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15 Abstract. The Mediterranean is a climatically sensitive oagiocated at the crossroads of air masses froee tbontinents:
Europe, Africa and Asia. The chemical processingiomasses over this region has implications nbt tor the air quality,
but also for the long-range transport of air padint To obtain a comprehensive understanding adation processes over
the Mediterranean, atmospheric concentrations efthpdroxyl radical (OH) and the hydroperoxyl radli¢dO,) were
measured during an intensive field campaign (CYiH®tochemistry EXperiment, CYPHEX-2014) in the thewest of

20 Cyprus in the summer of 2014. Very low local angiugenic and biogenic emissions around the measutelmeation
provided a vantage point to study the contrasttimspheric oxidation pathways under highly proegsearine air masses
and those influenced by relatively fresh emissios1 mainland Europe.

The CYPHEX measurements were used to evaluate O#H H@, simulations using a photochemical box model
(CAABA/MECCA) constrained with CYPHEX observation§Os, CO, NQ, hydrocarbons, peroxides and other majox HO

25 (OH + HQ,) sources and sinks in a low Nénvironment (<100 pptv NO). The model simulatifarsOH showed very good
agreement with in-situ OH observations. Model satiohs for HQ also agreed fairly well with in-situ observatiomscept
when pinene levels exceeded 80 pptv. Different m&seto improve the agreement between observed adélied HO,
including changing the rate coefficients for thaations of terpene generated peroxy radicals;R@h NO and HQ as
well as the autoxidation of terpene generated Ri2cies, are explored in this work. The main sew@fcOH in Cyprus was

30 its primary production from @photolysis during the day and HONO photolysis dgrarly morning. Recycling contributed
about one-third of the total OH production, and thaximum recycling efficiency was about 70 %. C(hickh was the
largest OH sink was also the largest4#0urce. Lowest HOproduction and losses occurred when the air mdssbigher
residence time over the oceans.
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1. 1lintroduction

1.1. Air pollution and HOx chemistry

The chemical and photochemical processing of altugamts, in conjunction with local emissions, n@tdogy and
atmospheric transport, strongly influences theaqaiality over a region. The regional air quality meps human health,
agriculture, the overall condition of the biosphamd subsequently the climate. Studies attribute aillion premature
deaths globally to outdoor air pollution (Silvaaét 2013; Lelieveld et al., 2015). Oxidants in Herth’s atmosphere prevent
the pollutants released into it from building uptéaic levels. These oxidants not only convert mé&ic pollutants into
less toxic forms (e.g. CO to GDbut also help in their removal (e.g. N@nd SQ are converted into soluble HN@nd
H.SQOy respectively), although some toxic chemicals mélykse formed during degradation of non-toxic onbtost of the
oxidation processes in the atmosphere proceed atawion pathways initiated by the hydroxyl ratsc@H) during the
day (Levy, 1971), making it the dominant chemidabaing agent of the daytime atmosphere (Lelieetldl., 2004). The
dominant primary production of OH is via the phgti of Q at ultraviolet wavelengths (Crosley, 1995) prodgcthe
electronically excited OD) atoms (R1). D that escapes quenching (R2) reacts with wateorvapthe atmosphere to
produce OH radicals (R3)

Os+hv— O(D) + O (R1,1<330 nm)
O(D) + M — OCP) + M(M = N, Oy) (R2)
O(D) + H,0 — 20H (R3)

Because of its fast reactions (e.g. R4) with sdua@mgenically and anthropogenically emitted gashkes, lifetime of OH in
the troposphere is typically a few hundred millseds. Oxidation limits these gases (-BO, volatile organic compounds)
from accumulating above trace levels in the tropesp. Reactions of OH with CO and hydrocarbons (&49 trigger
quasi-instant formation of the hydroperoxyl radildD,, via R5) in our @rich atmosphere. In the presence of NO asd O
(R6, R7), a chemical equilibrium is set between &t HQ on a timescale of seconds. The sum of OH and isl®nown

as HQ. The reactions R6 and R7 maintain the oxidizirficiehcy of the atmosphere by recycling OH. Simuoétausly, in
the presence of NO=NO + NQ), they also propel a reaction chain leading tdfd@mation via R8 and R9. R8-R9 are the
main chemical source of tropospherig, @hich is an important oxidant, a greenhouse gawell as a major secondary
pollutant.

CO+OH— COy+H (R4)
H + O, (+M) — HO; (+M) (R5)
NO + HQ, — NO, + OH (R6)
HO, + Os — OH +2Q (R7)
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NO, + hv— OCP) + NO (R8).<430 nm)

OCP) + @ (+M) — O3 (+M) (R9)

OH also oxidizes anthropogenic and biogenic hychtmmas (HCs) emitted into the atmosphere leadingeimxy radicals
(RG,). NO converts the ROnto HO,, which again leads to OH recycling (R6). The Hcle can be terminated by the
radical+radical interactions of R@nd HQ with and between themselves to form peroxides (Ril). Depending on NO
levels, the R@species can react through different channels. UlodeNO, conditions e.g. in clean marine boundary layer,
when the reaction of ROwith NO is less significant than its reaction witD,, peroxide formation becomes a major sink
for HO,, further leading to OH ands®@emoval. Under higher NO levels, R@ould react with NO to form N£(Os source),
HO; (OH source), alkyl nitrates as well as aldehyde$2, R13, R14). Further, there have been suggsstibrauto-
oxidation of RQ to produce peroxides and yielding OH under atmespttonditions (Crounse et al., 2013). These auto-
oxidation mechanisms proceed through catalytic iftssht a very fast rate (upto ~ 0:)<.g., conversion of RQyenerated
from a carbonyl compound into a highly functionatizdicarbonyl hydroperoxide compound (R15).

HOz + HG, — H02 + O; (R10)
RO, + HO, —» ROOH + Q (R11)
RO; + NO + @ — R'CHO + HG; + NO; (R12)
RO; + NO— RNO; (R13)
NO; + OH + M— HNOs + M (M = Ny, Oy) (R14)
O 0
HsC CH:-
\ \fk/ +0 | —> chﬁw +OH | (R15)
o~ o) -OH

In polluted air when N@Qconcentrations become large enough that the cgaofiNG, with OH dominates over other HO
sinks, the major loss of HOs via the formation of nitric acid (HN§DR14), which is then removed from the atmosphgre b
wet and dry deposition. Some acid forming reactiaresalso the starting point of particle formatiorthe atmosphere e.g.
via oxidation of S@ In sum, oxidation is a means by which major palhis are processed and removed from the
atmosphere, but with concomitant implications tocaiality, agriculture, climate and health. Howe\large uncertainties in
atmospheric reaction pathways, rate coefficients measurements of atmospheric gases and radiaisplr ability to
understand and predict the quality of ambient air.
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1.2. Motivation for the campaign

The Mediterranean is a climatically sensitive regwhich is rapidly getting warmer and dryer ovendi (Lelieveld et al.,
2012). The atmospheric chemistry over the regiczoimplex with regular exceedances of the EuropesinriJ(EU) ozone
air quality standard (Doche et al., 2014; Kalabadtaal., 2013) and a projected increase of summer@ over the Eastern
Mediterranean (Lelieveld et al., 2002; Lelievelddddentener, 2000). Cyprus is a small, remote iskanda: 9251 ki
population: 1.15 x 19 Density: 119.2 people/kinin the Eastern Mediterranean (south of mainlantbfe) with very low
local emissions. The non-methane volatile orgamimmounds (NMVOCs), NQ SQ: emitted by Cyprus and European
Union (EU28) were 6.8, 17.2, 16.8 Gg and 6722, 78083 Gg respectively for 2014 (European Unionssion inventory
report, 2017). Being located downwind of the maidl&urope emissions, Cyprus provides an ideal genpeint to study
the impact of European emissions on the Mediteemaréimate (Lelieveld et al., 2002). To study th@a@spheric chemistry
over the Mediterranean and understand the impaeiidsions from different regions of Europe ongaiality in Cyprus, an
intensive field measurement campaign (the Cyprustd@hemistry EXperiment, hereafter CYPHEX) was aandd in
Cyprus during the summer of 2014, wherein a comgnsive suite of trace gases was measured.

Cyprus is exposed to air masses influenced by @nisgrom South-West European countries which &i@gchemically
processed over the Mediterranean Sea. The Etesiafs wluring summer carry air masses loaded withsgions from
industry and biomass burning over Central/East gesa countries. Although emissions from Europeshasen steadily
decreasing over the past few decades (e.g, 8Q. and NMVOCs decreased by nearly 50 %, 80 % and B&siectively
during 1990-2013; European Union emission inventeport, 2017), these emissions are still subgtbh#iving significant
global impact. Apart from the influence of Europeanissions, Cyprus is strategically located atsrosads of air masses
from Asia, Africa and the Atlantic (Kleanthous ét 2014). Influence from all these different sairegions, incorporating
the impact of a plethora of hydrocarbons, nitroged sulfur species as well as mineral dust onatreospheric processing
in this part of the world, have attracted sevéeddl campaigns (Carslaw et al., 2001; Berresheial.e 2003). For example,
the Mediterranean INtensive Oxidant Study (MINOS)swonducted to study the budget of atmospherataoks influenced

by long-range transport of pollution, in the sumraER001 (Lelieveld et al., 2002; Gros et al., 2083alisbury et al., 2003).
OH radicals were measured in the coastal boundagsr lof Crete as part of the MINOS campaign andhibfr sources of
OH were found to be photolysis ok @nd recycling from H&*NO reaction (Berresheim et al., 2003). Although H@s

not measured during MINOS, high levels of HCHO, @jan primary HQ source, were observed (Kormann et al., 2003). In
the present study, we report simultaneous measutsroé OH and H@during the CYPHEX campaign, and compare these
observations with simulations from a photochemitak model constrained withDCO, NO, NQ, peroxides, several
anthropogenic and biogenic hydrocarbons includingdrtant alkanes, alkenes, alkynes, aldehydes @dd and photolysis
frequencies of important gases relevant to, ld@emistry. The main objective of this study isdentify the major chemical
species and reaction pathways controlling the El@mistry over this climatically sensitive region.

2. Methods

2.1 M easurement site

The CYPHEX campaign was conducted at the northweast of Cyprus, on a hilltop about 650 m AMSL,Raphos
District of the island and facing the sea aboutls¥Baway on the west. The Akamas peninsula natipad is about 25 km
to the northwest of the measurement site (34° 573R° 23’ E), with terrain descending rapidly ke thortheast towards the
town of Polis, with a population of about 2000. Tdrea comprises of spare shrub type vegetationssiidll Mediterranean
trees comprising pines, junipers, olives, carolm@granates, and almonds. The area is weakly pegutat radius of about
20 km. The site is away from the major cities: Regpbith 90000 people is 20 km south, Limassol &iBB000 people is 70

4
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km south east, Larnaca with 145000 people is 11@&st and Nicosia with 325000 people is 90 km resdst (census of
population Oct 2011ywww.cystat.gov.cy. The local wind direction is predominantly soutkst (70 % between 202.5° -
247.5%) (Meusel et al., 2016; Derstroff et al., 2QIbringing in humid air from the sea, with no imdmate anthropogenic
influence. Analysis of 5 day back trajectories shoainly two major air mass regimes (Huser et &17). Etesian winds

influenced by fresh emissions from East-Centraloparand crossing Turkey and Greece, and Mistratisvinfluenced by

emissions from south-west Europe but processed fonger period over the Mediterranean (FigureDLing the summer

of 2014, a weakened east-west pressure gradiett wdak and delayed Etesian winds (Tyrlis et2015). The site is also
influenced by local land sea breezes.

2.2 HOx measurements during CYPHEX

Atmospheric OH and HOwere measured during CYPHEX using the HydrOxyl iBadmeasurement Unit based on
fluorescence Spectroscopy (HORUS) instrument (Maztiet al., 2010). The setup was based on theestdblished Laser
Induced Fluorescence-Fluorescence Assay by Gasnkigma (LIF-FAGE) technique for atmospheric OH meaments
(Brune et al., 1995; Crosley, 1995; Hard et al84)9 The laser system consisted of a tunable dyer lvhich was pumped
by a diode-pumped Nd:YAG laser (Navigator | J40-%80532Q, Spectra Physics) pulsing at 3 kHz. The laser
assemblies were mounted on either side of a veplese, which was mounted on a rack inside a nreasent container
about 6 m x 2.5 m x 2.5 m. The output laser ragiiatias split in a 9:1 ratio using beam splitters] ehanneled through 8 m
optical fibers into the detection module for measoents of OH and HO

The detection system was mounted about 6 m abaendrlevel (AGL) on the top of a scaffolding toweonstructed close
to the wall of an air-conditioned container adjacenthe Laser unit. The container with the HORWStiument was
mounted on top of another similar measurement aoertavith Q;, CO, NG and peroxide instruments inside. The inlets for
all the instruments measuring during CYPHEX wewrpt within 5 m of the HORUS detection unit on tihveer. Ambient
air was drawn in HORUS through a critical orificéttwpinhole size of 0.9 mm into a detection celthnabout 4.3 mbar
pressure. This internal pressure was achieved ing ascombination of a roots blower (M90 compredsom Eaton, USA)
followed by a scroll pump (XDS 35i, Edwards, USAe resulting high volume flow ensured that thehexge of air
illuminated by the laser is fast enough betweendamsecutive pulses, thus avoiding possible lastuded interferences.

The interaction of the ambient air with the laseatm in the low pressure detection cell was maxichizging a White cell
setup, where the laser light was reflected 32 tiamess the detection volume. The OH molecules welectively excited
by 308 nm laser light pulsing at 3 kHz on resonanite the Q(2) transition line (AY—-X?[], v'=0 «v”=0). An etalon
controlled by a stepper motor, in the dye lasargetaused the laser radiation to be tuned on #rdsonance with the OH
transition every 7 s to account for the OH fluosste plus background signals and the backgrounmmlsigrespectively,
resulting in a time resolution of 14 s. The speftoan a reference cell, where OH was produced B9 Hhermolysis, was
used to detect the ) line. The counts from the reference cell weseduto sustain the on-resonance position while the
etalon tethered around it. Although the pressuwiecton in the detection cell results in smallemtners of OH molecules, it
improves the OH fluorescence quantum yield duesthuced collisional quenching of excited OH radicd@lse lifetime of
the excited OH extends beyond the Mie scatteringaénpsols and the Raleigh scattering by smalleecutés/particles.
These interfering background signals were discrat@d by using time-gated micro-channel plate deteqtHamamatsu),
enabling excitation of OH radicals and detectionflabrescence at the same wavelength. The exaitato308 nm is
advantageous to the excitation at 282 nm as imrée from laser generated OH from hotolysis is ~25 times smaller at
308 nm. A band pass filter with a central wavelangt 308_+ 0.75 nm and bandwidth of 5 nm (FWHM)friont of the
detector prevented signals due to any interferiagelengths from registering on the detector. Therfiscence decay was
recorded with a time-resolution of 4 ns and integptdor on-resonance and off-resonance periods,dblineating the signal
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from the spectroscopic background. Further, thectspeof the measured atmospheric OH was comparéd the one
obtained from a reference cell ensuring no interfees from fluorescence of species like 8@d naphthalene.

The chemical background, originating from OH beinggrnally produced during the transit time of ab8ums from the
orifice to the center of the detection cell, wasamted for by removing ambient OH with an OH scee. This
scavenger, 3-5 sccm of pure propane in a carioer €éif 8000 sccm synthetic air for CYPHEX, was idwoed through an
inlet pre-injector (IPl) mounted on top of the infozzle (Novelli et al., 2014a; Hens et al., 20T®)e scavenger amount
was just sufficient to scavenge off ~95% of atmesghOH as determined from propane titration experits on-site. IPI
was connected to a blower that draws about 18042080 f ambient air from the top of the IPI, thevfllbeing monitored by
a differential pressure sensor. The OH scavengsrinyacted via eight 0.5 mm diameter holes 5 cnvalibe pinhole of the
OH inlet into the center of the air flow sampledIBy close to its hyperbolic minima (Novelli et,a2014b). The hyperbolic
internal shape of the IPI (max cross section ofr88 and min cross section of 6 mm) helps to sampléat has minimum
wall contact and flows at a high velocity throughsmall diameter ensuring that the scavenger is weled with
atmospheric air. The high flow also ensures mininimpact of the horizontal wind speed on the mixgfficiency. The IPI
cycling was automated by a script resulting in e#pé cycles of scavenger injection, flushing andimjection. The
scavenger was periodically injected every 2 misylteng in alternating measurements of backgrouktladd total OH i.e.
with and without scavenger injection. The differefetween these two signals gives a measure atttiespheric OH with
a time resolution of 4 min. The wall losses in tRéwere periodically determined by physically dmmting the IPI for 5
min during measurements during different timeshef day. On average, the background signal was 45 the total signal
during daytime (Supplementary Figure 1). While tanstituents of background OH can have pronouncgghdt on
atmospheric oxidation processes, especially ovg@ons with high biogenic emissions (Mauldin et a012), the study of
the influence of background OH on oxidation pathsvelyring CYPHEX is beyond the scope of the prestmty.

Atmospheric HQ was measured in a detection cell located 16 covbéhe OH detection block. HOneasurements were
achieved by injecting NO purified through a sodibydroxide coated silica (Sigma-Aldrich Ascaritengsa 1/8” od,
0.035" id coiled stainless steel loop with aboutr® diameter, placed just above the Hf&tection block. The NO was
injected through 0.1 mm holes, leading to conversibHO;, into OH and detected by the same principle akérfitst block.
To minimize impact of R@on OH formation (Fuchs et al., 2011; Hens et2014), only about 30 % of atmospheric HO
was converted to OH using NO. The required NO flatput 0.5 sccm pure NO in 10 sccm carrier flowirduCYPHEX,
was determined from titrations in ambient and catibn air. Tests were done with and without N@msure that there was
no influence of H@ conversion into OH in the first axis. The measwatrin the HQ detection cell yields the total HO
(OH + HQO,). HO; is calculated as the difference betweentd@d the OH measured in the first axis, after aoting for the
relative OH sensitivities of the two detection axes

Calibration of the instrument for OH and bi@easurements is achieved by measuring the sigesisrated by known
amounts of OH and HQO(Martinez et al., 2010) in a calibrator setup. Tadibrator was mounted on top of the OH inlet
without the IPl. Known amounts of OH and KH@ere produced by irradiating different concentrasi of humidified air
with 185 nm radiation produced by a pen ray Hg lafiipe actinic flux density of the Hg lamp (Pen-taye source, LOT-
Oriel, Germany) used for the photolytic radical guotion was determined before and after the campagjng the
actinometry method by XD photolysis (Martinez et al., 2010). Different@® mixing ratios were produced by mixing
different combinations of humidified and dry aiovls using mass flow controllers. The humidified \was generated by
bubbling dry air into a container half-filled withater and heated at about 80°C. The water mixitig fa the humid air
stream was measured by a LICOR LHO0-Analyzer (Li-7000) based on the detection ofatihtial absorption with an IR
spectrometer. The stability of the Li-7000 was eediby calibrations with a dew point generator LB from LICOR).
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The precision and minimum detection limit for OH asarements during CYPHEX was determined from th@bdity of
the background signals (Table 1). The chemical ¢pazind, during propane injection, being larger ttt@e spectroscopic
background (off-resonance), has a dominating impadhe precision. The precision for OH and H@easurements were
calculated to be 4.8amolecules cm and 0.39 pptv, respectively for 4 min and 14 see tresolutions, respectively. The

5 accuracy for OH measurements was derived from tieentainties in OH calibrations, which involve unieéties in
determination of lamp flux (traceable to a NIST M@ndard), flows (calibrated with a DC-2B, traceatd 1SO/RVA
17025), HO mixing ratios (calibrated with a Li-610) and urteénties in estimation of OH losses in the IPlgwulating to
28.5% (). The accuracy in HOmeasurements was estimated to be 36 &plfdsed on calibrations, loss of Hid the IPI
and the uncertainty in NO mixing during titrations.

10 2.3 Measurements of other Chemical and M eteorological parameters

During CYPHEX, measurement instruments (Table 1jewset-up in four air-conditioned laboratory conéas, placed in
two stacks of two. An 8 m tall, 0.5 m diameter,tiftpw (10 n¥ min'Y) common inlet installed between the stacks was use
to draw ambient air for most instruments. The rfees to the various measurements are indicafeahle 1. G-C, alkanes
and alkenes (ethanexlds, ethene: €Hs, propane: €Hs, propene: €Hs, butane: GHio (i and n), butene: s (c and t) were

15 measured with a time resolution of 60 min and theing ratio represents an average over a samplerg@ of 20 min
(Sobanski et al., 2016). Photolysis frequenciesevatained by a CCD Spectroradiometer (Metcon Gmigb€rating at
275-640 nm with a Z integrating hemispheric quart dome. The spectionagter was calibrated prior to the campaign
using a 1000 W NIST traceable irradiance standBtahtolysis frequencies were calculated using mddequarameters
recommended by the IUPAC and NASA evaluation pafi@bnder et al., 2011; IUPAC, 2015). An automatiather

20 station (Vantage Pro2; Davis Instruments Corp., g, CA) was used to measure temperature, pressure direction
and speed, solar radiation and humidity with a tiesolution of 1 min.

2.4 The CAABA/MECCA model

Due to the high reactivity of OH with a plethora afthropogenic and biogenic hydrocarbons, the El@mistry of the
atmosphere involves numerous reactions. To effilyie@valuate these reactions, several mechanismarajus complexity
25 have been developed, e.g. the Regional Atmospl@hramical Mechanism (RACM; (Stockwell et al., 199fHe Master
Chemical Mechanism (MCM; http://mcm.leeds.ac.ukg Mainz Isoprene Mechanism (MIM; (Taraborrellaét 2009), the
Carbon Bond Mechanism (Yarwood and Rao, 2005), fetc.this study, we use the Module Efficiently Gddting the
Chemistry of the Atmosphere (MECCA, Sander et 2011; Sander et al., 2005) , which is an atmosphememistry
module that contains a comprehensive set of gasagndous phase chemical reaction mechanisms cgveopospheric
30 and stratospheric chemistry. The gas phase chgnirsthe present version contains 2664 speciedu@immy 40 dummy
species to account for deposition) and 1670 reastiocluding basic § CHs, HO,, NO,, NMHC and sulfur chemistry.
Complex organic chemistry is taken from the Maing&ic Mechanism (MOM, Taraborrelli et al., 2018)OM is based
upon the MIM3, containing new additions to an isop oxidation mechanism (MIM2) for regional andbglbatmospheric
modelling. Under pristine conditions, isoprene atidn buffers OH to a narrow range of concentratiffaraborrelli et al.,
35 2009). The original MIM is based on the MCM. MIM2aw/further developed to improve the tropospherandbtry under a
wide range of NQ@ regimes, and provided a better evaluation of,@d organic nitrogen-containing species due to a
detailed representation of the alkyl and peroxyl adyates as well as isoprene oxidation produstene of which can be
measured by modern instrumentation e.g. MVK, metiiam (MACR), hydroxyacetone and methyl glyoxab(@borrelli et
al., 2009). MIM3 is a reduced version of MIM2, stiite for 3D atmospheric chemistry-transport modgllilt contains an
40 improved isoprene oxidation mechanism related to @Elcling. It accounts for the photo-oxidation wifisaturated
hydroperoxy-aldehydes, a product of isoprene oiladatinitiating a hydroxyl radical production casea Compared to
RACM, MIM3 presents a lower degree of lumping aegroduces the mixing ratios of the main chemicakcegs in the

7
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atmosphere and many intermediates very well undespacal mid-NQ scenario (Taraborrelli et al., 2012). In MIM3, the

extended chemistry following the OH and mathways has been thoroughly revised, testedbaxamodel, and shown to

reproduce HQmeasurements, even for challenging conditions kiigh isoprene mixing ratios (>1 nmol mdland low NO

(< 40 pmol mat)(Taraborrelli et al., 2012). For the numericaleation, MECCA uses the KPP software (Sandu and
5 Sander, 2006). All gas-phase reactions are comtama single chemical file (gas.eqn).

The most common method to efficiently evaluate anmlex chemical environment is to use a zero dinmevad
photochemical box model. Here, we use version 8.8 box model CAABA (Chemistry As A Boxmodel Ajgation)
which is based on version 3.0 described by (Saeter, 2011). To apply the MECCA chemistry to aspiteric conditions,
it is connected to the CAABA base model via the Nl $hterface. The model is constrained by obseogedentrations of

10 the main reactive trace gases, GO, NO, NQ, HONO, HCHO, HO,, MHP, SQ, C,-C;4 alkanes and alkenes, isoprene,
pinene ¢ andp), limonene, benzene, toluene, methane, methaoetpaitrile, acetaldehyde, acetone, acetic acidvedsas
photolysis rate constants. Model results were abthby letting the model run into steady statedbrand HQ for each set
of data points. The steady state was set to beamthifor OH when the relative changes in OH was than 5 x 10.
Deposition velocities used in our scheme for somgoirtant species are provided in Table 2. The déposs incorporated

15 into the model scheme by converting a speciesamiommy species according to its deposition veloéis these dummy
species will not participate in any further cherhicaaction, their precursors are effectively rent\eom the model
chemical scheme. The deposition velocities of peess formic and nitric acid are based on (Nguyeale 2015) while
those for PINAL and PAN are based on (Evans e800) using the average of the deposition ratesvéder, forest and
grass. The model scheme is included in the supplmeof this manuscript.

20 2.5TheFlexPart model

In order to understand the impact of different eswis sources on the atmospheric processing of asses, the dynamical
transport history of air parcels reaching Cyprusrduthe CYPHEX campaign was traced using FlexB&t(Stohl et al.,
2005). FlexPart is a Lagrangian particle dispersimuel that describes the transport and diffusibmazers by computing
the trajectories of large number (ca. 10000) oiitdsimally small tracer particles. For CYPHEXaj&ctory simulations
25 were done at 3-hour time intervals during 21-3Y A@14. For this, FlexPart was run 120 hours bacthiratime from the
measurement site driven with analyses from the EGMMth 0.2° x 0.2° horizontal resolution and a temg resolution of
1 hour (Huser et al., 2017). The particle densisyrithution of the tracer particles during this 128ur backward simulation
provided information on their residence time integcid cell of the defined geographical area (Sepmntary Figure 2).
Major transport routes of air reaching the siteituiICYPHEX were identified from the grid cells witligher residence
30 times.

3. Resultsand discussion

3.1 HOx measurements during CYPHEX and associated meteorological and chemical parameters

The variation of OH and HQalong with a few important chemical and radiatarameters relevant to H@hemistry
during 21 July-1 August (Day of the year: 202-2i33hown in Figure 2. The mean values of OH and EHi®ing 21 July-1
35 August were 2.2 xI0and 2.87x1® molecules per cinrespectively. The mean OH concentration duringkpezon hours
(J(O'D)>2¢€°® s?) was 5.75x1®molecules per ctn While both OH and H@showed a clear diurnal variation, the HOH
ratio decreased with enhancement in*Qand was close to 100 at J{)=3e® s'. During the MINOS campaign in the
summer of 2001 in Crete, an island in the Centratitérranean at similar latitude about 700 km wéshe CYPHEX site,

8
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average OH levels were measured to be 3.6-6.78xmtdecules per cfr(Berresheim et al., 2003). The peak OH levels
during MINOS reached twice the peak values obsedwgthg our study in Cyprus. During MINOS, OH pedla about
2.1 x 10 molecules per ctpwith O3 and J(GD) of about 60 ppbv and 2.8es’. These @and J(AD) values are not very
different from CYPHEX values, indicating that thegk primary OH production would not be very differéor MINOS and
Cyprus. Although H@ was not measured during MINOS, the CO levels (medunes reaching close to 160 ppbv) were
much higher (Heland et al., 2003) compared to CYRIHtiglicating possibility of higher HO Nevertheless, the absence of
HO. measurements during MINOS impairs our ability teectly compare the OH chemistry from the two detsador a
regional perspective. However, the peak OH levdiseoved during CYPHEX are comparable to the mid@y
concentrations predicted for the Finokalia Aerosi@asurement Experiments (FAMEB) at a remote coastal site on the
island of Crete, Greece (Hildebrandt et al., 20Ithe FAME measurements showed the presence of dgehly
oxygenated organic aerosols (OA) during summer eoegto winter despite being heavily influencedcdoytinental air
mases (53 %) during summer and aged marine airend84 %) during winter. The presence of highly gegated OA
during summer were attributed to strong photochehimopacts due to highers@nd UV and levels during summer, leading
to double the values of midday OH concentratiominduisummer compared to winter (Hildebrandt et2010).

While OH measurements during CYPHEX started on dig, 2014 (day number: 193), systematic H@easurements
started much later from 21 July, 2014 (day numBeg). Simultaneous measurements of OH and tH®ing CYPHEX are
available for the period 21-31 July, and the dis@rs in this work is based on this common datalsetge day to day
changes in concentrations of several OH and pi®cursors were observed during the study perigd® varied from 50-
110 ppbv, CO from 70-140 ppbv, HCHO from 0.2-2 ppble noontime OH and HQOevels were 5.75xF0(+43%) and
6.25x1G (+30%) molecules per cirespectively (Fig. 2). While the average conceiung of @ and CO during the study
period (Day Number: 202-212) were 69 and 104 p@spectively, during the days 205, 206, the megar@ CO values
were 22 and 33 % lower. The later period i.e. d29S and 206 correspond to air masses arriving fBomath-Western
Europe and passing over the Mediterranean withgméthntly marine influence (reaching over 70 %5aitay simulations
using FlexPart). The large changes inadd CO under different air mass regimes do nostaée into the changes in HO
levels (Figure 2). This is because their conceiotnatare to some extent buffered as sources akd s#nd to increase in
parallel in relation to anthropogenic/biogenic esioss. To study the impact of these numerous @an the HQbudget,
we used a photochemical box model (CAABA/MECCA).

3.2 Modelling simulations of CYPHEX HOx

Figure 3 shows simulations of OH and H@sing CAABA/MECCA in comparison with the measurentsein ambient air.
Due to remote location of the measurement sités gxpected that the HQrhemistry would be representative for the
background Mediterranean atmosphere. In genefl)eNels were low during CYPHEX, with only ~2 % ddita above 1
ppbv NO and ~5 % above 100 pptv NO. The studynistdid to NO below 100 pptv to exclude measuremaffected by
emissions from the local diesel generator and laagdmobile traffic. Under very remote conditioti® steady state of HO
would be achieved from a balance between, B&duction (R1-R3) and HOoss (R10). However, such a simplified
condition is rarely achieved in the boundary lagsrthe presence of hydrocarbons leads to additpmoaluction and loss
channels. A first model run was done constrainimty s, CO, CH, NO, NG, HONO, HCHO and kD, H.O and
photolysis frequencies to measured values (Figwasé |). Thus, the major primary production chésfm OH and HQ
via photolysis of @ HONO and HCHO are constrained by measured giesytivhile the recycling of OH and H®@ccurs
via reactions with g CO, CH, and NO only. However, in the absence of the cbation from important hydrocarbons, OH
loss is underestimated leading to an over-predictibOH in the order of 88 %. Further, H@ also overestimated, on
average, by more than 30 % in this case (Figurasé t) as loss via formation of hydroperoxidesndar represented due to
the incomplete VOC representation leading to tao RO, concentrations.
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When we constrain the model with all measured gget¢he OH simulations are much improved with a eh¢al measured
ratio of 0.90 (Figure 3 case lll). However, H@ now underpredicted by about 17 %. The undeigtied of HG; is
enhanced with increasing terperepfnene,f-pinene and limonene) mixing ratios, with averag®, khodel/measurement
ratio of 0.72 for >80 pptv of measured terpeneseiterpenes are not included in the model, the $i@ulations are much
improved (model/measured=1.02). The mean daytime&idtivity of the measured major terpenes was tah@6é s'. This
value is only 3.7 % of the calculated reactivityrfr the total of all measured species and aboufd@f7the OH reactivity
(kow; Eqg. 1) from CO. The OH reactivity calculatedrfrehe trace gases measured during CYPHEX variedeest 1-2 3
during the study period (Figure 4), which is congiéde to reactivity measurements made in the fig@osphere (Mao et al.,
2009). During the TORCH-2 campaign in Weybourneglgnd and the DOMINO campaign in El Arenosillo, Bpahe
total reactivity was generally <5'svhen air masses originated from the sea (Lee.g2@D9; Sinha et al., 2012). The OH
reactivity measured in sub-urban regions is gelyehigher than 5% (Yang et al., 2016). During CYPHEX, CO and £H
constituted more than half of the total calculatedctivity (Figure 4). CO, CHlHCHO, GHg and CHCHO accounted for
35, 17, 13, 9 and 8 % respectively of the calcdl@él reactivity for daytime values during CYPHEX.

kon= Z(I(Speciesx Cspecie; (Eq 1)

where kpeciesis the rate coefficient for reaction of a giveresies with OH and &eciesis the concentration of the same
species.

As limonene chemistry is not included in the cotnmodel scheme, it is accounted for in the moddébrm of additionab-
pinene after normalizing for their OH reactivitiedhen limonene is included as Clhstead ofa-pinene, the OH loss
increases by about 1 % compared to case Il whee there no terpenes in the model, which confirnes alierage OH
reactivity of limonene at 0.02%si.e. an additional 1 % of the calculated reagfifiom the measured species. Although
limonene chemistry is different fromrpinene in that it caters more towards secondaggaric aerosols (SOA) formation,
addition of limonene as-pinene increases HCGand OH losses by 3-6 %, which is well within thecertainty of the
measurements. Nevertheless, the degradation geofilom terpene oxidation (shown in Figure 5) fertact as sources and
sinks for OH and H@ hence play an important role in the overall HBemistry (Calogirou et al., 1999; Librando and
Tringali, 2005; Zhang et al., 2015; Wisthaler ef 2001). Further, increasing/decreasing the termamcentrations by their
measured uncertainties (15 %; Table 1) decreaseséises the OH and H@odel/measured slope by 2-3 %, which is close
to the errors on the regression slopes. Also, dhgnather gases like CO andHg by their uncertainties (Table 1) has less
than 3 % impact on the model vs measured slope®ifband HQ. Nevertheless, when terpenes are included as l@th
OH are HQ simulations are much improved (Figure 3 case IN}his case, the terpene chemistry does not pigyrale in
OH-HO;, simulations but the primary OH reactivity of temgs is taken into account.

Review studies show agreements between in-situreditsens of OH and H®and box model calculations using different
chemical schemes within a factor of 2 for both doban and marine (boundary layer) environmentsngtet al., 2012).
During the North Atlantic Marine Boundary Layer Expnent (NAMBLEX) field campaign in the summer dd@2 at the
Mace Head Atmospheric Research Station, OH wasrprefticted early in the morning and in the lateerafdon/early
evening and overpredicted in the middle of the based on simple steady state calculations (Smish,e2006). However,
photolysis of HONO was not considered due to theeabe of HONO measurements during NAMBLEX. The augth
contemplate that HONO photolysis and OH recyclimyld play crucial roles in explaining the discreparbetween
measured and calculated OH during periods with kihr zenith angle. Despite low isoprene reginhesv(s et al., 2005),
inclusion of DMS and €Hs improved calculated/measured ratio for OH fron33.36 to 0.94+0.39 during NAMBLEX.
HO, was overpredicted but model performance improwedhborporating reactions with BrO, 10 and aerogptake; the
best case scenario for H@odeled/measured was 1.26+0.36. During the Intgiwental Chemical Transport Experiment-A
(INTEX-A) , OH was predicted fairly well for the weest 2 km over North America and the western Aita@icean using a

10
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zero-dimensional, time-dependent photochemical maxel developed at NASA Langley Research Centen (&eal.,
2008). In the study, HOwas overpredicted (model/measurement=1.37). thalenging to put the model-measurement
agreement during CYPHEX in perspective of othedists; because they vary with respect to chemigaimes i.e. different
amount of N@ and hydrocarbons as well as the chemical mechangsnployed to simulate the H@hemistry. (Rohrer et
al., 2014) compared the H@hemistry from different field campaigns usingamnon modelling framework, and point to
buffering mechanisms that maintains OH in vario@ ldnd VOC regimes. (Ren et al., 2008) have notetddibspite highly
constrained measurement suites during various fagthpaigns, there are significant discrepanciesvdeat model
predictions and actual measurements of OH and idQ@ifferent environments. One possible reasontlier discrepancy
could be due to unmeasured atmospheric constitudoisever, during CYPHEX we have been able to meathe major
primary sources and sinks related to4t®emistry and simulations agree within uncertasftpH and HQ measurements.
Another plausible reason for discrepancy is theettainty in mechanistic pathways, branching ratiod rate constants etc.,
which are not known with sufficient accuracy. Aeat study comparing 7 different chemical mechanisorsstrained with
the same input data and boundary conditions redez8e40 % ambiguity in predictions of H@nd OH over the United
States (Knote et al., 2015). As we highlight in tiext section, also the H@hemistry related to terpenes is associated with
substantial uncertainty.

3.3 Reasonsfor decreased model accuracy when including the ter pene chemistry

As discussed in the last section, we find thatuhéerprediction in H@gradually increases with increasing terpene levels
being about 38 % for the highest terpene leveleies (about 120 pptv). To ascertain if this undedtion is related to
terpene chemistry or some other chemical pathwaycampare two model runs viz. case Ill vs casenl¥igure 3. Case IV

is achieved by initializing the model with zeropgenes, however keeping the terpene reactivity tdsv@H intact. The
terpene reactivity i.e. the product of individuatgene concentrations with their rate coefficiemidrds OH is approximated
in the model scheme in form of additional £ffigure 3, case 1V). Under this scenario, we finat the agreement between
modelled and observed H@gain improves, to levels similar to case Il withterpenes in the model (Figure 3). The small
difference of 6 % with respect to OH predictionvieeén these cases Il and IV (Figure 3) also coretiesrthe minor
primary reactivity of <0.06 5 for the sum ofa-pinene, B-pinene and limonene towards OH. However, up to%38
underprediction in HOfor terpene concentrations over 80 pptv indicaélbesimportant role of secondary products formed
during terpene oxidation towards the Hidget.

To quantify the magnitude of the impact of terpelegradation products in the H®udget, we compared the H®inks
from the two model cases: case Il (Figure 3, htortie ‘terpene case’) and case Il (Figure 3, hemtkf'isoprene case’),
the difference being the presence and absenegiene 3-pinene and limonene. The estimation of ks from the two
model cases is conspicuously marked by significamitribution of terpene degradation/oxidation pradun the terpene
case which are absent in the isoprene case. Thigoaddireactions in the terpene case make up 8.8-% of the total HQ
sinks, the contributions increasing with the tegeoncentrations and peaking between 13-14 houtal lime on clear
days (Figure 5). While the terpene degradation getsdcontribute, on average, 15 % to the tota} l#8s, this value is 20.5
% for terpenes>80 pptv. The corresponding contidioubf terpene related peroxy radicals to the tbl& loss is 7.8 and
10.3 % respectively, accounting for about 52 %hefitmpact of the terpene degradation productsyéicl peroxy radicals,
pinal, norpinal and peroxides, towards H@ss.

Since only about 3.7 % of primary terpene reagtiwith OH results in up to 28 % of HQoss, with terpene generated

peroxy radicals having more than four times theaotf the primary terpenes to the HOss, we examine a sequence of
reactions starting with the oxidation @pinene to understand the genesis and propagdtitiese terpene generated peroxy
radicals (R15-R23). The reactions show that oxihatf a-pinene via OH and £directly generates several peroxy radicals
(R15-R16) which are a sink for HQria their reactions with HOforming hydroperoxides (e.g. R21-R22). These first

11
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generation peroxy radicals also form other peradiaals (R17-R20), and the chain propagates toymeddditional peroxy
radicals contributing via formation of the respeethydro peroxide in reaction with H@ading to overall HQloss (e.qg.

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 % HG@ss, resulting in up to 38 % underprediction @HThe losses increase with increases in
terpene levels. The major contribution towardsH@: loss comes from terpene generated organic perdigals (Figure
3). However, there are major uncertainties regartiie chemical pathways and rate coefficients goagrthe chemistry of
these peroxy radicals in the actual atmosphereratigt next section we examine several postulasedon the literature.

3.4 Terpene generated organic peroxy radicals

A limitation in our understanding of peroxy radieadidation pathways is the rate constant of pemaxjcals with NO. For
most peroxy radicals, lumped rate coefficientsde®ned by the expression Eq. 2 (Rickard and Pasfi@9) as kinetic data
are unavailable for most of the RO reactions.

Kroz2no = 2.54 x 162 exp(3601).f Eq 2

Thus, Kro2nois the product of the rate coefficient and ancédficy factor, f. The values of f for differentsdas of R@are
given in (Jenkin et al., 1997). The reaction of ,R@th NO can proceed via two channels, one formatigyl nitrate
(RONQ,) and the other forming RO and NCR12-R13). Enhancing the ROIO rate coefficient suppresses the peroxide
forming channel via H® For our study period, increasing the KIN® even by a factor of 4 led to only a 6.8 % inseeim
modelled HQ levels for terpenes> 80 pptv (Figure 6).

During the summertime 1999 Southern Oxidant St&y%99) at Nashville, Tennessee, agreement couiolbe between
photochemical models and in-situ measurements wherproduct of the branching ratio and rate cortstan organic
peroxide formation, via R11, was reduced by a facf3-12 (Thornton et al., 2002). To test this bymesis, we decreased
the Krozno2 for terpenes by half and by one-fifth of its vakensidered in the model. The rate coefficient 6k Rith HO,
leading to ROOH is given by Eq. (3), whergds+oz increases with the size of R@adicals (Atkinson et al., 1999; Boyd et
al., 1996)http:// mcm.leeds.ac.uk/MCMv3.3.1/categories/ sausr®003-4 6_4-gen-master.htt?rxnld=6042

KrozHoz= 2.91 x 162 exp(1300T) [1 - exp(-0.245)] Eq 3

wheren is the carbon number and T is the temperature.

We find that decreasing the rate coefficient ofabactor of 5 leads to better reconciliation withr observations than when
decreasing it by a factor of 2. Whemrdéno2 was reduced by a factor of 5, the modelled;@reased by only 9.9 % for
higher terpene levels i.e-pinene+B-pinene+limonene>80 pptv (Figure 6).

Recent studies have proposed inter and intramalebylddrogen abstraction by peroxy radicals (autatidch) to be effective
reaction pathways leading to OH formation (Croumgeal., 2013). This abstraction is largely deteedinby the
thermochemistry of the nascent alkyl radicals amngstis strongly influenced by neighboring substitag hence the rate
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increases rapidly when more oxygen containing fonal groups are involved. The H-shift rates reparin literature can
be as fast as 0.1'dor atmospheric conditions. We incorporated a $&mmutoxidation scheme for some of the most
important terpene related R€pecies as specified in figure 5 in our model.his scheme, the specific terpene generated
RO, species whose contribution was at least 0.25 %edHQ, sink are converted into a corresponding ROOH\&rg fast
rate (18°x Krozhog reaching up to 0.2%e.g. GoH1s04 (PINALO?2) is converted to 6H1604 (PINALOOH). We find that
this scheme is effective in increasing the modeb ®els by 24.2 % for terpene levels >80 pptv (Fég6). Since we have
used a very simple approach to test the impactimixédation in the model atmosphere, more studiegequired towards a
mechanistic development for incorporating theseesws viz. which way the H-shift will occur at whichte, which
products will be formed, etc. The present exeraisémplementing the autoxidation scheme is only mea show its
importance, effectiveness and potential in atmospledemistry models.

3.5 HOx chemistry during CYPHEX: production and loss estimates

Using the optimal scenario from our model resules, the one where all measured species are indludéhe model (case
Ill, Figure 3), we can study different processepacting HQ budgets. Since impact of terpene generatedsR€ries was
maximum on day 210 (29 July), we will ignore aneapl features on this day for our subsequent disons using the
model case lll, the ‘terpene case’. For CYPHEX, thajor OH as well as HOproducing channel is the reaction of
atmospheric water vapor with'D generated from the photolysis of CFigure 7). Peak daytime contributions of this
channel towards OH production exceeded 45 % fort mbthe days, and about 60 % on days 205 and PB8.midday
values coinciding with peak OH production on da% 2éas marked by conspicuous influence of aged agses originating
over south-west Europe and considerably procesgedtbe Mediterranean before reaching the site. gé¢ak HQ values
on this day were about 11% lower than the averamk tHQ values during the study period. The peak:H@lues for
J(O'D)>2.5€° st was 6.4 x 1®molec/cni for the study period while this value was only %.7(° molec/cnion day 205.
While on average, the recycled OH via reactiondH@, with NO and Q (R6-R7) contributed 32 % to the total OH
production, this value was about 6 % lower for d295-206. It may also be noted that althoughn@s very low on both
days 205 and 206, with predominant influence ofdagearine air, the contribution fromD+H,O to the total OH
production still exceeded 50 %. Due to lower HONRing ratios, the fractional contributions of HON®otolysis towards
peak OH production during midday on days 207 ar@l\&8re significantly low at about 2.5-3.4 %. On atlher days, for
which values are available, this channel contriduteore than 5.9 % to peak OH production during ntiore. The
photolysis of HONO has the largest fractional ciwiiion to the early morning OH production on dadyi 2reaching above
30 %. Overall during CYPHEX, the average daytim@'[>0) contribution to OH production from sQhotolysis and
subsequent reaction of*D with water vapor was about 37.2 %, the averaggirda contribution from HONO photolysis
was 12.0 %, while recycled OH from reaction of H®ith O; and NO account for 14.5 and 17.7 % of the total OH
production, respectively. The four major OH prodigcchannels (Figure 7) contribute 80-90 % of dagti@H production
on most occasions, with 81.5 % on average.

The single major sink of OH during CYPHEX was COlldwed by CH, HCHO, GHs, CHsCHO and G, on average
accounting 20.3, 9.7, 7.6, 5.0, 4.8 and 4.0 % ofl@ddes respectively. During these days (205-26&)modelled OH loss
(Figure 7) as well as the calculated OH reactififiygure 4) were lowest of the study period. Itikely that the air masses
arriving to the site were already much processeehnding considerable time over the Atlantic and technean, leading to
depleted OH reactivity. During this period of marimfluence, the contribution of long-lived gasegte daytime OH loss
increased by about 14% while the contribution afrtdr lived gases like HCHO and @EHO decreased by 36 % and 40 %
respectively. HCHO concentrations are observedetdolvest between days 205-206, when the marinaenfle was the
highest. The average lifetime of HCHO for the stpayiod is calculated to be 0.86 days, and its eotmations are higher
whenever air masses are influenced by South-EaspEUBlack Sea region.
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The major source of HOluring CYPHEX was the oxidation of CO by OH, cdmniting on average, 36.2 % of daytime HO
production values. On days 205, 206, when theesiferienced aged oceanic air masses and CO coaimemsr were the
lowest of the study period, yet the peak contrimutdbf CO to daytime H@production was about 40.4 %. This shows that
the contribution from other HQOprecursors like HCHO decreases much faster tharb&@@use of their shorter lifetime as
the air mass passes over the ocean, and isolaiedtfreir emission sources. The contributions of KCtéwards HQ
production varied between 8-23 % with an averageimi@ contribution of 15.6 % and included both @tidn via OH and
photolysis. The methoxy radical (@8l), formed during oxidation of CHand CHO,, was also a significant source of HO
with peak contributions reaching 23 % on some docasand an average daytime contribution of 17.80f. average, the
reactions of HQ with NO and @, recycling OH, contributed 23.3 and 18.2 % redpebt towards daytime loss for HO
HO, losses by its self-reactions and reactions withe@Heached peak daytime values of over 40 % and enage
accounted for 29.5 % of daytime H@sses. Among these, the major contribution wamfthe HQ self-reactions, with
peak values of over 30 % during most days, andageevalues of 22.4 %. HQosses due to recycling via NO and &d

the HQ losses via reactions with itself and €34, are complementary during a diurnal cycle. Thé-rgglctions gain in
importance and peak around midday as the peroxgaladoncentrations increase with increasing phwoustry, while
recycling reactions dominate during periods witlgéa solar zenith angle. During CYPHEX, for smalles zenith angles
with J(O'D)>2¢e5 s?, the contribution of recycling and self-reactidasHO; loss was 36.2 and 32.7 % respectively. Overall,
it is found that lowest HPproduction and losses occurred in the highly pseed air masses influenced by the marine
boundary layer, mostly over the Mediterranean $e&asometimes as far as the Atlantic ocean (daps2®®) with some
influence from south-west Europe/northern Africg(ffe 7, panel 3).

The close proximity of Cyprus to several countsiéth different socio-economic conditions makesaitsquality vulnerable
to the increases or decreases of primary and sacpdt pollutants in one of these countries indper, Asia and Africa.
For example, increased N@missions in one of the Southern European cousntrienigh CO from forest fires in Ukraine
can be quickly transported to Cyprus in a mattehafrs to days and modulate the atmospheric primgesser the region.
Increased NQemissions can impact thes:-®Ox-VOC chemistry by changing the H@ycling. Even though the study
period was characterized by NO mostly<100 pptvretsing NQ by 30 % still decreased OH levels by 14%, thegeatts
being higher in the early morning and late aftemd®@n the other hand, increasing NO by 5 and 1@gicaused 44 % and
70 % average enhancement in OH levels.

Because of its important role ing@roduction, NQ@ emissions have been the focus of air quality itigaons during
preceding decades. Apart from their crucial ral®j production, NQ levels also play a significant role in the sedaning
capacity of the atmosphere due to their reactioitis mospheric H®and RQ. We test the impact of mainland Europe
NOx emissions on the self-cleaning capability of thimatically vulnerable Mediterranean atmospherexgghe CYPHEX
dataset. The recycling efficiency for OH (REf-OH) defined as the ratio of OH produced from secondaurces via
reactions of HQwith NO and Q (R6-R7) to the OH produced from primary and seeoypdources. The primary sources of
OH considered in our calculation include reactidrHeO with O'D produced from @ photolysis and the photolysis of
HONO and HO..

While the present study is limited to NO <100 pptwdelling results show that REf-OH increases wiitrease in NO
levels (Figure 8). The REf-OH increases from 25t%4@&pptv to about 40 % at around 20 pptv NO touab® % at 100
pptv NO (Figure 8). The relationship of REf-OH wNO indicates that at higher NO (not observed fier €YPHEX data),
the REf-OH would increase further. To understan&HEf-OH would reach runaway conditions or satust@ particular
value, we chose several points along the REf-OHdW@e and for each of these points, we generatpdthgtical input
data set keeping all parameters constant but chartbe NQ levels from 0.2 to 3 ppbv, while maintaining thegmal
NO/NO:; ratio (Figure 8).
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Figure 8 shows that in general the REf-OH increésedout 80 % at 400 pptv NO. After this, it dees gradually, related
to the reaction of N@with OH. Concurrently, the loss of HQue to self-reactions and reaction of H@ith CH:O.
becomes much weaker compared to the loss of tdONO with increasing NO levels. The ratio of H@sses via the
radical-radical interactions (i.e. the reactiongi@, with HO, and CHO;) to the HQ losses via the recycling channel (i.e.
reactions of HQwith NO and @) decreases exponentially becoming less than 5 @ap8/ NO and less than 0.5 at 70 pptv
NO and 0.01 at 1 ppbv NO. The secondary OH prodoctiso shows a similar pattern with respect to-QHEf peaking
around 400 pptv for the different input data seid decaying thereafter. The model generated OHspieatkis range but the
HOx concentrations start to drop much earlier, fromuad 70 pptv NO. At these low NO levels, H{@ss by peroxide-
peroxide reactions is comparable to the channelgclieg HO, into OH, which can then be removed through reacti@.
with NO,. However, the recycling efficiency is only abou €6 at 70 pptv NO. Budget analysis indicates th&y H
production drops with increasing NO levels for thést dataset constrained to specific ;N@vels. Overall, for the
hydrocarbon levels observed during CYPHEX, the-slelining capacity of the atmosphere peaks at drd@0 pptv NO,
which at a NO/N@ ratio of 0.2 is equivalent to about 2.4 ppbv NOhcreasing NQ emissions further would lead to
decreased HPlevels and the recycling efficiency is unlikely iterease further. On the other hand, decreasingeN€ls
below a few hundred pptv of NO would also decrehserecycling efficiency for the same hydrocarbewvels indicating
that small amount of N¢Chelp sustain the self-cleaning capacity of thecsiphere (Figure 8).

4. Conclusions

Atmospheric OH and HOwere measured as part of a comprehensive atmospemistry field measurement campaign
conducted in Cyprus in the summer of 2014 to sthdymajor processes impacting atmospheric oxidati@hair chemistry

in a relatively unpolluted coastal region, periadlig influenced by long range transport of Europeamissions. A
comprehensive suite of atmospheric chemistry measemts obtained during CYPHEX enabled a detailedsiigation of
atmospheric oxidation processes, using a photoctanbox model, under low NOconditions. The box model
(CAABA/MECCA with MOM chemistry) simulations for b OH and HQ agreed within 10% of the measured values
except for cases when terpene &ndp-pinene, limonene) mixing ratios exceeded 80 ppiwing these periods, inclusion
of terpenes which account for only 3.7 % of OH tizéty, causes the HOmodel/measured ratio to be about 0.72 due to loss
of HO, by reactions with terpene generated peroxy raslidc@bmparison of alternative reaction pathwaysettuce this
unrealistic HQ loss showed that autoxidation can be an effediink for the R@species generated from terpene oxidation.
However, low terpene and NO regimes, prevailingrduiCYPHEX, and the absence of limonene chemistrihe current
model scheme, precluded a more rigorous analysishefprobable chemical pathways for R@egradation in the
atmosphere. Further, there is evidence that tleeaastant of CkD, with OH could be two times faster than used in the
current models (Bossolasco et al., 2014). Applyhig in general to other peroxides, the rate constaeed to be revisited
as they will have a non-negligible impact on theroical composition of the atmosphere, especiallyeimote low NQ
environments where the peroxide lifetimes are inedft long. As already indicated in literature, thés large uncertainty in
the rate coefficients of different R6pecies with NO and HKing et al., 2001) which are scopes for futuradgs.

The radical budget analysis for CYPHEX showed grahary production of OH via photolysis of;@onstituted the main
OH source and peak daytime contributions from thiannel exceeded 45 % for most of the days. Theageedaytime
contribution from HONO photolysis was about 12 % lhiexceeded 30 % in the early morning on a fewas®ns. The
recycled OH from reaction of HQwith Os and NO accounted for 14.5 and 17.7 % of the ©tadlproduction, respectively.
The maximum recycling efficiency was about 70 %dbput 100 pptv NO. CO was not only the singleandpytime sink
of OH, accounting for nearly one-fifth of OH lossgriohg the study period, but also the single maj@ groduction source.
Despite low NQ regimes during CYPHEX, NO contributed more tharf28f peak daytime loss for HOreaching over 50
% on a few occasions. Lowest Kfroduction and losses occurred in the highly pssed air masses with low OH reactivity
i.e. low precursor levels. These air masses wemvilyeinfluenced by the marine boundary layer, rhodiy the
Mediterranean Sea, but sometimes as far as thatistl@cean (24-25 July, DOY 205-206) with someugfice from south-
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west Europe/northern Africa. Additionally, our réésiconnote the need for deeper understandingeofection channels for
organic peroxides in the atmosphere.
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Table 1: Details of experiments conducted during CYPHEX (relevant to this study) *Total uncertainty for the lower humidity

range (< ca. 25% relative humidity)

T o c 2 Q
& iE "B & |7 ETE| o3
s F 4 5 4
Hydroxyl Radical LIF-FAGE-IPI 4 min | 4.8e5 1€ 28.5% | (Hens et al,
molec/cni molec/cni | (20) 2014)
Hydroper oxyl LIF-FAGE 14 0.4 pptv 0.8 pptv 36% (Martinez et al.,
Radical sec (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 et al., 2015%)
Quantum Caascade
Laser spectromete
Nitric Oxide Chemiluminescenc| 5 sec 5 pptv 20% (Li et al., 2015)
Nitrogen Dioxide e 20 pptv 30% (Beygi, 2011)
Nitrous Acid Long Path| 30 4 pptv 10% (Meusel et ali,
Absorption sec 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
hydroper oxide Liquid min al. (in prep)
Chromatography
SOz Chemical 10 50 pptv 30%
lonization Mass| mins
Spectrometer
C2-Cs GC-FID 60 <5% 1-8 pptv 10% (Sobanski et al.,
(alkanes, alkenes) min 2016)

26



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-25

Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 14 February 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions
M ethane GC-FID 1Imin| 2% 20 ppbv 2% This Study
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 Imin| b 3o 1o (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%*)
M ethanol 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)
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Table 2. Deposition velocities of someimportant species considered in the model scheme

Species Deposition Velocity
(cms?)

Peroxides 4

PAN 0.2

NOs 4

HNOs 4

PINAL 0.6

HCOOH 1

10

15
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Figurel1. Left: Air masses during CYPHEX; Right: Map of Cyprus. Measurement site (yellow triangle), cities (circles, 1.Paphos, 2.
Limassol 3. Larnaca 4. Nicosia)
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Figure 2. M easurements of OH, HOz along with selected chemical and radiation parametersrelevant to HOx chemistry during the
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Figure 4. Calculated OH reactivity of various chemical species measured during CYPHEX

Cyphex 2014 : HOx loss due to Terpene Chemistry
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Figure 5. Contribution of different terpene related reactionsto the total HOx loss. Additional peroxy radicals are produced in the
model by terpenes rather than organics e.g. isoprene degradation. Pinene includes a-pinene and B-pinene. TerpRO2 include only
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CsH1303 (C8502), CgH1304 (C8602), CoH1s03 (C9602), CoH1s04 (C9702), CoH1s0s (C9802), CioH150s (C10602), CsH704
(C51102), CeH9Os (C61402), CioH1504 (PinalO2) and CioH170s (BPinaO2).TerpROOH include only CioH1604 (PinalOOH),
CsH1403 (C8500H), CsH1404 (C8600H), CoH1604 (C9700H), CoH160s (C98OOH), CioH160s (C10600H) and CsHsO4
(C51100H). The namesin brackets are M CM nomenclature. Only those species ar e selected whose contribution is at least 0.25 %
tothe HOx sink

Cyphex 2014: Impact of terpene chemistry on model / measured ratio @J(O'D) >16e°s”
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Figure 6. HOz predictions using different chemical schemes which were employed to investigate the impact of peroxy radicals as
HO:zsink. The x-axis shows the sum of measured a-pinene, p-pinene and limonene. The base case is the model simulation using
measur ed species; 4*KRO2NO is a simulation where the rates of selected ter pene-related ROz species with NO are increased by a
factor of 4; 0.2*KRO2HO: is a simulation where the rates of these ROz species with HOz are reduced by a factor of 0.2; the
autoxidation simulation includes an autoxidation scheme rapidly converting selected ROz species into ROOH. The mean and

sigma are calculated for 100 pptv bins along the x-axis
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Figure 7. a. Budget analysis for OH during CYPHEX. The HOxbudget is significantly impacted by the changesin air mass source
regions. Flexpart evaluation of the contribution of different source regions within the planetary boundary layer to the air mass
5 origin at the measurement site in Cyprus is shown in Panel 3. The air mass source regions are shown in a separate colour map
(supplementary Figure 1). b. Budget analysis for HO2, c. Budget analysis for HOx, during CYPHEX. The descriptions for Pinene,

terpRO2 and terpROOH issameasin Figure5
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Cyphex 2014: Impact of NO on HOx
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Figure 8. Sensitivity of recycling efficiency, secondary OH production, OH and HOx to changes in NOx levels. P1-P11 are different
starting points derived from the original dataset, for which NOx is ramped up to 3 ppbv, while maintaining the original NO-NO2
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