdshe impact

of emissions from different regions of Europe angaiality in Cyprus, an intensive field measurenearpaign (the
Cyprus Photochemistry EXperiment, hereafter CYPHE)&s conducted in Cyprus during the summer of 2014,

wherein a comprehensive suite of trace gases wasured.

Cyprus is exposed to air masses influenced by @missfrom South-West European countries which are
photochemically processed over the Mediterranean Blee Etesian winds during summer carry air malesated
with emissions from industry and biomass burningra@entral/East European countries. Although d@omssfrom
Europe have been steadily decreasing over thdgastecades (e.g. NOSQ, and NMVOCs decreased by nearly 50
%, 80 % and 57 % respectively during 1990-2013pRean Union emission inventory report, 2017), tresssions
are still substantial w.r.t. the global total. Ap&om the influence of European emissions, Cypsustrategically
located at cross-roads of air masses from Asidac@fand the Atlantic (Kleanthous et al., 2014)ldahce from all
these different source regions, incorporating thgact of a plethora of hydrocarbons, nitrogen anflisspecies as
well as mineral dust on the atmospheric processirlgis part of the world, have attracted sevéeddl campaigns
(Carslaw et al., 2001; Berresheim et al., 2003).es@mple, the Mediterranean INtensive Oxidant $i{MINOS)
was conducted to study the budget of atmospheiittaois influenced by long-range transport of paht in the
summer of 2001 (Lelieveld et al., 2002; Gros et2003; Salisbury et al., 2003). OH radicals werasured in the
coastal boundary layer of Crete as part of the MEN@mpaign and the major sources of OH were foarket
photolysis of @ and recycling from H&*NO reaction (Berresheim et al., 2003). Although,H@s not measured
during MINQOS, high levels of formaldehyde (HCHO)major primary HQ@ source, were observed (Kormann et al.,
2003). In the present study, we report simultanenaasurements of OH and KH@uring the CYPHEX campaign,
and compare these observations with simulation® faophotochemical box model constrained with ©O, NO,
NO,, peroxides, several anthropogenic and biogeniagdoatbons including important alkanes, alkenesyrak,
aldehydes and acids as well as photolysis freqasnaf important gases relevant to HEhemistry. The main
objective of this study is to identify the majorechical species and reaction pathways controllieg+f) chemistry

over this climatically sensitive region.
2. Methods
2.1 Measurement site

The CYPHEX campaign was conducted at the northeeest of Cyprus, on a hilltop about 650 m AMSLPaphos
District of the island and facing the sea aboutlsrBaway on the west. The Akamas peninsula natjpa is about

25 km to the northwest of the measurement site §34RI / 32° 23’ E), with terrain descending rapitih the northeast
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towards the town of Polis, with a population of ab2000. The area comprises of spare shrub typetatgn with
small Mediterranean trees comprising pines, jusipelives, carob, pomegranates, and almonds. deeisweakly
populated in a radius of about 20 km. The sitewayafrom the major cities: Paphos with 90000 pedpl20 km
south, Limassol with 235000 people is 70 km soatt,d.arnaca with 145000 people is 110 km eastNacaisia with
325000 people is 90 km northeast (census of pdpal@ct 2011; www.cystat.gov.cy). The local windedition is
predominantly southwest (70 % between 202347.5") (Meusel et al., 2016; Derstroff et al., 2017)inging in

humid air from the sea, with no immediate anthrapog influence. Analysis of 5 day back trajectosesw mainly
two major air mass regimes (Huser et al., 2017@sigh winds influenced by fresh emissions from Easitral
Europe and crossing Turkey and Greece, and Migfirads influenced by emissions from South-West Earbpt
processed for a longer period over the Meditermar{€&ure 1). During the summer of 2014, a weakersstwest
pressure gradient led to weak and delayed Etesiaasv{Tyrlis et al., 2015). The site is also infieed by local land

sea breezes.
2.2 HQO, measurements during CYPHEX

Atmospheric OH and HOwere measured during CYPHEX using the HydrOxyliBaldneasurement Unit based on
fluorescence Spectroscopy (HORUS) instrument (Maztiet al., 2010). The setup was based on theestdblished
Laser Induced Fluorescence-Fluorescence Assay lsyE®pansion (LIF-FAGE) technique for atmospheric OH
measurements (Brune et al., 1995; Crosley, 1996 Efiaal., 1984). The laser system consisted ohalile dye laser
which was pumped by a diode-pumped Nd:YAG lasewnidddor | J40-X30SC-532Q, Spectra Physics) pulsing

kHz. The two laser assemblies were mounted onresitle of a vertical plate, which was mounted oack inside a
measurement container about 6 m x 2.5 m x 2.5 m. dtliput laser radiation was split in a 9:1 ratsing beam

splitters, and channeled through 8 m optical filhets the detection module for measurements of @G,

The detection system was mounted about 6 m abaumndievel (AGL) on the top of a scaffolding toweonstructed
close to the wall of an air-conditioned containdjaaent to the Laser unit. The container with tl@RUS instrument
was mounted on top of another similar measuremamamer with @, CO, NQ and peroxide instruments inside.
The inlets for all the instruments measuring du@gPHEX were placed within 5 m of the HORUS detttunit

on the tower. Ambient air was drawn in HORUS thioagritical orifice with pinhole size of 0.9 mntara detection
cell with about 4.3 mbar pressure. This internabpure was achieved by using a combination ofta tdower (M90
compressor from Eaton, USA) followed by a scrolinpu(XDS 35i, Edwards, USA). The resulting high vakiflow

ensured that the exchange of air illuminated byaker is fast enough between two consecutive pullsas avoiding

possible laser-induced interferences.

The interaction of the ambient air with the laseatm in the low pressure detection cell was maxichimeng a White
cell setup, where the laser light was reflecteti®2s across the detection volume. The OH molecuézs selectively
excited by 308 nm laser light pulsing at 3 kHz esanance with the () transition line (&Y -X?[], v'=0 «v"=0).

An etalon controlled by a stepper motor, in the thaer setup, caused the laser radiation to bedtoneand off

resonance with the OH transition every 7 s to antdor the OH fluorescence plus background sigmald the
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background signals, respectively, resulting imaetresolution of 14 s. The spectra from a refereatle where OH
was produced by # thermolysis, was used to detect théXpline. The counts from the reference cell wesedito
sustain the on-resonance position while the eti@tirered around it. Although the pressure redudtidhe detection
cell results in smaller numbers of OH moleculesmiproves the OH fluorescence quantum yield duestihuced
collisional quenching of excited OH radicals. Tiietime of the excited OH extends beyond the Miettsring by
aerosols and the Raleigh scattering by smaller cotds/particles. These interfering background dgyneere
discriminated by using time-gated micro-channelgtietectors (Hamamatsu), enabling excitation ofr@ticals and
detection of fluorescence at the same wavelendth.ekcitation at 308 nm is advantageous to theatian at 282
nm as interference from laser generated OH due; fohOtolysis is ~25 times smaller at 308 nm. A bpads filter
with a central wavelength of 308 + 0.75 nm and kadth of 5 nm (FWHM) in front of the detector preated signals
due to any interfering wavelengths from registelanghe detector. The fluorescence decay was redasith a time-
resolution of 4 ns and integrated for on-resonaarue off-resonance periods, thus delineating theasiffom the
spectroscopic background. Further, the spectriaeofiteasured atmospheric OH was compared with thelotained

from a reference cell ensuring no interferencemfflaorescence of species like 5&hd naphthalene.

The chemical background, originating from OH beimgrnally produced during the transit time of ab8ums from
the orifice to the center of the detection cellswacounted for by removing ambient OH with an @&lvenger. This
scavenger, 3-5 sccm of pure propane in a cargerdif 8000 sccm synthetic air for CYPHEX, was inimoed through
an inlet pre-injector (IP1) mounted on top of théet nozzle (Novelli et al., 2014a; Hens et al.1 20 The scavenger
amount was just sufficient to scavenge off ~95%tofospheric OH as determined from propane titraiqperiments
on-site. IPl was connected to a blower that draveain180-200 Ipm of ambient air from the top of tRg§ the flow
being monitored by a differential pressure seribe OH scavenger was injected via eight 0.5 mm eianholes 5
cm above the pinhole of the OH inlet into the cewntiethe air flow sampled by IPI close to its hylpelic minima
(Novelli et al., 2014b). The hyperbolic internabgle of the IPI (max cross section of 35 mm andaross section of
6 mm) helps to sample air that has minimum walltacnand flows at a high velocity through a smééinadeter
ensuring that the scavenger is well mixed with apheric air. The high flow also ensures minimumastpof the
horizontal wind speed on the mixing efficiency. TRécycling was automated by a script resultingepeated cycles
of scavenger injection, flushing and no injectidhe scavenger was periodically injected every 2, mégulting in
alternating measurements of background OH and @ithl.e. with and without scavenger injection. Tdifference
between these two signals gives a measure of thespheric OH with a time resolution of 4 min. ThalMosses in
the IPl were periodically determined by physicadligmounting the IPI for 5 min during measurementsing
different times of the day. On average, the baadkgdosignal was 45 % of the total signal during dagt
(Supplementary Figure 1). While the constituentdadkground OH can have pronounced impact on atheosp
oxidation processes, especially over regions witj liogenic emissions (Mauldin et al., 2012), shady of the

influence of background OH on oxidation pathwaysmuCYPHEX is beyond the scope of the presentystud

Atmospheric HQ was measured in a detection cell located 16 cowbtie OH detection block. HOneasurements

were achieved by injecting NO purified through dism hydroxide coated silica (Sigma-Aldrich Asceyitising a
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1/8” od, 0.035” id coiled stainless steel loopthviabout 3 cm diameter, placed just above the #iection block.
The NO was injected through 0.1 mm holes, leadingphversion of H@into OH and detected by the same principle
as in the first block. To minimize impact of RGn OH formation (Fuchs et al., 2011; Hens et24114), only about
30 % of atmospheric HQwas converted to OH using NO. The required NO flalout 0.5 sccm pure NO in 10 sccm
carrier flow during CYPHEX, was determined frommdtions in ambient and calibration air. Furthestsenvere done
with and without NO to ensure that there was nduérice of HQ conversion into OH in the first axis. The
measurement in the H@etection cell yields the total HQOH + HG,). HO; is calculated as the difference between

HOx and the OH measured in the first axis, after aoting for the relative OH sensitivities of the td@etection axes.

Due to low OH reactivity during Cyphex, we expdut RQ production from the oxidation of hydrocarbons ® b
low. Hence the interference due to potential cosieerof atmospheric ROadicals into H@radicals due to the NO
injected to convert H@into OH in the low pressure detection volume ipepted to be low compared to regions with
high OH reactivities like the boreal forest in Bintl. In order to reduce the conversion of;ROHG,, we used a
reduced NO flow of 0.5 sccm resulting in ~7 ¥4€m? of NO in the detection cell, thus converting oalyout 30%

of HO, radicals to OH radicals while simultaneously redge¢he RG-HO; conversion efficiency. We did not conduct
experiments to measure the conversion efficienuiesl possible R@radicals in the atmosphere. To estimate the
potential interference due to RQadicals on our measured signal, we made modetulegions using
CAABA/MECCA where most of the RQadicals from higher hydrocarbons directly form H&dicals after reaction
with NO skipping the reaction step of alkoxy radioaith O, which is slower at reduced pressure inside thelment

compared to ambient.

The model is run at ~4 hPa to see how OH and td@icals evolve with time in the low pressure détm volume at
different NO concentrations and is validated folibzation conditions (manuscript under preparatioihe RQ
radicals in the model are initialized with the centrations generated from the model run for the lcase (case Il

in Figure 3 of the original MS) for our study whitH and HQ radicals are initialized with measured concertreti

In the Supplementary Figure,2@e show the evolution of OH and Hédicals inside the detection cell after injection
of NO (t=0) for NO concentrations of 7.1 x}#@nd 1.71 x 1# cnt respectively. The converted OH signal is detected
after 6.6 msecs (time of detection). For the highversion efficiency case, the contribution of B®, to the OH
signal at 6.6 msecs is about 35% or 31% of thélnRO, mixing ratio. This value matches with estimatesfr
previous study by Hens et al., 2014. For the lomvension efficiency case that represents the CYPHEdsurement

mode, the estimated contribution of RO the measured signal is about 12 % or 2.5%eofrttial RG: mixing ratio.

Further, we estimate that more than 50% of the Rt@rference is due to isoprene oxidation produtiss is due to
the fast conversion of isoprene-based hydroxy peradicals towards HOand OH. These isoprene-based hydroxy
peroxy radicals have one of the largest conversificiencies of up to 90 % (Fuchs et al., 2011, Letval., 2018).
Moreover, we see that the R@terference does not increase with increasingeta® concentrations and is nearly
constant at terpene levels greater than 80 pptppl®mentary Figure 2b), mostly because during these of the

day HQ concentration increases during this time fasten tierpene based R@oncentration. This indicates that the
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RGO; interference effects cannot explain the deviabbmodelled HQ w.r.t. measurements at high terpene mixing

ratios (discussed later in sections 3.3 and 3.4).

Calibration of the instrument for OH and kifdeasurements is achieved by measuring the sigaatsated by known
amounts of OH and HQMartinez et al., 2010) in a calibrator setup. Thaébrator was mounted on top of the OH
inlet without the IPI. Known amounts of OH and H®ere produced by irradiating different concentrasi of
humidified air with 185 nm radiation produced bpen ray Hg lamp. The actinic flux density of the ldgp (Pen-
ray line source, LOT-Oriel, Germany) used for thetolytic radical production was determined befand after the
campaign using the actinometry method bpNbhotolysis (Martinez et al., 2010). Differend@®mixing ratios were
produced by mixing different combinations of hurfigi and dry air flows using mass flow controllefthe
humidified air was generated by bubbling dry atoia container half-filled with water maintained2&-30°C. The
water mixing ratio in the humid air stream was nwead by a LICOR C@HO-Analyzer (Li-7000) based on the
detection of differential absorption with an IR sfsemeter. The stability of the Li-7000 was ensubgctalibrations

with a dew point generator (Li-610 from LICOR).

The precision and minimum detection limit for OH asarements during CYPHEX was determined from the
variability of the background signals (Table 1)eTd¢hemical background, during propane injectiomdparger than
the spectroscopic background (off-resonance), ldmn@nating impact on the precision. The precigmmOH and
HO; measurements were calculated to be*n&secules cnd and 0.39 pptv, respectively for 4 min and 14 seet
resolutions, respectively. The accuracy for OH ruezments was derived from the uncertainties in @lbrations,
which involve uncertainties in determination of faffux (traceable to a NIST NO standard), flowslimated with

a DC-2B, traceable to ISO/RVA 17025);®imixing ratios (calibrated with a Li-610) and urtanties in estimation

of OH losses in the IPI, accumulating to 28.5%) (2 he accuracy in HOmeasurements was estimated to be 36 %

(20) based on calibrations, loss of Hi@ the IPI and the uncertainty in NO mixing durititgations.
2.3 Measurements of other Chemical and Meteorcdbgiarameters

During CYPHEX, measurement instruments (Table l)ewset-up in four air-conditioned laboratory conéas,
placed in two stacks of two. An 8 m tall, 0.5 mrdier, high flow (10 fmint) common inlet installed between the
stacks was used to draw ambient air for most ingnts. The references to the various measurementsdicated

in Table 1. G-C4 alkanes and alkenes (ethaneHg; ethene: @Hs, propane: gHs, propene: €He, butane: GHip (i
and n), butene: £is (c and t) were measured with a time resolutio8®fmin and the mixing ratio represents an
average over a sampling period of 20 min (Sobaeski., 2016). Photolysis frequencies were obtalmed CCD
Spectroradiometer (Metcon GmbH) operating at 278-6rh with a 2z integrating hemispheric quart dome. The
spectroradiometer was calibrated prior to the cagmpasing a 1000 W NIST traceable irradiance stechdzhotolysis
frequencies were calculated using molecular parmimeecommended by the IUPAC and NASA evaluatiorefsa
(Sander et al., 2011; IUPAC, 2015). An automatiatier station (Vantage Pro2; Davis Instruments Cotayward,
CA) was used to measure temperature, pressure,diiection and speed, solar radiation and humiditi a time

resolution of 1 min.
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2.4 The CAABA/MECCA model

Due to the high reactivity of OH with a plethoraasfthropogenic and biogenic hydrocarbons, the ef@mistry of
the atmosphere involves numerous reactions. Toieffily evaluate these reactions, several mechanignaarious
complexity have been developed, e.g. the Regiom@loApheric Chemical Mechanism (RACM; (Stockwelkét
1997), the Master Chemical Mechanism (MCM; httpctimieeds.ac.uk), the Mainz Isoprene Mechanism (MIM;
(Taraborrelli et al., 2009), the Carbon Bond Medsian(Yarwood and Rao, 2005), etc. For this study,use the
Module Efficiently Calculating the Chemistry of tAémosphere (MECCA, Sander et al., 2011; Sandat.e2005),
which is an atmospheric chemistry module that dosta comprehensive set of gas and aqueous phasgceth
reaction mechanisms covering tropospheric andosipheric chemistry. The gas phase chemistry inptiesent
version contains 2664 species (including 40 dump&cies to account for deposition) and 1670 reastimcluding
basic Q, CHs;, HO,, NOy, NMHC and sulfur chemistry. Complex organic chemigs taken from the Mainz Organic
Mechanism (MOM, Taraborrelli et al., 2015). MOMbiased upon the MIM3, containing new additions tisaprene
oxidation mechanism (MIM2) for regional and glotimospheric modelling. Under pristine conditiorsmprene

oxidation buffers OH to a narrow range of concerdre (Taraborrelli et al., 2009).

The original MIM is based on the MCM. MIM2 was fer developed to improve the tropospheric chemistger

a wide range of NOregimes, and provided a better evaluation of W@ organic nitrogen-containing species due to
a detailed representation of the alkyl and peraxy mitrates as well as isoprene oxidation produsdsne of which
can be measured by modern instrumentation e.g. Mi&thacrolein (MACR), hydroxyacetone and methybgh/
(Taraborrelli et al., 2009). MIM3 is a reduced vensof MIM2, suitable for 3D atmospheric chemistrgnsport
modelling. It contains an improved isoprene oxislatmechanism related to OH recycling. It accouotshe photo-
oxidation of unsaturated hydroperoxy-aldehydes,r@dyct of isoprene oxidation; initiating a hydroxsddical
production cascade. Compared to RACM, MIM3 presaiidsver degree of lumping and reproduces the mixatios

of the main chemical species in the atmospheraraanty intermediates very well under a tropical midzNcenario
(Taraborrelli et al., 2012). In MIM3, the extendgltemistry following the OH and {pathways has been thoroughly
revised, tested in a box model, and shown to rem@tHGQ measurements, even for challenging conditions high

isoprene mixing ratios (>1 nmol mbland low NO (< 40 pmol md)(Taraborrelli et al., 2012).

MOM has been first presented and used in the diydelieveld et al. (2016). It represents the ghage oxidation
of more than 40 primarily emitted VOCs. The struetand the construction methodology mirrors onthefMCM.

The oxidation mechanism for aromatics has beerepted in Cabrera-Perez et al., (2016). The terpaiuation

scheme includes previous developments for modeti@x field measurements (Taraborrelli et al. 20H2ns et al.
2014; Nolscher et al. 2014). Most of the known angfoposed HOx-recycling mechanisms under low-N@ddions
are taken into account. Finally, isoprene chemiilows to a large extent Peeters et al. (20131 denkin et al.
(2015) with modifications by Nolscher et al. (201@hemistry of the pinenes (monoterpenes) is aatamtuof the
MCM with modifications proposed in the past by \esken et al., (2007); Nguyen et al., (2009); Vekeacand
Peeters, (2012); Capouet et al., (2008). For theenical integration, MECCA uses the KPP softwaran(f and

Sander, 2006). All gas-phase reactions are comtaima single chemical file (gas.eqn).
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The most common method to efficiently evaluate mglex chemical environment is to use a zero dinuarad]
photochemical box model. Here, we use version 3.8he box model CAABA (Chemistry As A Boxmodel
Application) which is based on version 3.0 desatibg (Sander et al., 2011). To apply the MECCA cisém to
atmospheric conditions, it is connected to the CAAase model via the MESSy interface. The modebisstrained
by observed concentrations of the main reactiveetrgases, § CO, NO, NQ, nitrous acid (HONO), HCHO,
hydrogen peroxide (¥D.), methyl hydroperoxide (MHP, GOH), SQ, C,-C4 alkanes and alkenes, isoprene, pinene
(o andp), limonene, benzene, toluene, methane, methacetpaitrile, acetaldehyde, acetone, acetic acidvedlsas
photolysis rate constants. Model results were abthby letting the model run into steady statedbr and HQ for
each set of data points. The steady state was betachieved for OH when the relative changesHna@s less than
5 x 107. Deposition velocities used in our scheme for sanportant species are provided in Table 2. Thevdition
is incorporated into the model scheme by converéingpecies into a dummy species according to p®sigon
velocity. As these dummy species will not partitgoim any further chemical reaction, their precussre effectively
removed from the model chemical scheme. The depnosielocities of peroxides, formic and nitric aeice based on
(Nguyen et al., 2015) while those for PINAL and PAN based on (Evans et al., 2000) using the azavhthe

deposition rates for water, forest and grass. Thdaihscheme is included in the supplementary sfrtrnuscript.
2.5 The FlexPart model

In order to understand the impact of different esiois sources on the atmospheric processing of agses, the
dynamical transport history of air parcels reachiiyprus during the CYPHEX campaign was traced uBlegPart
9.2 (Stohl et al., 2005). FlexPart is a Lagrangdarticle dispersion model that describes the trarsmnd diffusion
of tracers by computing the trajectories of largenber (ca. 10000) of infinitesimally small tracearticles. For
CYPHEX, trajectory simulations were done at 3-htione intervals during 21-31 July 2014. For thisp@art was
run 120 hours backward in time from the measurersgatdriven with analyses from the ECMWF with 0x20.2°

horizontal resolution and a temporal resolutiord dfour (Huser et al., 2017). The particle densigyridbution of the
tracer particles during this 120 hour backward $athon provided information on their residence timeeach grid
cell of the defined geographical area (Supplemgritaggure 3). Major transport routes of air reaching site during

CYPHEX were identified from the grid cells with higr residence times.
3. Results and discussion
3.1 HO, measurements during CYPHEX and associated metapcal and chemical parameters

The variation of OH and H{along with a few important chemical and radiafi@nameters relevant to HGhemistry
during 21 July-1 August (Day of the year:; 202-2i533hown in Figure 2. The mean values of OH and #i®ing 21
July-1 August were 2.2 x £@nd 2.87 x 1®molecules per cirespectively. The mean OH concentration durinkpea
noon hours (J(&D)>2e® s?) was 5.75 x 1Dmolecules per ctn While both OH and H@showed a clear diurnal
variation, the H@-OH ratio decreased with enhancement int)Qand was close to 100 at 3)=3e°® s. During
the MINOS campaign in the summer of 2001 in Crateisland in the Central Mediterranean at simdéitude about
700 km west of the CYPHEX site, average OH levetyevmeasured to be 3.6-6.7 x8Ifolecules per cin
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(Berresheim et al., 2003). The peak OH levels @guNtiNOS reached twice the peak values observechduwsur
study in Cyprus. During MINOS, OH peaked at akidtx 16 molecules per chqwith O; and J(@D) of about 60
ppbv and 2.8es™. These @and J(GD) values are not very different from CYPHEX valuigslicating that the peak
primary OH production would not be very differeat MINOS and Cyprus. Although HQvas not measured during
MINQOS, the CO levels (mean values reaching closkst ppbv) were much higher (Heland et al., 20@8hgared
to CYPHEX indicating possibility of higher HO Nevertheless, the absence of Hfeasurements during MINOS
impairs our ability to directly compare the OH chstny from the two datasets for a regional persgecHowever,
the peak OH levels observed during CYPHEX are caaipa to the midday OH concentrations predictedttier
Finokalia Aerosol Measurement Experiments (FAME8) at a remote coastal site on the island of Ct@teece
(Hildebrandt et al., 2010). The FAME measuremeints\&d the presence of aged, highly oxygenated arganosols
(OA) during summer compared to winter despite bdiagvily influenced by continental air mases (53 d)ing
summer and aged marine air masses (61 %) duringmwifhe presence of highly oxygenated OA duringser
were attributed to strong photochemical impacts tdueigher Q and UV levels during summer, leading to double

the values of midday OH concentrations during suntoepared to winter (Hildebrandt et al., 2010).

While OH measurements during CYPHEX started onuly, 2014 (day number: 193), systematic Heasurements
started much later from 21 July, 2014 (day numi262). Simultaneous measurements of OH and H@ing
CYPHEX are available for the period 21-31 July, émel discussion in this work is based on this commataset.
Large day-to-day changes in concentrations of s and HQ precursors were observed during the study period
e.g. Q varied from 50-110 ppbv, CO from 70-140 ppbv, HCHa@m 0.2-2 ppbv. The noontime OH and Hévels
were 5.75 x 19 (+43%) and 6.25 x $0(+30%) molecules per cfrespectively (Fig. 2). While the average
concentrations of ©and CO during the study period (Day Number: 202)2&ere 69 and 104 ppbv respectively,
during the days 205, 206, the meana@d CO values were 22 and 33 % lower. The lateéogee. days 205 and 206
correspond to air masses arriving from South-Wadkairope and passing over the Mediterranean wtigminantly
marine influence (reaching over 70 % for 5 day $ations using FlexPart). The large changes jra@ CO under
different air mass regimes do not translate inte thanges in HOlevels (Figure 2). This is because their
concentrations are to some extent buffered as ssuamd sinks tend to increase in parallel in m@hatio
anthropogenic/biogenic emissions. To study the ohpéthese numerous reactions on the,#0Odget, we used a
photochemical box model (CAABA/MECCA).

3.2 Modelling simulations of CYPHEX HO

Figure 3 shows simulations of OH and H@ing CAABA/MECCA in comparison with the measurertsein ambient
air. Due to remote location of the measurement isite expected that the H@hemistry would be representative for
the background Mediterranean atmosphere. In gemédtalevels were low during CYPHEX, with only ~2 8bdata
above 1 ppbv NO and ~5 % above 100 pptv NO. Thiystulimited to NO below 100 pptv to exclude maasoents
affected by emissions from the local diesel gewerand local automobile traffic. Under very remotmditions, the
steady state of HOwould be achieved from a balance between, @duction (R1-R3) and HOoss (R10).

However, such a simplified condition is rarely afdd in the boundary layer as the presence of bgdoons leads
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to additional production and loss channels. A firgtdel run was done constraining only, GO, CH, NO, NQ,
HONO, HCHO and kD,, H,O and photolysis frequencies to measured valuggi(&i4 case 1). Thus, the major
primary production channels for OH and H@a photolysis of @ HONO and HCHO are constrained by measured
guantities, while the recycling of OH and k@ccurs via reactions with;DCO, CH and NO only. However, in the
absence of the contribution from important hydrboas, OH loss is underestimated leading to an prediction of
OH in the order of 88 %. Further, H@ also overestimated, on average, by more tha¥h 39 this case (Figure 4
case |) as loss via formation of hydroperoxidasider represented due to the incomplete VOC reptatsen leading

to too low RQ concentrations.

When we constrain the model with all measured gse¢he OH simulations are much improved with a ehdal
measured ratio of 0.90 (Figure 3 case Ill). HowelAD, is now underpredicted by about 17 %. The undeiptiod

of HO. is enhanced with increasing terpenep(nene,B-pinene and limonene) mixing ratios, with average-H
model/measurement ratio of 0.72 for >80 pptv of sneed terpenes. When terpenes are not includdteimbdel,
the HQ simulations are much improved (model/measured31T mean daytime OH reactivity calculated far th
measured major terpenes was about 00@ kis value is only 3.7 % of the calculated reattifrom the total of all
measured species and about 10.7% of the OH ragdiigi; Eq. 1) from CO. The OH reactivity calculatedrfrehe
trace gases measured during CYPHEX varied betweks! Huring the study period (Figure 4), which is congixe
to reactivity measurements made in the free tropesp (Mao et al., 2009). During the TORCH-2 campadiy
Weybourne, England and the DOMINO campaign in Enfrsillo, Spain, the total reactivity was generaify st
when air masses originated from the sea (Lee,&@09; Sinha et al., 2012). The OH reactivity nueed in suburban
regions is generally higher than % @'ang et al., 2016). During CYPHEX, CO and Ctbnstituted more than half
of the total calculated reactivity (Figure 4). GCH4, HCHO, GHs and CHCHO accounted for 35, 17, 13, 9 and 8
% respectively of the calculated OH reactivity diaytime values during CYPHEX.

kow= Z(kspeciesx Cspecie; (Eq 1)

where kpeciesiS the rate coefficient for reaction of a giversies with OH and &eciesiS the concentration of the same

species.

As limonene chemistry is not included in the cotremodel scheme, it is accounted for in the modefiorm of
additionala-pinene after normalizing for their OH reactiviti®hen limonene is included as Cidstead ofi-pinene,
the OH loss increases by about 1 % compared toltagesn there were no terpenes in the model, whimhfirms
the average OH reactivity of limonene at 0.62.s. an additional 1 % of the calculated reagtifiom the measured
species. Although limonene chemistry is differenotnf a-pinene in that it caters more towards secondaggrdic
aerosols (SOA) formation, addition of limoneneogginene increases H@nd OH losses by 3-6 %, which is well
within the uncertainty of the measurements. Néwtess, the degradation products from terpene tiaidéshown
in Figure 5) further act as sources and sinks féra@d HQ, hence play an important role in the overall4d¢®emistry
(Calogirou et al., 1999; Librando and Tringali, 80hang et al., 2015; Wisthaler et al., 2001). tirerr,
increasing/decreasing the terpene concentrationisdiymeasured uncertainties (15 %; Table 1) dsa®increases

the OH and H@model/measured slope by 2-3 %, which is closbecetrors on the regression slopes. Also, changing
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other gases like CO andi; by their uncertainties (Table 1) has less than Brigact on the model vs measured
slopes for OH and H£ Nevertheless, when terpenes are included ag @th OH are H@simulations are much
improved (Figure 3 case IV). In this case, theaagpchemistry does not play any role in OHsH@nulations but the

primary OH reactivity of terpenes is taken into @att.

To access the model uncertainty, Monte-Carlo sitrara are carried out by selecting 228 data pdiota the input
data set representing at least two occurrencesnmientrations i.e. 1-15, 25-75 and 85-99 percentife;, CO, NO,
HCHO, HONO, GHs, CioH16 and J(GD). For each of these points, we performed 9999t®@arlo simulation runs.
The Monte Carlo simulations are based on the matlesdribed ir5ander et al(2011) but additionally we varied the
boundary conditions of the measured species by thkic uncertainty (Table 1). The derived overall model
uncertainty at & is 17.4 % and 10.5 % for OH and Hf@spectively.

Review studies show agreements betwigesitu observations of OH and HGnd box model calculations using
different chemical schemes within a factor of 2oth for urban and marine (boundary layer) envirents (Stone

et al., 2012). During the North Atlantic Marine Bualary Layer Experiment (NAMBLEX) field campaign the
summer of 2002 at the Mace Head Atmospheric Relseégtation, OH was underpredicted early in the nmagr@nd

in the late afternoon/early evening and overprediat the middle of the day based on simple stetatg calculations
(Smith et al., 2006). However, photolysis of HON@sanot considered due to the absence of HONO nezasuts
during NAMBLEX. The authors contemplate that HON@omlysis and OH recycling could play crucial rolas
explaining the discrepancy between measured acdlagdd OH during periods with high solar zenitiglanDespite
low isoprene regimes (Lewis et al., 2005), inclasocd DMS and @Hs improved calculated/measured ratio for OH
from 1.13+0.36 to 0.94+0.39 during NAMBLEX. HQvas overpredicted but model performance improved b
incorporating reactions with BrO, 10 and aerosolalip; the best case scenario for HBodeled/measured was
1.26+0.36. During the Intercontinental Chemicaligort Experiment-A (INTEX-A) , OH was predictedrfawell

for the lowest 2 km over North America and the wastAtlantic Ocean using a zero-dimensional, tirmpahdent
photochemical box model developed at NASA Langlegdarch Center (Ren et al., 2008). In the study,; W&
overpredicted (model/measurement=1.37). It is ehagihg to put the model-measurement agreement glurin
CYPHEX in perspective of other studies, becausg taey with respect to chemical regimes i.e. défgramounts

of NOx and hydrocarbons as well as the chemical mecharasnployed to simulate the HGhemistry. Rohrer et al.
(2014) compared the H@hemistry from different field campaigns usingoemenon modelling framework, and point
to buffering mechanisms that maintains OH in vasitdiO, and VOC regimes. Ren et al. (2008) have noted that
despite highly constrained measurement suites guwramious field campaigns, there are significascipancies
between model predictions and actual measuremé@si@and HQ in different environments. One possible reason
for the discrepancy could be due to unmeasuredsghasic constituents. However, during CYPHEX weéehbgen
able to measure the major primary sources and sitéded to HQchemistry and simulations agree within uncertainty
of OH and HQ@ measurements. Another plausible reason for disoi@pis the uncertainty in mechanistic pathways,
branching ratios and rate constants etc., whicmaténown with sufficient accuracy. A recent stugymparing 7

different chemical mechanisms constrained with shme input data and boundary conditions revealed02%
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ambiguity in predictions of HYand OH over the United States (Knote et al., 20A5)we highlight in the next

section, also the HQhemistry related to terpenes is associated wibistantial uncertainty.
3.3 Reasons for decreased model accuracy wherdinglthe terpene chemistry

As discussed in the last section, we find thatuth@erprediction in H@gradually increases with increasing terpene
levels, being about 38 % for the highest terpeneléeobserved (about 120 pptv). To ascertain # timderprediction

is related to terpene chemistry or some other cterpathway, we compare two model runs viz. caseslcase IV

in Figure 3. Case IV is achieved by initializinggttnodel with zero terpenes, however keeping theeter reactivity
towards OH intact. The terpene reactivity i.e. greduct of individual terpene concentrations witteit rate
coefficient towards OH is approximated in the mosighieme in form of additional GHFigure 3, case 1V). Under
this scenario, we find that the agreement betweedefted and observed H@gain improves, to levels similar to
case |l without terpenes in the model (Figure 3)e Small difference of 6 % with respect to OH pcédn between
these cases Il and IV (Figure 3) also corroborthtesninor primary reactivity of <0.06'gor the sum ofi-pinene -
pinene and limonene towards OH. However, up to 38n#terprediction in HEfor terpene concentrations over 80

pptv indicates the important role of secondary potsl formed during terpene oxidation towards the B@iget.

To quantify the magnitude of the impact of terpeegradation products in the HOudget, we compared the KO
sinks from the two model cases: case lll (Figurdhéhceforth ‘terpene case’) and case Il (Figuréehceforth
‘isoprene case’), the difference being the presemttabsence af-pinene,-pinene and limonene. The estimation
of HOx sinks from the two model cases is conspicuouslyketh by significant contribution of terpene
degradation/oxidation products in the terpene edseh are absent in the isoprene case. The additreactions in
the terpene case make up 6.3-27.8 % of the total Bifikks, the contributions increasing with the tempe
concentrations and peaking between 13-14 hoursl Ooeee on clear days (Figure 5). While the terpdegradation
products contribute, on average, 15 % to the tbi@} loss, this value is 20.5 % for terpenes>80 pptve T
corresponding contribution of terpene related pgnadicals to the total HOoss is 7.8 and 10.3 % respectively,
accounting for about 52 % of the impact of the émgpdegradation products, including peroxy radjgaigl, norpinal

and peroxides, towards Hss.

Since only about 3.7 % of primary terpene reagtiwiith OH results in up to 28 % of Hbss, with terpene generated
peroxy radicals having more than four times theaotpf the primary terpenes to the H@ss, we examine a sequence
of reactions starting with the oxidation afpinene to understand the genesis and propagafidhese terpene
generated peroxy radicals (R15-R23). The reac8bnsy that oxidation ai-pinene via OH and §directly generates
several peroxy radicals (R15-R16) which are siokdHO, via their reactions with H&orming hydroperoxides (e.qg.
R21-R22). These first generation peroxy radicale &rm other peroxy radicals (R17-R20), and thertpropagates
to produce additional peroxy radicals contributigformation of the respective hydro peroxidedaction with HQ

leading to overall HQloss (e.g. R23).
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Thus, a cascade of H@cavengers mostly in the form of R€pecies, at low NQlevels, starting with oxidation of
primary terpenes leads to nearly 28 %Hi@3s, resulting in up to 38 % underprediction @:HThe losses increase
with increases in terpene levels. The major coutigim towards the HQloss comes from terpene generated organic
peroxy radicals (Figure 3). However, there are majocertainties regarding the chemical pathways aatd
coefficients governing the chemistry of these pgrmadicals in the actual atmosphere and in the segtion we

examine several postulates based on the literature.
3.4 Terpene generated organic peroxy radicals

A limitation in our understanding of peroxy radieadidation pathways is the rate constant of pen@dicals with
NO. For most peroxy radicals, lumped rate coeffitseare defined by the expression Eq. 2 (Rickad Rascoe,

2009) as kinetic data are unavailable for moshefRQ-NO reactions.
Krozno = 2.54 x 102 exp(360T). f Eq2

Thus, Kroznois the product of the rate coefficient and ancédficy factor, f. The values of f for differentsdas of
RQO; are given in (Jenkin et al. (1997). The reactibR@, with NO can proceed via two channels, one fornaithgyl
nitrate (RONQ) and the other forming RO and N(@R12-R13). Enhancing the ROIO rate coefficient suppresses
the peroxide forming channel via H@or our study period, increasing the KIR® even by a factor of 4 led to only

a 6.8 % increase in modelled Htevels for terpenes> 80 pptv (Figure 6).
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During the summertime 1999 Southern Oxidant St&H%99) at Nashville, Tennessee, agreement couloluinel
between photochemical models andsitu measurements when the product of the branching aatd rate constant
for organic peroxide formation, via R11, was redldry a factor of 3-12 (Thornton et al., 2002). Bsttthis
hypothesis, we decreased theoliozfor terpenes by half and by one-fifth of its vakensidered in the model. The
rate coefficient of R@with HO; leading to ROOH is given by Eq. (3), whergd&ozincreases with the size of RO
radicals (Atkinson et al., 1999; Boyd et al., 1989@)p:// mcm.leeds.ac.uk/MCMv3.3.1/categories/ sEms-2003-
4 6_4-gen-master.htt?rxnld=6942).

KrozHo2= 2.91 x 163 exp(13007) [1 - exp(-0.245)] Eq 3
wheren is the carbon number and T is the temperature.

We find that decreasing the rate coefficient ofifactor of 5 leads to better reconciliation witlr observations than
when decreasing it by a factor of 2. Whegvkioo,was reduced by a factor of 5, the modelled; Horeased by only

9.9 % for higher terpene levels icepinene+p-pinene+limonene>80 pptv (Figure 6).

Recent studies have proposed inter and intrama@etwyidrogen abstraction by peroxy radicals (autatiich) to be
effective reaction pathways leading to OH formaii@nounse et al., 2013). This abstraction is largettermined by
the thermochemistry of the nascent alkyl radical$ tus is strongly influenced by neighboring sitbsnts, hence
the rate increases rapidly when more oxygen congifunctional groups are involved. The H-shiftasteported in
literature can be as fast as 0Mfer atmospheric conditions. We incorporated a $inauitoxidation scheme for some
of the most important terpene related RPecies as specified in figure 5 in our model.his scheme, the specific
terpene generated R@pecies whose contribution was at least 0.25 %h&o HQ sink are converted into a
corresponding ROOH at a very fast rate'{%e<rozH09 reaching up to 0.2%e.g. GoHi1:04 (PINALO?2) is converted
to CioH1604 (PINALOOH). We find that this scheme is effectiveincreasing the model HQevels by 24.2 % for
terpene levels >80 pptv (Figure 6). Since we haedwa very simple approach to test the impact wixédation in
the model atmosphere, more studies are requirearttsa mechanistic development for incorporatiegétschemes
viz. which way the H-shift will occur at which raterhich products will be formed, etc. The presexgreise in
implementing the autoxidation scheme is only mentshow its importance, effectiveness and poteritial

atmospheric chemistry models.

Further, when we greatly increased thexfiR00- reaction rates to 48 cn® molecule! s? (close to the collision limit),
we found that the discrepancy of the modelled H8s w.r.t. the measurements with increasing terpalecreases
(Figure 6) and the overall agreement between medielhd measured HG@s still good (Figure 6, Supplementary
Figures 4 & 5)The large deviation between observations and medi¢llQ around middays on 205, 208 and 210
occur during periods with high terpene concentreticOn day 205 and 208, the simulation with thexdation
scheme shows much better agreement to observationgared to the base case (Case Il in figure 3levdm day
210, when terpene concentrations are much highem ¢he autoxidation scheme fails to reproduce Hi@
observations. In this case the simulation whergdke coefficient of ROR’O, reactions was increased close to the

collision limit shows a much better agreement comegdo both the base case and the autoxidation case
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3.5 HO, chemistry during CYPHEX: production and loss eates

Using the optimal scenario from our model resilés,the one where all measured species are intludéne model
(case lll, Figure 3), we have studied differentgasses impacting Hudgets. Since impact of terpene generated
RO, species was maximum on day 210 (29 July), we gilbre any special features on this day for our explssnt
discussions using the model case I, the ‘termase’. For CYPHEX, the major OH as well asH@ducing channel
is the reaction of atmospheric water vapor wiffld@enerated from the photolysis of QFigure 7). Peak daytime
contributions of this channel towards OH productixteeded 45 % for most of the days, and about &b #ays
205, 208 and 209. The midday values coinciding wegbk OH production on day 205 was marked by conospis
influence of aged air masses originating over sewght Europe and considerably processed over triitdieanean
before reaching the site. The peak H@lues on this day were about 11% lower than teeame peak HPOvalues
during the study period. The peak kH@lues for J(&D)>2.5e° s was 6.4 x 1®molec/cni for the study period while
this value was only 5.7 x $®nolec/cnion day 205. While, on average, the recycled OHe#@tions of HQ with
NO and Q (R6-R7) contributed 33.6 % to the total OH produgtthis value was about 6 % lower for days 206-20
It may also be noted that although Was very low on both days 205 and 206, with predant influence of aged
marine air, the contribution from0+H,0 to the total OH production still exceeded 50 %ielo lower HONO
mixing ratios, the fractional contributions of HON®otolysis towards peak OH production during midda day
208 was significantly low at about 2.5-3.5 %. Oro#ther days, for which values are available, thiannel contributed
more than 6 % to peak OH production during noonretifihe photolysis of HONO has the largest fractiona
contribution to the early morning OH production dawy 211, reaching above 30 %. Overall during CYPHEX
average daytime (}D>0) contribution to OH production fromz@hotolysis and subsequent reaction éDQvith
water vapor was about 39.1 %, the average daytangibution from HONO photolysis was 12.3 %, whiézycled
OH from reaction of HQwith Oz and NO account for 15.2 and 18.4 % of the total@étuction, respectively. The
four major OH producing channels (Figure 7) conigbup to 95 % of daytime OH production on mostasians,
with 85.3 % on average. In addition, the reactioihacyl peroxy radicals (RC§pwith HO, contribute about 3.1 % to
the OH production which the photolysis of®3 and the ozonolysis of pinene contribute 1.85 %2#drespectively.

The single major sink of OH during CYPHEX was C@lldwed by CH, HCHO, GHs, CH:CHO and @, on average
accounting 20.9, 10.0, 7.8, 5.1, 4.9 and 4.1 %ldfi@sses respectively. The reactions of variousxides with OH
to form peroxy radicals e.g.R24 contribute 8.4 %h®OH loss. Further, oxidation of @BH, pinal, C2-C4 alkenes,
a-pinene, HQ, NO,, CH;O, by OH contributed 2.7, 2.4, 2.4, 2.2, 1.6, 1.4, %. respectively. During days 205-206,
the modelled OH loss (Figure 7) as well as theutated OH reactivity (Figure 4) were lowest of giady period. It
is likely that the air masses arriving to the siteing these days were already much processeddisygeconsiderable
time over the Atlantic and Mediterranean, leadimgl¢pleted OH reactivity. During this period of imarinfluence,
the contribution of long-lived gases to the daytidté loss increased by about 15 % while the contiginuwof shorter
lived gases like HCHO and GEHO decreased by 34 % and 39 % respectively. HCbt@entrations are observed
to be lowest between days 205-206, when the marfheence was the highest. The average lifetimélGHO for
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the study period is calculated to be 0.86 days,smmbncentrations are higher whenever air maasemfluenced by
South-East Europe/ Black Sea region.

N\
O\OH ° -
o'—o
0 + OH — (R24, G48207 in Model)
CBH 1304 CgH 1304
(C8600H) (C8602)

The major source of HOduring CYPHEX was the oxidation of CO by OH, cdmiting on average, 36.2 % of
daytime HQ production values. On days 205, 206, when the estfgerienced aged oceanic air masses and CO
concentrations were the lowest of the study penetithe peak contribution of CO to daytime Hf@oduction was
about 40.4 %. This shows that the contribution fiather HQ precursors like HCHO decreases much faster than CO
because of their shorter lifetime as the air mass@s over the ocean, and isolated from their emissurces. The
contributions of HCHO towards H®roduction varied between 8-23 % with an averaggiohe contribution of 15.6

% and included both oxidation via OH and photoly$ise methoxy radical (G40), formed during oxidation of CH

and CHO», was also a significant source of H®ith peak contributions reaching 23 % on some siccs and an
average daytime contribution of 17.8 %. On avertigereactions of HOwith NO and Q, recycling OH, contributed
23.3 and 18.2 % respectively towards daytime los$i0,. HO; losses by its self-reactions and reactions with@H
reached peak daytime values of over 40 % and arageeccounted for 30.3 % of daytime H@ses. Among these,
the major contribution was from the He&gelf-reactions, with peak values of over 30 % iyiost days, and average
values of 22.4 %. The reactions of peroxy radi¢Rl®, and RCQ) with HO, contribute 24.6 % to the HQadical
loss, resulting in increased underprediction of ;HAY the model with increasing terpene concentration
(Supplementary Figure 6). H@bsses due to recycling via NO ang&hd the HQlosses via reactions with itself and
CHs0,, are complementary during a diurnal cycle. Thérmsgctions gain in importance and peak around aydas

the peroxy radical concentrations increase withgasing photochemistry, while recycling reactioomihate during
periods with larger solar zenith angle. During CYR4# for small solar zenith angles with }{@>2e% s?, the
contribution of recycling and self-reactions to HiOss was 36.2 and 32.7 % respectively. Overalf found that
lowest HQ production and losses occurred in the highly pseed air masses influenced by the marine boundary
layer, mostly over the Mediterranean Sea, but siomest as far as the Atlantic ocean (days 205-20f) some

influence from south-west Europe/northern Africg(ffe 7, panel 3).

The close proximity of Cyprus to several countneth different socio-economic conditions makesais quality

vulnerable to the increases or decreases of prianagysecondary air pollutants in one of these cmsin Europe,
Asia and Africa. For example, increased Ngdnissions in one of the Southern European cosntridnigh CO from
forest fires in Ukraine can be quickly transporteyprus in a matter of hours to days and moduheetmospheric

processing over the region. Increased,d@issions can impact the;®O,-VOC chemistry by changing the HO
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cycling. Even though the study period was charamtd by NO mostly less than 100 pptv, decreasify by 30 %
still decreased OH levels by 14%, these impactsgokigher in the early morning and late afternd®n.the other

hand, increasing NO by 5 and 10 times caused 44d&@ % average enhancement in OH levels.

Because of its important role ins@roduction, NQ emissions have been the focus of air quality ifigasons during
preceding decades. Apart from their crucial ral©i production, NQ levels also play a significant role in the self-
cleaning capacity of the atmosphere due to theictiens with atmospheric HGand RQ. We test the impact of
mainland Europe NQemissions on the self-cleaning capability of thienatically vulnerable Mediterranean
atmosphere using the CYPHEX dataset. The recydffigiency for OH (REf-OH) is defined as the ratib OH
produced from secondary sources via reactions of Mth NO and Q (R6-R7) to the OH produced from primary
and secondary sources. The primary sources of Qisidered in our calculation include reaction eDHwith O'D
produced from @ photolysis and the photolysis of HONO ®4 and organic peroxides. The contribution of the
primary OH production from HONO photolysis is cartiexd by subtracting off the contribution from tee@mbination
reaction of OH with NO.

While the present study is limited to NO <100 pphodelling results show that REf-OH increases witltease in
NO levels (Figure 8). The REf-OH increases fron8tGa210 pptv NO to 0.42 at around 30 pptv NO todd.Z00 pptv
NO (Figure 8). The REf-OH of 0.7 corresponds thiaie length of 2.8. The relationship of REf-OH wWNB indicates
that at higher NO (not observed for the CYPHEX Yatee REf-OH would increase further. To understdriRiEf-

OH would reach runaway conditions or saturate @dréicular value, we chose several points alongRE&OH-NO
curve and for each of these points, we generat@dthgtical input data set keeping all parametersstamt but

changing the NQlevels from 0.2 to 3 ppbv, while maintaining thiggmal NO/NG; ratio (Figure 8).

Figure 8 shows that in general the REf-OH increésebout 0.85 at 500 pptv NO. After this, it dees gradually,
related to the reaction of N@vith OH. Concurrently, the loss of H@ue to self-reactions and reaction of H@th
CHs0; becomes much weaker compared to the loss oftel®@O with increasing NO levels. The ratio of HiOsses
via the radical-radical interactions (i.e. the teats of HQ with HO, and CHO,) to the HQ losses via the recycling
channel (i.e. reactions of H@vith NO and Q) decreases exponentially becoming less than & pp8 NO and less
than 0.5 at 70 pptv NO and 0.01 at 1 ppbv NO. Hoesdary OH production also shows a similar patiétimrespect
to REf-OH, peaking around 500 pptv for the diffdrerput data sets and decaying thereafter. The hgeteerated
OH peaks in this range but the H€ncentrations start to drop much earlier, froouad 70 pptv NO. At these low
NO levels, HQ loss by peroxide-peroxide reactions is compartbthe channels recycling H@to OH, which can
then be removed through reaction e.g. withNilbwever, the recycling efficiency is only abous @t 70 pptv NO.
Budget analysis indicates that HProduction drops with increasing NO levels forsthést dataset constrained to
specific NQ levels. Overall, for the hydrocarbon levels obsdrduring CYPHEX, the self-cleaning capacity of the
atmosphere peaks at around 500 pptv NO, which MOANO; ratio of 0.2 is equivalent to about 3.0 ppbv ,NO
Increasing NQ@ emissions further would lead to decreased, H®els and the recycling efficiency is unlikely to

increase further. On the other hand, decreasindeMéls below a few hundred pptv of NO would alscrdase the
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recycling efficiency for the same hydrocarbon lsuaticating that small amount of N®elp sustain the self-cleaning

capacity of the atmosphere (Figure 8).
4. Conclusions

Atmospheric OH and HOwere measured as part of a comprehensive atmaospifermistry field measurement
campaign conducted in Cyprus in the summer of 20.8tudy the major processes impacting atmospberidation
and air chemistry in a relatively unpolluted colistgion, periodically influenced by long rangentsport of European
emissions. A comprehensive suite of atmospherientdtey measurements obtained during CYPHEX enabled
detailed investigation of atmospheric oxidation gasses, using a photochemical box model, under N&y
conditions. The box model (CAABA/MECCA with MOM chméstry) simulations for OH agreed to within 10 %twi

in situ OH observations. Model simulations for Hégreed to within 17 % of tha situ observations. However, the
model strongly underpredicted H@t high terpeneof and p-pinene, limonene) concentrations (>80 pptv), this
underprediction reaching up to 38 % at the highegiene levels due to loss of HOy reactions with terpene
generated peroxy radicals. Comparison of alteraataction pathways to reduce this unrealistic #Gs showed
that autoxidation can be an effective sink forRt@ species generated from terpene oxidation. Howéwerterpene
and NO regimes, prevailing during CYPHEX, and theemce of limonene chemistry in the current modeése,
precluded a more rigorous analysis of the probelfdenical pathways for R@legradation in the atmosphere. Further,
there is evidence that the rate constant of@Hvith OH could be two times faster than used indheent models
(Bossolasco et al., 2014). Applying this in geng¢oabther peroxides, the rate constants need tewisited as they
will have a non-negligible impact on the chemicamposition of the atmosphere, especially in renote NO,
environments where the peroxide lifetimes are it long. As already indicated in literature, ithes large
uncertainty in the rate coefficients of differer®@fspecies with NO and HQKing et al., 2001) which are scopes for

future studies.

The radical budget analysis for CYPHEX showed ghiahary production of OH via photolysis og©onstituted the
main OH source and peak daytime contributions ftoisichannel exceeded 45 % for most of the days.aMerage
daytime contribution from HONO photolysis was 120®ut it exceeded 30 % in the early morning onadecasions.
The recycled OH from reaction of H@vith Oz and NO accounted for 14.5 and 17.7 % of the tOtdlproduction,
respectively. The maximum observed recycling edficy was about 0.7 for about 100 pptv NO. CO wdonly
the single major daytime sink of OH, accountingriearly one-fifth of OH loss during the study pelibut also the
single major H@ production source. Despite low N@gimes during CYPHEX, NO contributed more thar?28f
peak daytime loss for HQreaching over 50 % on a few occasions. Lowes} pt©duction and losses occurred in
the highly processed air masses with low OH redgtive. low precursor levels. These air massesewaravily
influenced by the marine boundary layer, mostlyteyMediterranean Sea, but sometimes as far dstldmic Ocean
(24-25 July, DOY 205-206) with some influence freputh-west Europe/northern Africa. Additionally,raesults

connote the need for deeper understanding of tHetiom channels for organic peroxides in the atrhesp
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5. Tables

Table 1. Details of experiments conducted during CYPHEXegr@ht to this studyjTotal uncertainty for the lower

humidity range (< ca. 25% relative humidity)

- = g
3 s £ £ 2 o a = o
g i "l £ |z 3 3
= E IS
3 [
Hydroxyl Radical LIF-FAGE-IPI 4 min 4.88 1€ 28.5% | (Hens et al.,
molec/cni molec/cni | (20) 2014)
Hydroperoxyl LIF-FAGE 14 sec 0.4 pptv 0.8 pptv 36% | (Martinez et al.,
Radical (20) 2010)
Ozone UV Photometry 1 min 2 ppbv 5% (Lietal., 2015)
(Beygi, 2011)
Carbon monoxide | Room Temperature 1 sec 0.4 ppbv 14.4% (Li etal., 2015)
Quantum Caascade
Laser spectromete
Nitric Oxide Chemiluminescenc| 5 sec 5 pptv 20% (Li etal., 2015)
Nitrogen Dioxide e 20 pptv 30% (Beygi, 2011)
Nitrous Acid Long Path| 30 sec 4 pptv 10% (Meusel et 4dl.,
Absorption 2016)
Photometry
Formaldehyde Hantzsch reaction | 10 38 pptv 16% (Kormann,
fluorescence min 2003)
Hydrogen peroxide | Enzymatic reaction| 10 149 pptv | 16% (Fischer, 2015)
Organic peroxides min 20%
Methyl High Performance 12 3% 25 pptv 9% Hafermann et
hydroperoxide Liquid min al. (in prep)
Chromatography
SOz Chemical 10 50 pptv 30%
lonization ~ Mass| mins
Spectrometer
C2-C4 GC-FID 60 <5% 1-8 pptv 10% (Sobanski et a.,
(alkanes, alkenes) min 2016)
Methane GC-FID 1 min 2% 20 ppbv 2% This Study
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Isoprene GC-MS 45 3.3% 1ppt 14.5% | (Derstroff et al.,
a-pinene min 4.9 % 1ppt 15% 2017)
B-pinene 8.8% 2ppt 16.7%
Limonene 4.2% 1ppt 14.7%
PTR-TOF-MS 1 min b 3o lo (Derstroff et al.,
Benzene 5.4% 14 pptv 14% 2017)
(at ~280 pptv) (21%*)
Toluene 4.9% 12 pptv 14%
(at ~ 280 pptv) (20%*)
Isoprene oxidation 5.0% 14 pptv 11%
products (at ~ 260 pptv) (14%*)
MEK 3.8% 16 pptv 11%
(at ~ 280 pptv) (16%*)
Methanol 2.5% 242 pptv | 37%
(at ~2800pptv) (41%*)
Acetaldehyde 2.2% 85 pptv 22%
(at ~ 1300 (27%%)
Acetone pptv) 97 pptv 10%
1.4% (17%%)
Acetic Acid (at~ 2500 | 264 pptv | 51%
pptv)
9.2 %
(at~ 900
pptv)

Table 2.Deposition velocities of some important speciesicared in the model scheme.

Species Deposition Velocity
(cms?

Peroxides 4
PAN 0.2
NG;
HNGs
PINAL 0.6
HCOOH 1
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6. Figures
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Figure 1.Left: Air masses during CYPHERIght: Map of Cyprus. Measurement site (yelloartgle), cities (circles,

1.Paphos, 2. Limassol 3. Larnaca 4. Nicosia)
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chemistry during the CYPHEX campaign. Time is ir€ULocal time in Cyprus during summer is UTC+3.
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Figure 3. LIF-FAGE measurements of OH (top panel) andH®ottom panel) vs model simulations with
CAABA/MECCA. From left to right: model simulatiamsing simple chemistry without NMHCs (case |), &thons

including anthropogenic and biogenic hydrocarbomsept terpenes (case ll), after adding terpeneg(df} and
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Figure 4. Calculated OH reactivity of various chemical spsaeeasured during CYPHEX.
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Cyphex 2014 : HOx loss due to Terpene Chemistry

T
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Figure 5. Contribution of different terpene related reactidsthe total HQ loss. Additional peroxy radicals are
produced in the model by terpenes rather than cigga.g. isoprene degradation. Pinene includgsnene ands-
pinene. TerpRO2 include onlykd:303 (C8502), GH1304 (C8602), GH1503 (C9602), GH1504 (C9702), GH1505
(C9802), GoH1s0s (C10602), GH;04 (C51102), GHoOs (C61402), GoH1504 (PinalO2) and GoH17Os
(BPina02).TerpROOH include onlyi11604 (PinalOOH), GH1403 (C8500H), GH1404 (C8600H), GH1604
(C9700H), GH1605 (C980O0H),Ci10H1605 (C10600H) and €HsO4 (C51100H). The names in brackets are MCM

nomenclature. Only those species are selected wdrggbution is at least 0.25 % to the K€Ink.
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Cyphex 2014: Impact of terpene chemistry on model / measured ratio @J(O1 D) > 1.6e7 5™
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@ base case
#Kroano

* 0.2%zo0m02

[ autoxidation

v KRDZROZ ~ coll. Imt.

=
O L |
‘A

A
¢t
‘

HOZ: modelled / measured
&

e
[N Sy
i3
o
e

0.7

),

0.6—

| 1 1 |
20 30 40 50 60 70 80 €0 100 110 120 130

a-Pinene + p-Pinene + Limonene (pptv)

Figure 6. HO; predictions using different chemical schemes whiere employed to investigate the impact of peroxy
radicals as H@sink. The x-axis shows the sum of measurpthene S-pinene and limonene. The base case is the
model simulation using measured species; 4*KIRDis a simulation where the rates of selecteddeeprelated R®
species with NO are increased by a factor of 4*IKRXO,HO; is a simulation where the rates of these;Rfecies
with HO, are reduced by a factor of 0.2; the autoxidatiomigation includes an autoxidation scheme rapidly
converting selected RGpecies into ROOH. The last scheme refers to alafion where KR@R'O; is set to 48°

cm?® molecule' s (close to the collision limit). The mean and sigana calculated for 100 pptv bins along the x-axis.
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Figure 7. a.Budget analysis for OH during CYPHEX. The #Qdget is significantly impacted by the changesiin
mass source region$. Flexpart evaluation of the contribution of diffetesource regions within the planetary
boundary layer to the air mass origin at the measwent site in Cyprus is shown in Panel 3. The aissrsource
regions are shown in a separate colour map (supetgary Figure 1)c. Budget analysis for H)d. Budget analysis
for HOy, during CYPHEXThe descriptions for Pinene, terpRénd terpROOH is same as in Figure 5.
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Cyphex 2014: Impact of NO on HOx
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7. Supplementary
Supplementary Figure I Variation of atmospheric and background OH radicdilsing CYPHEX-2014

Supplementary Figure 2a Evolution of the OH signal in the low pressure détn cell with increasing residence
time at 2 different NO concentrations (high NO:11x7 13“ cni® shown in blue; low NO: 7.1 x ¥cnt® shown in
red). The initial HQ and RQ signals are 10.7 and 18.1 pptv respectiv2ly. Estimated R@interference from all
RG, and only from Isoprene based Rauring CYPHEX-2014 as function of the terpene eabrations.

Supplementary Figure 3 Source regions identified by FlexPart

Supplementary Figure 4. LIF-FAGE measurements of OH (top panel) anc:kt@dttom panel) vs model simulations
with CAABA/MECCA. From left to right: model simudats using base case i.e. initialized with all megad species
(case IlIl), simulations emulating the autoxidatgmheme (case V), after increasing the rate coeffi@mf RO2 — R'O2

reactions close to the gas kinetic limit (case VI).

Supplementary Figure 5.Time series of LIF-FAGE measurements of OH (topepaend HQ radicals (bottom
panel) along with various model simulations withAB®W/MECCA; model simulations using base caseriigalized

with all measured species (case lll), simulatiomukating the autoxidation scheme (case V), afterdasing the rate
coefficient of RO2 — R'O2 reactions close to the gmetic limit (case VI). Time is in UTC. Locahg in Cyprus

during summer is UTC+3.

Supplementary Figure 6.Variation of the difference between modelled andsus=d HQ radicals w.r.t. the ‘other
term’ in the HQ radical loss budget, most of which is constitutgdhe reactions of peroxy alkyl and acyl radicals
with HO,.

Supplementary Filel Caaba/Mecca model scheme based on the Mainz ©rg@chanism (MOM).
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