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Abstract

The Mediterranean is a climatically sensitive regiorated at the crossroads of air masses from three cotstine
Europe, Africa and Asia. The chemical processing of aisegever this region has implications not only for the air
quality, but also for the long-range transport of air pmhutTo obtain a comprehensive understanding of oxidation
processes over the Mediterranean, atmospheric concentrafitims hydroxyl radical (OH) and the hydroperoxyl
radical (HQ) were measured during an intensive field campaign (CY prugd@Hemistry EXperiment, CYPHEX-
2014) in the north-west of Cyprus in the summer of 2014y Waw local anthropogenic and biogenic emissions
around the measurement location provided a vantage pahidyg the contrasts in atmospheric oxidation pathways

under highly processed marine air masses and those influencddtlvehgfresh emissions from mainland Europe.

The CYPHEX measurements were used to evaluate OH andsifflations using a photochemical box model
(CAABA/MECCA) constrained with CYPHEX observations o§, @O, NQ, hydrocarbons, peroxides and other
major HQ (OH + HQ,) sources and sinks in a low Nénvironment (<100 pptv NO). The model simulations for OH

«agreed to within 10 %ith in,situ OH observations. Model simulations for biagreedo within 17 % of thgn,situ ‘{ Deleted: showed very good agreement }
observationsHowever, the model strongly underpredicted,H#®Dhigh terpene concentrations, this underpredlc&mn \[Deleted - ]
reaching up to 38 % at the highest terpene lefsifferent schemes to improve the agreement pgtvygepppge@gd\an \{ Deleted: also J
modelled HQ, including changing the rate coefficients for the reactafrierpene generated peroxy radicals ﬂ?b {Deleted fairly well with }
with NO and HQ as well as the autoxidation of terpene generategldR€xies, are explored in this work. The mam \IFormatted. Font: Italic ]
source of OH in Cyprus was its primary production frogp@otolysis during the day and HONO photolysis during, \ {Formatted: Font: ltalic }
early morning. Recycling contributed about one-third of the total @étluction, and the maximum recycling \ {Deleted: - }
efficiency was abo@.7. CO, which was the largest OH sink was also the lakg@ssource. Lowest HOproduction { Deleted: except when pinene levels exceeded 80 pptv.}
and losses occurred when the air masses had higher redidemoser the oceans. \{ Deleted: 70 % }

Keywords: hydroxyl radical (OH), hydroperoxyl radical (bjCterpene chemistry, peroxy radical (Cbox model
(CAABA/MECCA), oxidation capacity, chemical cycling, OH3d budgets




10

15

20

25

30

1. Introduction
1.1. Air pollution and HQ chemistry

The chemical and photochemical processing of air pollutantsnjunction with local emissions, meteorology and

atmospheric transport, strongly influences the air qualigy a region. The regional air quality impacts human health,
agriculture, the overall condition of the biosphere and sulesety the climate. Studies attribute 2-4 million premature
deaths globally to outdoor air pollution (Silva et al., 2013ielveld et al., 2015). Oxidants in the Earth’s atmosphere

prevent the pollutants released into it from building up to toxic leWiéiese oxidants not only convert many toxic
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oxidation processes in the atmosphere proceed along reaction pathittated by the hydroxyl radicals (OH) duririg\\:\\{ Deleted:

the day (Levy, 1971), making it the dominant chemicalrifenagent of the daytime atmosphere (Lelieveld et ar\,\\ { Deleted:
\

2004). The dominant primary production of OH is via the photelyBizone Q3) at ultraviolet wavelengths (Crosley, % { Deleted:
\

1995) producing the electronically excited'D) atoms (R1). @ that escapes quenching (R2) reacts with wa\te\r {Deleted:

-

U JC L )

vapor in the atmosphere to produce OH radicals (R3) {Deleted:
03 + hv — O(D) + O, (R1,1<330 nm)

O('D) + M — OFP) + M(M = Nz, O) (R2)

O(D) + H0 — 20H (R3)

- { Deleted: of its fast reactions (e.g. R4)

N

,,,,,,,, \\ ‘[ Deleted: the

organic compounds) from accumulating above trace levels irtrtdp@sphere. Reactions of OH with CO aﬁd\ {Deleted: of OH in the troposphere

hydrocarbons (R4) also trigger quasi-instant formation ofhtydroperoxyl radical (H@ via R5) in our @ rich \{Deleted:

atmosphere. In the presencenific oxide (NO) and Q (R6, R7), a chemical equilibrium is set between OH and HO
on a timescale of seconds. The sum of OH andisl€nown as HQ The reactions R6 and R7 maintain the oxidizing
efficiency of the atmosphere by recycling OH. Simultarsty in the presence of N@=NO + nitrogen dioxide
(NOy)), they also propel a reaction chain leading tdd@mation via R8 and R9. R8-R9 are the main chemicaksour

of tropospheric @ which is an important oxidant, a greenhouse gas as welhaoa secondary pollutant.

CO+OH— CO+H (R4)
H+ G, (+M) — HO; (+M) (R5)
NO + HG, — NO; + OH (R6)
HOz+ O3 — OH +20, (R7)
NO; + hv.— OFP) + NO (R8,<430 nm)
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OFP) + @ (+M) — Oz (+M) (R9)

OH also oxidizes anthropogenic and biogenic hydrocarbons (HCs) emnittethe atmosphere leading to peroxy
radicals (RQ). NO converts the ROinto HO,, which again leads to OH recycling (R6). The H&cle can be
terminated by the radical+radical interactions of;R@6d HQ with and between themselves to form peroxides (R10,
R11). Depending on NO levels, the R€pecies can react through different channels. Under loywci@litions e.g.

in clean marine boundary layer, when the reaction of Rith NO is less significant than its reaction with 5O
peroxide formation becomes a major sink foraHfdrther leading to OH ands®@emoval. Under higher NO levels,
RO, would react with NO to form NE(Os source), H@ (OH source), alkyl nitrates as well as aldehydes (R13,
R14). Further, there have been suggestions of auto-oxidatiB®ofo produce peroxides and yielding OH under
atmospheric conditions (Crounse et al., 2013). These auto-Hoxidaechanisms proceed through catalytic H-shifts
at a very fast rate (up ~ 0.1s?) e.g., conversion of ROgenerated from a carbonyl compound into a highly

functionalized dicarbonyl hydroperoxide compound (R15).

HO, + HO; — H02 + O, (R10)
RO, + HO, — ROOH + G (R11)
RO, + NO + Q@ — R'CHO + HO + NO, (R12)
RO, + NO— RNO; (R13)
NO, + OH + M— HNOsz + M (M = Ny, Oy) (R14)
O o)
H?C\KK/C\ + O — I :,CWCHQ + OH (R15)
o o) -OH

In polluted air when NQ@concentrations become large enough that the reaction ptlDOH dominates over other
HOy 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 acid forming seaciire also the starting point of particle formation
in the atmosphere e.g. via oxidation ofzSId sum, oxidation is a means by which major pollutants areepsed and
removed from the atmosphere, but with concomitant implicattonair quality, agriculture, climate and health.
However, large uncertainties in atmospheric reaction pathwrate coefficients and measurements of atmospheric

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

The Mediterranean is a climatically sensitive regidriclv is rapidly getting warmer and dryer over time (Ledie
et al., 2012). The atmospheric chemistry over the region is eamapth regular exceedances of the European Union
(EVU) ozone air quality standard (Doche et al., 2014al@kas et al., 2013) and a projected increase of summeertim



10

15

20

25

30

35

Os over the Eastern Mediterranean (Lelieveld et al., 206Reveld and Dentener, 2000). Cyprus is a small, remot
island (area: 9251 Kinpopulation: 1.15 x 10 Density: 119.2 people/kinin the Eastern Mediterranean (south of
mainland Europe) with very low local emissions. The notharge volatile organic compounds (NMVOCs), NO
SO emitted by Cyprus and European Union (EU28) were 6.8, 17.2Gbahd 6722, 7819, 3083 Gg respectively
for 2014 (European Union emission inventory report, 2017). Beingedodownwind of the mainland Europe
emissions, Cyprus provides an ideal vantage point to study thetimip&uropean emissions on the Mediterranean
climate (Lelieveld et al., 2002). To study the atmosigteremistry over the Mediterranean and understand the impact
of emissions from different regions of Europe on air qualit@yprus, an intensive field measurement campaign (the
Cyprus Photochemistry EXperiment, hereafter CYPHEX) w@sducted in Cyprus during the summer of 2014,

wherein a comprehensive suite of trace gases was measured.

Cyprus is exposed to air masses influenced by emissimm Bouth-West European countries which are

with emissions from industry and biomass burning over CélBaisi European countries. Although emissions from
Europe have been steadily decreasing over the past few déeagleNQ, SO, and NMVOCs decreased by nearly 50

%, 80 % and 57 % respectively during 1990-2013; European Uni@sieminventory report, 2017), these emissions

are still substantialv.r.t. the global totalApart from the influence of European emissions, Cyprugrasegically _ - { Deleted: having significant global impact

located at cross-roads of air masses from Asia, Afiitathe Atlantic (Kleanthous et al., 2014). Influence fedm
these different source regions, incorporating the impact oftlagoéeof hydrocarbons, nitrogen and sulfur species as
well as mineral dust on the atmospheric processing srpénit of the world, have attracted several field cagmsai
(Carslaw et al., 2001; Berresheim et al., 2003). For exartiieMediterranean INtensive Oxidant Study (MINOS)
was conducted to study the budget of atmospheric oxidants inflidyckong-range transport of pollution, in the
summer of 2001 (Lelieveld et al., 2002; Gros et al., 2003; et al., 2003). OH radicals were measured in the
coastal boundary layer of Crete as part of the MIN@®paign and the major sources of OH were found to be
photolysis of @ and recycling from H&NO reaction (Berresheim et al., 2003). Although H@s not measured
during MINOS, high levels oformaldehyde ICHO), a major primary H@source, were observed (Kormann et al.,
2003). In the present study, we report simultaneous measusenfé@dH and H@ during the CYPHEX campaign,
and compare these observations with simulations from a photézdieboox model constrained withsOCO, NO,
NO,, peroxides, several anthropogenic and biogenic hydrocarbonsimglindportant alkanes, alkenes, alkynes,
aldehydes and acids and photolysis frequencies of impayéaes relevant to H@hemistry. The main objective of
this study is to identify the major chemical species aadttion pathways controlling the H@hemistry over this

climatically sensitive region.
2. Methods
2.1 Measurement site

The CYPHEX campaign was conducted at the northwest coaspofi€yn a hilltop about 650 m AMSL, in Paphos
District of the island and facing the sea about 5-8 kmyawathe west. The Akamas peninsula national park is about
25 km to the northwest of the measurement site (34° 57’ N / 3F) 2&ith terrain descending rapidly to the northeast

5
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towards the town of Polis, with a population of about 200@ dttea comprises of spare shrub type vegetation with
small Mediterranean trees comprising pines, junipers, gloagsb, pomegranates, and almonds. The area is weakly
populated in a radius of about 20 km. The site is away ff@mmajor cities: Paphos with 90000 people is 20 km
south, Limassol with 235000 people is 70 km south east, Larntita46000 people is 110 km east and Nicosia with

humid air from the sea, with no immediate anthropogenic infe.eAnalysis of 5 day back trajectories show mainly

two major air mass regimes (Huser et al., 2017). Etesiads influenced by fresh emissions from East-Central

Europe and crossing Turkey and Greece, and Mistral winds infidemg emissions froggouth\WestEurope but - { Deleted: south

processed for a longer period over the Mediterranean (FiguRutipg the summer of 2014, a Weakened,gqsgwe\sf \[ Deleted: west

pressure gradient led to weak and delayed Etesian windss(€yai., 2015). The site is also influenced by local land™ \[ Deleted: -

sea breezes.
2.2 HQ  measurements during CYPHEX

Atmospheric OH and HOwere measured during CYPHEX using the HydrOxyl Radicdsurement Unit based on
fluorescence Spectroscopy (HORUS) instrument (Martihek,e2010). The setup was based on the well-established
Laser Induced Fluorescence-Fluorescence Assay by Gas Exp@ieRAGE) technique for atmospheric OH
measurements (Brune et al., 1995; Crosley, 1995; Hard &98H). The laser system consisted of a tunable dye laser
which was pumped by a diode-pumped Nd:YAG laser (Navigat#®-XB0OSC-532Q, Spectra Physics) pulsing at 3
kHz. The two laser assemblies were mounted on either salgetical plate, which was mounted on a rack inside a
measurement container about 6 m x 2.5 m x 2.5 m. The outeutridiation was split in a 9:1 ratio using beam

splitters, and channeled through 8 m optical fibers into thetimienodule for measurements of OH and,HO

The detection system was mounted about 6 m above groun@A&ie) on the top of a scaffolding tower, constructed
close to the wall of an air-conditioned container adjacetfitetd.aser unit. The container with the HORUS instrument
was mounted on top of another similar measurement contaitte O;, CO, NQ and peroxide instruments inside.
The inlets for all the instruments measuring during CYPHEXevpdaced within 5 m of the HORUS detection unit
on the tower. Ambient air was drawn in HORUS through a afitdfice with pinhole size of 0.9 mm into a detection
cell with about 4.3 mbar pressure. This internal pressuseasiieved by using a combination of a roots blower (M90
compressor from Eaton, USA) followed by a scroll pump (X338 Edwards, USA). The resulting high volume flow
ensured that the exchange of air illuminated by the lasasti€fiough between two consecutive pulses, thus avoiding

possible laser-induced interferences.

The interaction of the ambient air with the laser ba@athe low pressure detection cell was maximized using aéWhi
cell setup, where the laser light was reflected 324ianeoss the detection volume. The OH molecules werdiselgc

An etalon controlled by a stepper motor, in the dye lasepsetused the laser radiation to be tuned on and off

resonance with the OH transition every 7 s to account for thel@rescence plus background signals and the
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background signals, respectively, resulting in a time resolaf 14 s. The spectra from a reference cell, where OH
was produced by #D thermolysis, was used to detect théXpline. The counts from the reference cell were used to
sustain the on-resonance position while the etalon tethereddaito Although the pressure reduction in the detection
cell results in smaller numbers of OH molecules, it impsotree OH fluorescence quantum yield due to reduced
collisional quenching of excited OH radicals. The lifetiofehe excited OH extends beyond the Mie scattering by
aerosols and the Raleigh scattering by smaller molecuttislps. These interfering background signals were
discriminated by using time-gated micro-channel plate detg¢faraamatsu), enabling excitation of OH radicals and
detection of fluorescence at the same wavelength. The éoxcitt308 nm is advantageous to the excitation at 282
nm as interference from laser generated OH fronpl@tolysis is ~25 times smaller at 308 nm. A band pass filt
with a central wavelength of 308 + 0.75 nm and bandwidth of 5 nm (#ifront of the detector prevented signals
due to any interfering wavelengths from registering on thettgteThe fluorescence decay was recorded with a time-
resolution of 4 ns and integrated for on-resonance and off-resmmpamniods, thus delineating the signal from the
spectroscopic background. Further, the spectra of the measureglanmo©H was compared with the one obtained

from a reference cell ensuring no interferences from fleere=e of species like $@nd naphthalene.

The chemical background, originating from OH being internalbylpced during the transit time of about 3 ms from
the orifice to the center of the detection cell, waaated for by removing ambient OH with an OH scavenger. This
scavenger, 3-5 sccm of pure propane in a carrier flow of 8000setimetic air for CYPHEX, was introduced through
an inlet pre-injector (IPI) mounted on top of the inletzieNovelli et al., 2014a; Hens et al., 2014). The scavenge
amount was just sufficient to scavenge off ~95% of atmospb#tias determined from propane titration experiments
on-site. IPl was connected to a blower that draws about @80p2n of ambient air from the top of the IPI, the flow
being monitored by a differential pressure sensor. The OHsgev®/as injected via eight 0.5 mm diameter holes 5
cm above the pinhole of the OH inlet into the center of théair sampled by IPI close to its hyperbolic minima
(Novelli et al., 2014b). The hyperbolic internal shapenheflP| (max cross section of 35 mm and min cross section of
6 mm) helps to sample air that has minimum wall contact ks fat a high velocity through a small diameter
ensuring that the scavenger is well mixed with atmosplzaéricThe high flow also ensures minimum impact of the
horizontal wind speed on the mixing efficiency. The IPI cyclirag automated by a script resulting in repeated cycles
of scavenger injection, flushing and no injection. The scavengs periodically injected every 2 min, resulting in
alternating measurements of background OH and total OH ile.awd without scavenger injection. The difference
between these two signals gives a measure of the atmas@emith a time resolution of 4 min. The wall losses in
the IPI were periodically determined by physically dismagtthe IPI for 5 min during measurements during
different times of the day. On average, the background sigaal 45 % of the total signal during daytime
(Supplementary Figure 1). While the constituents of background @thave pronounced impact on atmospheric
oxidation processes, especially over regions with high biogemissions (Mauldin et al., 2012), the study of the

influence of background OH on oxidation pathways during CYPlitEéyond the scope of the present study.

Atmospheric HQ was measured in a detection cell located 16 cm belowlthdefection block. HOmeasurements

were achieved by injecting NO purified through a sodium hydegoated silica (Sigma-Aldrich Ascarite) using a
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1/8” od, 0.035" id coiled stainless steel loop with about 3diameter, placed just above the H®tection block.
The NO was injected through 0.1 mm holes, leading to ceioreof HQ into OH and detected by the same principle
as in the first block. To minimize impact of R&Gn OH formation (Fuchs et al., 2011; Hens et al., 2014), didyta

30 % of atmospheric HOwas converted to OH using NO. The required NO flowuab.5 sccm pure NO in 10 sccm
carrier flow during CYPHEX, was determined from titratiansmbient and calibration air. Further, tests were done
with and without NO to ensure that there was no influence of etfdversion into OH in the first axis. The
measurement in the H@etection cell yields the total HQOH + HQ,). HO; is calculated as the difference between

HO, and the OH measured in the first axis, after accoufbintpe relative OH sensitivities of the two detectionsaxe

Due to low OH reactivity during Cyphex, we expect the;Réduction from the oxidation of hydrocarbons to be

low. Hence the interference due to potential conversi@imbspheric R@radicals into H@radicals due to the NO

injected to convert H@into OH in the low pressure detection volume is expected lmieompared to regions with

high OH reactivities like the boreal forest in Finland. In orbereduce the conversion of R® HO,, we used a

reduced NO flow of 0.5 sccm resulting in ~7 ¥24ém?3 of NO in the detection cell, thus converting only about 30%

of HO; radicals to OH radicals while simultaneously reducing the- RO, conversion efficiency. We did not conduct

experiments to measure the conversion efficiencies gfoskible R@ radicals in the atmosphere. To estimate the

potential interference due to RQadicals on our measured signal, we made model calculationg us
CAABA/MECCA where most of the R@adicals from higher hydrocarbons directly form H@dicals after reaction
with NO skipping the reaction step of alkoxy radicals v@ttwhich is slower at reduced pressure inside the instrument
compared to ambient.

The modelis run at ~4 hPa to see how OH and td@icals evolve with time in the low pressure detection velam

different NO concentrations and is validated for calibrationdé¢@ns (manuscript under preparation). The;RO

radicals in the model are initialized with the conceaiitns generated from the model run for the base caselllcase

in Figure 3 of the original MS) for our study while OH andH@&xdicals are initialized with measured concentrations.

of NO (t=0) for NO concentrations of 7.1 x}4@nd 1.71 x 18 cm? respectively. The converted OH signal is detected

after 6.6 msecs (time of detection). For the high conwersificiency case, the contribution of the RO the OH

signal at 6.6 msecs is about 35% or 31% of the initia} R®ing ratio. This value matches with estimates from

previous study by Hens et al., 2014. For the low conversianieftly case that represents the CYPHEX measurement

mode, the estimated contribution of RO the measured signal is about 12 % or 2.5% of the iR@almixing ratio.

Further, we estimate that more than 50% of the Rt@rference is due to isoprene oxidation products. Thisegal

the fast conversion of isoprene-based hydroxy peroxy radicatsdewlQ and OH. These isoprene-based hydroxy

peroxy radicals have one of the largest conversion effi@s of up to 90 % (Fuchs et al., 2011, Lew et al., 2018).

Moreover, we see that the R@terference does not increase with increasing terpeneentrations and is nearly

day HO concentration increases during this time faster than telmesssl R@concentration. This indicates that the
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RO, interference effects cannot explain the deviation of meddiQ 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 bibeasurements is achieved by measuring the signalsageshéry known
amounts of OH and HQMartinez et al., 2010) in a calibrator setup. The calibrate mounted on top of the OH
inlet without the IPI. Known amounts of OH and H®ere produced by irradiating different concentrations of
humidified air with 185 nm radiation produced by a pen ray Idgplarhe actinic flux density of the Hg lamp (Pen-
ray line source, LOT-Oriel, Germany) used for the photolgtdical production was determined before and after the
campaign using the actinometry method b®Nbhotolysis (Martinez et al., 2010). Differerd®mixing ratios were

produced by mixing different combinations of humidified ang dir flows using mass flow controllers. The

humidified air was generated by bubbling dry air into aa@oet half-filled with watenaintained at 258 C. The _ - ,[ Deleted: and heated at about

water mixing ratio in the humid air stream was measimed LICOR CQ/H,O-Analyzer (Li-7000) based on the ~ ‘[ Deleted: 8

detection of differential absorption with an IR spectromeéfle stability of the Li-7000 was ensured by calibrations

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

The precision and minimum detection limit for OH measurémeluring CYPHEX was determined from the
variability of the background signals (Table 1). The chemiazgkdp@und, during propane injection, being larger than
the spectroscopic background (off-resonance), has a dominagagt on the precision. The precision for OH and
HO, measurements were calculated to be*n8glecules cni and 0.39 pptv, respectively for 4 min and 14 sec time
resolutions, respectively. The accuracy for OH measuremergsierived from the uncertainties in OH calibrations,
which involve uncertainties in determination of lamp fliageable to a NIST NO standard), flows (calibrated with
a DC-2B, traceable to ISO/RVA 17025),®imixing ratios (calibrated with a Li-610) and uncertaintiesstimation

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

(20) based on calibrations, loss of ki@ the IPI and the uncertainty in NO mixing during titoas.
2.3 Measurements of other Chemical and Meteorological paremete

During CYPHEX, measurement instruments (Table 1) were sét-dpur air-conditioned laboratory containers,
placed in two stacks of two. An 8 m tall, 0.5 m diametigh flow (10 n¥min't) common inlet installed between the
stacks was used to draw ambient air for most instrumengsrefarences to the various measurements are indicated
in Table 1. G-C, alkanes and alkenes (ethaneHg ethene: GHa4, propane: @Hs, propene: GHs, butane: GHio (i

and n), butene: s (c and t) were measured with a time resolution of 60 mintla@adnixing ratio represents an
average over a sampling period of 20 min (Sobanski et alg)2Photolysis frequencies were obtained by a CCD
Spectroradiometer (Metcon GmbH) operating at 275-640 nm w antegrating hemispheric quart dome. The
spectroradiometer was calibrated prior to the campaign udi@@@W NIST traceable irradiance standard. Photolysis
frequencies were calculated using molecular parameters rezudech by the IUPAC and NASA evaluation panels
(Sander et al., 2011; IUPAC, 2015). An automatic weather stafimmage Pro2; Davis Instruments Corp., Hayward,
CA) was used to measure temperature, pressure, wind directd speed, solar radiation and humidity with 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 plethora of anthropoganit biogenic hydrocarbons, the Héhemistry of

the atmosphere involves numerous reactions. To efficiendlpate these reactions, several mechanisms of various
complexity have been developed, e.g. the Regional AtmospBikemical Mechanism (RACM; (Stockwell et al.,
1997), the Master Chemical Mechanism (MCM; http://mcmdesdiuk), the Mainz Isoprene Mechanism (MIM;
(Taraborrelli et al., 2009), the Carbon Bond Mechanism (¥advand Rao, 2005), etc. For this study, we use the

Module Efficiently Calculating the Chemistry of the Adaphere (MECCA, Sander et al., 2011; Sander et al., goga){ Deleted: ,

, which is an atmospheric chemistry module that contaicengprehensive set of gas and aqueous phase chemical
reaction mechanisms covering tropospheric and stratospheridstherihe gas phase chemistry in the present
version contains 2664 species (including 40 dummy species to accodepfisition) and 1670 reactions, including
basic @, CHs, HOy, NOy, NMHC and sulfur chemistry. Complex organic chemistriaien from the Mainz Organic
Mechanism (MOM, Taraborrelli et al., 2015). MOM isskd upon the MIM3, containing new additions to an isoprene
oxidation mechanism (MIM2) for regional and global atmospherdeting. Under pristine conditions, isoprene
oxidation buffers OH to a narrow range of concentrations (Bareli et al., 2009). The original MIM is based on
the MCM. MIM2 was further developed to improve the troposghehemistry under a wide range of N@gimes,

and provided a better evaluation of N&hd organic nitrogen-containing species due to a detailecsezpagion of

the alkyl and peroxy acyl nitrates as well as isopremgation products, some of which can be measured by modern
instrumentation e.g. MVK, methacrolein (MACR), hydroxyacet and methyl glyoxal (Taraborrelli et al., 2009).
MIM3 is a reduced version of MIM2, suitable for 3D atmosphehemistry-transport modelling. It contains an
improved isoprene oxidation mechanism related to OH recydlirgcounts for the photo-oxidation of unsaturated
hydroperoxy-aldehydes, a product of isoprene oxidatiagtatimg a hydroxyl radical production cascade. Compared
to RACM, MIM3 presents a lower degree of lumping and represitice mixing ratios of the main chemical species
in the atmosphere and many intermediates very well undepigat mid-NQ scenario (Taraborrelli et al., 2012). In
MIM3, the extended chemistry following the OH angigathways has been thoroughly revised, tested in a box model,
and shown to reproduce H@neasurements, even for challenging conditions with high isepméxing ratios (>1

nmol mol) and low NO (< 40 pmol md)(Taraborrelli et al., 2012MOM has been first presented and used in the

study by Lelieveld et al. (2016). It represents the gas-phddation of more than 40 primarily emitted VOCs. The

structure and the construction methodology mirrors the otfeediCM. The oxidation mechanism for aromatics has

been presented in Cabrera-Perez et al., (2016). The terpendomxglzneme includes previous developments for

modelling HOx field measurements (Taraborrelli et al. 204&ns et al. 2014; Nolscher et al. 2014). Most of the

known and/or_proposed HOx-recycling mechanisms under low-NO cond#ignsaken into account. Finally,

isoprene chemistry follows to a large extent Peeteid. g2014) and Jenkin et al. (2015) with modifications by

Nolscher et al. (2014). Chemistry of the pinenes (monoterpénesyeduction of the MCM with modifications

proposed in the past by Vereecken et al., (2007); Nguyeln €2@09); Vereecken and Peeters, (2012); Capouet et
al., (2008).For the numerical integration, MECCA uses the KPP softwaaedqu and Sander, 2006). All gas-phase

reactions are contained in a single chemical file (gas.eqn).
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The most common method to efficiently evaluate a complexnatal environment is to use a zero dimensional,
photochemical box model. Here, we use version 3.8 of the box|n@a&BA (Chemistry As A Boxmodel
Application) which is based on version 3.0 described by (Saetdalr, 2011). To apply the MECCA chemistry to
atmospheric conditions, it is connected to the CAABA base maaléhe MESSy interface. The model is constrained
by observed concentrations of the main reactive tracesg&@eCO, NO, NQ, nitrous acid HONO), HCHO,

photolysis rate constants. Model results were obtainddttiyg the model run into steady state for OH and D
each set of data points. The steady state was setithisved for OH when the relative changes in OH waghess

5 x 107. Deposition velocities used in our scheme for some importaoiespare provided in Table 2. The deposition
is incorporated into the model scheme by converting a epécio a dummy species according to its deposition
velocity. As these dummy species will not participate in anthér chemical reaction, their precursors are effegtivel
removed from the model chemical scheme. The depositionitietoaf peroxides, formic and nitric acid are based on
(Nguyen et al., 2015) while those for PINAL and PAN are base@Evans et al., 2000) using the average of the
deposition rates for water, forest and grass. The model sciseéncluded in the supplementary of this manuscript.

2.5 The FlexPart model

In order to understand the impact of different emission sourcéBeoatmospheric processing of air masses, the
dynamical transport history of air parcels reaching Cypluring the CYPHEX campaign was traced using FlexPart
9.2 (Stohl et al., 2005). FlexPart is a Lagrangian partiiseersion model that describes the transport and diffusion
of tracers by computing the trajectories of large numbar {0000) of infinitesimally small tracer particles. For
CYPHEX, trajectory simulations were done at 3-hour timervals during 21-31 July 2014. For this, FlexPart was
run 120 hours backward in time from the measurement site drithranalyses from the ECMWF with 0.2° x 0.2°
horizontal resolution and a temporal resolution of 1 hour (Heisel., 2017). The particle density distribution of the

tracer particles during this 120 hour backward simulation providfedniation on their residence time in each grid

CYPHEX were identified from the grid cells with highesidence times.
3. Resultsand discussion
3.1 HO, measurements during CYPHEX and associated meteorologit@hemical parameters

The variation of OH and Halong with a few important chemical and radiation paramegtrgant to HQ chemistry
during 21 July-1 August (Day of the year: 202-213) is showFfignre 2. The mean values of OH and HiDring 21
July-1 August were 2.2 x$@nd 2.87x1®molecules per chrespectively. The mean OH concentration during peak
noon hours (J(@)>2e° s?) was 5.75x10 molecules per cfn While both OH and HOshowed a clear diurnal
variation, the H@-OH ratio decreased with enhancement in'D{Qand was close to 100 at Jp)=3e® s*. During

the MINOS campaign in the summer of 2001 in Crete, an islati@éntral Mediterranean at similar latitude about

700 km west of the CYPHEX site, average OH levels weresuned to be 3.6-6.7 x 10nolecules per cfn
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(Berresheim et al., 2003). The peak OH levels durinbl®B reached twice the peak values observed during our
study in Cyprus. During MINOS, OH peaked at about 2.07olecules per ciwith O; and J(@D) of about 60
ppbv and 2.88st. These @and J(AD) values are not very different from CYPHEX values, intlicathat the peak
primary OH production would not be very different for MINOS &@yprus. Although H@was not measured during
MINQOS, the CO levels (mean values reaching close to 160) ppéne much higher (Heland et al., 2003) compared
to CYPHEX indicating possibility of higher HO Nevertheless, the absence of Hfieasurements during MINOS
impairs our ability to directly compare the OH chemistom the two datasets for a regional perspective. However
the peak OH levels observed during CYPHEX are comparaliteetmidday OH concentrations predicted for the
Finokalia Aerosol Measurement Experiments (FAME3) at a remote coastal site on the island of Crete, Greece
(Hildebrandt et al., 2010). The FAME measurements showeatésence of aged, highly oxygenated organic aerosols
(OA) during summer compared to winter despite being heafilyenced by continental air mases (53 %) during
summer and aged marine air masses (61 %) during winter. Teenpeeof highly oxygenated OA during summer
were attributed to strong photochemical impacts due to highen®UV and levels during summer, leading to double

the values of midday OH concentrations during summer compaweidter (Hildebrandt et al., 2010).

While OH measurements during CYPHEX started on 12 July, @iyinumber: 193), systematic bi@easurements
started much later from 21 July, 2014 (day number: 202)ulBineous measurements of OH and.HiQring

CYPHEX are available for the period 21-31 July, and theud&on in this work is based on this common dataset.

Large dayiq-day changes in concentrations of several OH anglpt€zursors were observed during the study period- { Deleted:

e.g. Q varied from 50-110 ppbv, CO from 70-140 ppbv, HCHO from 0.2-2 ppbe.noontime OH and HOevels o \[ Deleted:

were 5.75x10 (+43%) and 6.25x¥0(+30%) molecules per cthrespectively (Fig. 2). While the average
concentrations of ©and CO during the study period (Day Number: 202-212) Ww8rand 104 ppbv respectively,
during the days 205, 206, the meayna@d CO values were 22 and 33 % lower. The later periagdhiys. 205 and 206
correspond to air masses arriving from South-Western Eurmpeassing over the Mediterranean with predominantly
marine influence (reaching over 70 % for 5 day simulationsgusSiexPart). The large changes inad CO under
different air mass regimes do not translate into the chamgeé$Oi levels (Figure 2). This is because their
concentrations are to some extent buffered as sources andtemkso increase in parallel in relation to
anthropogenic/biogenic emissions. To study the impact oétheserous reactions on the H@udget, 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 measurementsnbiant

air. Due to remote location of the measurement siie eixpected that the H@hemistry would be representative for
the background Mediterranean atmosphere. In generaled&sIwere low during CYPHEX, with only ~2 % of data
above 1 ppbv NO and ~5 % above 100 pptv NO. The study igtintatNO below 100 pptv to exclude measurements
affected by emissions from the local diesel generator amadl docomobile traffic. Under very remote conditions, the
steady state of HOwould be achieved from a balance between, &duction (R1-R3) and HOoss (R10).
However, such a simplified condition is rarely achievedhentioundary layer as the presence of hydrocarbons leads
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to additional production and loss channels. A first model rundeag constraining only £CO, CH, NO, NG,
HONO, HCHO and HO,, H.O and photolysis frequencies to measured values (FigureetlxaThus, the major
primary production channels for OH and pH@a photolysis of @ HONO and HCHO are constrained by measured
quantities, while the recycling of OH and KH@ccurs via reactions withs0CO, CH, and NO only. However, in the
absence of the contribution from important hydrocarb@t$]oss is underestimated leading to an over-prediction of
OH in the order of 88 %. Further, H@ also overestimated, on average, by more than 30 %sicdke (Figure 4
case |) as loss via formation of hydroperoxides is urefgesented due to the incomplete VOC representation leading

to too low RQ concentrations.

When we constrain the model with all measured specielheimulations are much improved with a model to
measured ratio of 0.90 (Figure 3 case Ill). However, H®ow underpredicted by about 17 %. The underprediction
of HO; is enhanced with increasing terpeiep(nene,-pinene and limonene) mixing ratios, with average;HO

model/measurement ratio of 0.72 for >80 pptv of measured texp@rreen terpenes are not included in the model,

the HQ simulations are much improved (model/measured=1.02). The degéime OH reactivitgalculated fqthe - { Deleted: of

measured major terpenes was about 0708 kis value is only 3.7 % of the calculated reactivipnfrthe total of all
measured species and about 10.7% of the OH reactivity k). 1) from CO. The OH reactivity calculated from the
trace gases measured during CYPHEX varied betweentti2ring the study period (Figure 4), which is comparable
to reactivity measurements made in the free tropospiae et al., 2009). During the TORCH-2 campaign in
Weybourne, England and the DOMINO campaign in El Arenosillo,rGpaé total reactivity was generally <8 s

when air masses originated from the sea (Lee et al., Z00i9a et al., 2012). The OH reactivity measured ip sidbur _ { Deleted: -

regions is generally higher than 5 &ang et al., 2016). During CYPHEX, CO and £ttnstituted more than half
of the total calculated reactivity (Figure 4). CO, £HCHO, GHs and CHCHO accounted for 35, 17, 13, 9 and 8
% respectively of the calculated OH reactivity for dagivalues during CYPHEX.

kow= Z(kspeclesx cspecwe; (Eq 1)

where kpeciedS the rate coefficient for reaction of a given spewiits OH and GueciesiS the concentration of the same

species.

As limonene chemistry is not included in the current modelrsehé is accounted for in the model in form of
additionala-pinene after normalizing for their OH reactivities. Whemdhene is included as Ghhstead ofi-pinene,

the OH loss increases by about 1 % compared to case i thbee were no terpenes in the model, which confirms
the average OH reactivity of limonene at 0.82.e. an additional 1 % of the calculated reactivityrfrthe measured
species. Although limonene chemistry is different frefpinene in that it caters more towards secondary organic
aerosols (SOA) formation, addition of limonenegaginene increases H@nd OH losses by 3-6 %, which is well
within the uncertainty of the measurements. Neverthellesgjegradation products from terpene oxidation (shown
in Figure 5) further act as sources and sinks for OH ang I#ce play an important role in the overallt®emistry
(Calogirou et al., 1999; Librando and Tringali, 2005; Zhang et 28115; Wisthaler et al., 2001). Further,
increasing/decreasing the terpene concentrations byntleeisured uncertainties (15 %; Table 1) decreases/increases
the OH and H@model/measured slope by 2-3 %, which is close to the errdheaagression slopes. Also, changing
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other gases like CO andstds by their uncertainties (Table 1) has less than 3 % impatiteomodel vs measured
slopes for OH and HO Nevertheless, when terpenes are included as @th OH are H@simulations are much
improved (Figure 3 case V). In this case, the terpene cfigndioes not play any role in OH-H&mulations but the

primary OH reactivity of terpenes is taken into account.

To access the model uncertainty, Monte-Carlo simulationsaared out by selecting 228 data points from the input

data set representing at least two occurrences of coneemérae. 1-15, 25-75 and 85-99 percentiles §f@D, NO,
HCHO, HONO, GHs, CigHi6 and J(@D). For each of these points, we performed 9999 Monte@ariulation runs.

The Monte Carlo simulations are based on the method HeddriSander et al(2011) but additionally we varied the

boundary conditions of the measured species by theis tthcertainty (Table 1). The derived overall model
uncertainty at - is 17.4 % and 10.5 % for OH and Kf@spectively.

Review studies show agreements betwieggitu observations of OH and HGnd box model calculations using. - {Formatted: Font: Italic

different chemical schemes within a factor of 2 for both fbrmn and marine (boundary layer) environments (Stone { Deleted: -

et al., 2012). During the North Atlantic Marine Boundary Layer Expent (NAMBLEX) field campaign in the
summer of 2002 at the Mace Head Atmospheric Research Statibmas underpredicted early in the morning and
in the late afternoon/early evening and overpredicted in the enaddhe day based on simple steady state calculations
(Smith et al., 2006). However, photolysis of HONO wasaumsidered due to the absence of HONO measurements
during NAMBLEX. The authors contemplate that HONO photolysid @H recycling could play crucial roles in
explaining the discrepancy between measured and calculated @4 periods with high solar zenith angle. Despite
low isoprene regimes (Lewis et al., 2005), inclusion of Dan8 GHg improved calculated/measured ratio for OH
from 1.13+0.36 to 0.94+0.39 during NAMBLEX. HQvas overpredicted but model performance improved by
incorporating reactions with BrO, 10 and aerosol uptake;bést case scenario for H@odeled/measured was
1.26+0.36. During the Intercontinental Chemical Transport ExmarirA (INTEX-A) , OH was predicted fairly well

for the lowest 2 km over North America and the western AdaBcean using a zero-dimensional, time-dependent
photochemical box model developed at NASA Langley ResearcleiC@en et al., 2008). In the study, H®as
overpredicted (model/measurement=1.37). It is challenging tothmitmodel-measurement agreement during
CYPHEX in perspective of other studies, because they vahyrespect to chemical regimes i.e. different amount of
NOy and hydrocarbons as well as the chemical mechanisms emptogenulate the HOchemistry. (Rohrer et al.,
2014) compared the H@hemistry from different field campaigns using a commonetiiog) framework, and point

to buffering mechanisms that maintains OH in various, ld@d VOC regimes. (Ren et al., 2008) have noted that
despite highly constrained measurement suites during vdfigldscampaigns, there are significant discrepancies
between model predictions and actual measurements of OH@nih idifferent environments. One possible reason
for the discrepancy could be due to unmeasured atmosphertiwemts. However, during CYPHEX we have been
able to measure the major primary sources and sinks retdt, themistry and simulations agree within uncertainty
of OH and H@ measurements. Another plausible reason for discreparioy isitertainty in mechanistic pathways,
branching ratios and rate constants etc., which are not knothrsufficient accuracy. A recent study comparing 7

different chemical mechanisms constrained with the same dgiatand boundary conditions revealed 25-40 %
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ambiguity in predictions of HPand OH over the United States (Knote et al., 2015). Ashighlight in the next

section, also the HOchemistry related to terpenes is associated with awitest uncertainty.
3.3 Reasons for decreased model accuracy when includingpgkeedesthemistry

As discussed in the last section, we find that the underpigdia HO; gradually increases with increasing terpene
5 levels, being about 38 % for the highest terpene levels obsehadt (20 pptv). To ascertain if this underprediction
is related to terpene chemistry or some other chemitialvpg, we compare two model runs viz. case Il vs cdse |
in Figure 3. Case IV is achieved by initializing the maaligh zero terpenes, however keeping the terpene regctivi
towards OH intact. The terpene reactivity i.e. the prodiicindividual terpene concentrations with their rate
coefficient towards OH is approximated in the model schienferm of additional CH (Figure 3, case IV). Under
10 this scenario, we find that the agreement between modatfieédbserved HOagain improves, to levels similar to
case Il without terpenes in the model (Figure 3). The stifédirence of 6 % with respect to OH prediction between
these cases Il and IV (Figure 3) also corroborates the ipiitoary reactivity of <0.06'5for the sum ofi-pinene -
pinene and limonene towards OH. Howeverta38 % underprediction in HOor terpene concentrations over 80

pptv indicates the important role of secondary products fomheing terpene oxidation towards the Hidget.

15  To quantify the magnitude of the impact of terpene degradptimducts in the HObudget, we compared the HO
sinks from the two model cases: case Il (Figure 3, &fenth ‘terpene case’) and case Il (Figure 3, henceforth
‘isoprene case’), the difference being the presence and &bsBrpinene,-pinene and limonene. The estimation
of HOx sinks from the two model cases is conspicuously markedsiggificant contribution of terpene
degradation/oxidation products in the terpene case which aretafdslee isoprene case. The additional reactions in

20 the terpene case make up 6.3-27.8 % of the total blifiks, the contributions increasing with the terpene
concentrations and peaking between 13-14 hours Local Timeandays (Figure 5). While the terpene degradation
products contribute, on average, 15 % to the totaf K8s, this value is 20.5 % for terpenes>80 pptv. The
corresponding contribution of terpene related peroxy radtoafke total HQ loss is 7.8 and 10.3 % respectively,
accounting for about 52 % of the impact of the terpene degradqatiducts, including peroxy radicals, pinal, norpinal

25 and peroxides, towards H@ss.

Since only about 3.7 % of primary terpene reactivity withi®sults in up to 28 % of HQoss, with terpene generated
peroxy radicals having more than four times the impgttteoprimary terpenes to the Hi@ss, we examine a sequence
of reactions starting with the oxidation afpinene to understand the genesis and propagation of these terpene

generated peroxy radicals (R15-R23). The reactions showxuttion ofa-pinene via OH and gdirectly generates

30  several peroxy radicals (R15-R16) which are siiok HO via their reactions with Hg¥orming hydroperoxides (e.g. — - { Deleted: a

R21-R22). These first generation peroxy radicals alsu fither peroxy radicals (R17-R20), and the chain propagates
to produce additional peroxy radicals contributing via formaticthe respective hydro peroxide in reaction with,HO
leading to overall HQIloss (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@s, resulting in up to 38 % underprediction ofHThe losses increase
with increases in terpene levels. The major contribution towtarlslQ loss comes from terpene generated organic
peroxy radicals (Figure 3). However, there are major tamicgies regarding the chemical pathways and rate
coefficients governing the chemistry of these peroxy radicalee actual atmosphere and in the next section we
examine several postulates based on the literature.

3.4 Terpene generated organic peroxy radicals

A limitation in our understanding of peroxy radical oxidationhpatys is the rate constant of peroxy radicals with
NO. For most peroxy radicals, lumped rate coefficienesdefined by the expression Eq. 2 (Rickard and Pascoe,
2009) as kinetic data are unavailable for most of the- RO reactions.

Krozno = 2.54 x 162 exp(360]’)f Eq 2

Thus, Kro2nois the product of the rate coefficient and an efficiefacyor, f. The values of f for different classes of
RO, are given in (Jenkin et al., 1997). The reaction of ®i{th NO can proceed via two channels, one forming alkyl
nitrate (RONQ) and the other forming RO and WN@R12-R13). Enhancing the ROIO rate coefficient suppresses
the peroxide forming channel via H@or our study period, increasing the KIRD even by a factor of 4 led to only

a 6.8 % increase in modelled bif@vels for terpenes> 80 pptv (Figure 6).
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During the summertime 1999 Southern Oxidant Study (SOS99grsitvlle, Tennessee, agreement could be found

. - = { Formatted: Font: Italic

for organic peroxide formation, via R11, was reduced by aifawft 3-12 (Thornton et al., 2002). To test this\‘{Demed: .

hypothesis, we decreased theolo2 for terpenes by half and by one-fifth of its value congden the model. The
rate coefficient of R@with HO, leading to ROOH is given by Eq. (3), wheredsozincreases with the size of RO
radicals (Atkinson et al., 1999; Boyd et al., 1996) httméim.leeds.ac.uk/MCMv3.3.1/categories/ saunders-2003-
4_6_4-gen-master.htt?rxnld=6942).

Kroztoz= 2.91 x 18°exp(13007) [1 - exp(-0.248)] _  Fg3 i _- { Deleted: ...

wheren is the carbon number and T is the temperature. {Delemd: :

We find that decreasing the rate coefficient of by aofaat 5 leads to better reconciliation with our obseoraithan
when decreasing it by a factor of 2. Wherolfio2was reduced by a factor of 5, the modelled: i@reased by only

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

Recent studies have proposed inter and intramolecular hydrogeactibatby peroxy radicals (autoxidation) to be
effective reaction pathways leading to OH formation (Cseuet al., 2013). This abstraction is largely determined
the thermochemistry of the nascent alkyl radicals and thstsdsgly influenced by neighboring substituents, hence
the rate increases rapidly when more oxygen containing fuattpoups are involved. The H-shift rates reported in
literature can be as fast as 04fer atmospheric conditions. We incorporated a simptexadation scheme for some
of the most important terpene related RfPecies as specified in figure 5 in our model. In thissehehe specific
terpene generated R®pecies whose contribution was at least 0.25 % to the itk are converted into a
corresponding ROOH at a very fast rate!{%e&Kroz+o2 reaching up to 0.2%se.g. GoH1s04 (PINALO?2) is converted

to GioH1604 (PINALOOH). We find that this scheme is effectiveiitreasing the model HQevels by 24.2 % for
terpene levels >80 pptv (Figure 6). Since we have used aivepje approach to test the impact of autoxidation in
the model atmosphere, more studies are required towardstanistic development for incorporating these schemes
viz. which way the H-shift will occur at which rate, whiproducts will be formed, etc. The present exercise in
implementing the autoxidation scheme is only meant to showmigortance, effectiveness and potential in

atmospheric chemistry models.

Further, when we greatly increased the,fR00, reaction rates to 48 cm® molecul€e' s* (close to the collision limit),

we found that the discrepancy of the modelled, H8s w.r.t. the measurements with increasing terpenesass

(Figure 6) and the overall agreement between modelled and me&kbses still good (Figure 6, Supplementary
Figures 4 & 5).The large deviation between observations and modelledattdind middays on 205, 208 and 210

occur during periods with high terpene concentrations. On day ®D2@8, the simulation with the autoxidation

scheme shows much better agreement to observations compénecbase case (Case lll in figure 3) while on day

210, when terpene concentrations are much higher, even the datitmxi scheme fails to reproduce the HO

observations. In this case the simulation where the ratficdent of RGQ-R'O; reactions was increased close to the

collision limit shows a much better agreement compared tothethase case and the autoxidation case.
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accounting 2@, ,g)g 78,5/, 49 and 4;% of OH losses respectlveﬂihe reactions of various peroxides with QH {Deleted

a-pinene, HQ, NGOy, CHO, by OH contributed 2.7, 2.4, 2.4,2.2,1.6,1.4, 14 % res@gztllurmqthese days (205- {Formatted

206) the modelled OH loss (Flgure 7) as well as the atldilOH reactivity (Figure 4) were lowest of the stuﬁy {Formatted

to be lowest between days 205-206, when the marine |nf|uem’:d1weh|ghest The average lifetime of HCHO fm' {Deleted 14

{ Deleted: 36

{ Deleted: 40

G (N o U o J A e JC 0 JC U U U U

19



10

15

20

25

30

the study period is calculated to be 0.86 days, and its coatiens are higher whenever air masses are influenced by
South-East Europe/ Black Sea region.

o\ . p { Formatted Table
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o + OH — (R24, G48207 in Model)
CgH104 CeHi04
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The major source of HOduring CYPHEX was the oxidation of CO by OH, contributow average, 36.2 % of
daytime HQ production values. On days 205, 206, when the site expedieaged oceanic air masses and CO
concentrations were the lowest of the study period, ygbéh& contribution of CO to daytime H@roduction was
about 40.4 %. This shows that the contribution from other pt€cursors like HCHO decreases much faster than CO
because of their shorter lifetime as the air mass passeshe ocean, and isolated from their emission sources. The
contributions of HCHO towards HQroduction varied between 8-23 % with an average daytimibution of 15.6

% and included both oxidation via OH and photolysis. The methaxdigal (CHO), formed during oxidation of CH

and CHO,, was also a significant source of H®ith peak contributions reaching 23 % on some occasions and an
average daytime contribution of 17.8 %. On average, théoraof HQ with NO and @, recycling OH, contributed

23.3 and 18.2 % respectively towards daytime loss for. HO; losses by its self-reactions and reactions with@H

reached peak daytime values of over 40 % and on averagenged foi30.3 % of daytime HQ@losses. Among these, _ - { Deleted: 29

the major contribution was from the H€elf-reactions, with peak values of over 30 % during mags, and average - { Deleted: 5

values of 22.4 %The reactions of peroxy radicals (Réhd RCQ) with HO, contribute 24.6 % to the HB@adical _ - { Formatted: Subscript

. . . . . . . . .\\\\
loss, resulting in increased underprediction of pHBY the model with increasing terpene concentratlo«jg \{Formatted: Subscript

. . . . . - AN
(Supplementary Figure 8O, losses due to recycling via NO angldhd the H@losses via reactions with itself and\ \\\{ Formatted: Subscript

CH;30;, are complementary during a diurnal cycle. The self-reastgain in importance and peak around mldday\e\ti\{ Formatted: Subscript

the peroxy radical concentrations increase with increadingpchemistry, while recycling reactions dominate during { Formatted: Subscript
N\

periods with larger solar zenith angle. During CYPHEX, for Iksalar zenith angles with J{D)>2e® s?, the {Formatted: Font: Not Bold
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contribution of recycling and self-reactions to HOss was 36.2 and 32.7 % respectively. Overall, it is found that
lowest HQ production and losses occurred in the highly processed aseméanfluenced by the marine boundary
layer, mostly over the Mediterranean Sea, but sometanefar as the Atlantic ocean (days 205-206) with some

influence from south-west Europe/northern Africa (Figurpahel 3).

The close proximity of Cyprus to several countries witliedént socio-economic conditions makes its air quality
vulnerable to the increases or decreases of primary and segairdaollutants in one of these countries in Europe,
Asia and Africa. For example, increased N#nissions in one of the Southern European countries or high CO from
forest fires in Ukraine can be quickly transported to Cypmsratter of hours to days and modulate the atmospheric

processing over the region. IncreasediN@issions can impact the;s:®0O4-VOC chemistry by changing the HO
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still decreased OH levels by 14%, these impacts beirtgehiigp the early morning and late afternoon. On the other

hand, increasing NO by 5 and 10 times caused 44 % and 70 % asshageement in OH levels.

Because of its important role irs@roduction, NQ emissions have been the focus of air quality investigationsgluri
preceding decades. Apart from their crucial role irp@duction, NQ levels also play a significant role in the self-
cleaning capacity of the atmosphere due to their reacticthsawnospheric H9and RQ. We test the impact of
mainland Europe NQemissions on the self-cleaning capability of the clinadiicvulnerable Mediterranean
atmosphere using the CYPHEX dataset. The recyclingiefity for OH (REf-OH) is defined as the ratio of OH
produced from secondary sources via reactions of Wi NO and Q (R6-R7) to the OH produced from primary
and secondary sources. The primary sources of OH consideoed calculation include reaction ob® with O'D

produced from @ photolysis and the photolysis of HONE.0; ,and organic peroxides. The contribution of the {Deleted and

primary OH production from HONO photolysis is correctediytsacting off the contribution from the recombination ™ ~[ Deleted: .

reaction of OH with NO.

While the present study is limited to NO <100 pptv, modglliesults show that REf-OH increases with increase in

NO levels (Figure 8). The REf-OH increases foid8at 10 pptv tg.42at aroung0pptv NO tg0.7 at 100 pptv NO__ {Deleted 25 9

(Figure 8).The REf-OH of 0.7 corresponds to a chain length of Ph@ relationship of REf-OH with NO |nd|cate5\ ‘{Deleted about 40 %

that at higher NO (not observed for the CYPHEX data), &®H would increase further. To understand if REf-', {Deleted 20

OH would reach runaway conditions or saturate at a patiealue, we chose several points along the REf-OH-NO {Deleted. about 70 %

curve and for each of these points, we generated hypothiefzdl data set keeping all parameters constant but
changing the NQlevels from 0.2 to 3 ppbv, while maintaining the origin@/NO; ratio (Figure 8).

Figure 8 shows that in general the REf-OH increases to @#fat500pptv NO. After this, it decreases graduaIyL {Deleted 80 %

related to the reaction of NQvith OH. Concurrently, the loss of H@ue to self-reactions and reaction of H@th \{Deleted. 400

CH30, becomes much weaker compared to the loss ofttll®O with increasing NO levels. The ratio of HiOsses
via the radical-radical interactions (i.e. the reactioitdO, 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 1 at 35 pptnil@ss

than 0.5 at 70 pptv NO and 0.01 at 1 ppbv NO. The secondary @Hgqpian also shows a similar pattern with respect

to REf-OH, peaking aroun@00 pptv for the different input data sets and decaying thereatter model generated _ {Deleted: 400

OH peaks in this range but the Ki&ncentrations start to drop much earlier, from around 70 pptANDese low

NO levels, HQ loss by peroxide-peroxide reactions is comparable to the clsaneiegtling HQ into OH, which can

then be removed through reaction e.g. with,N@wever, the recycling efficiency is only ab@ué at 70 pptv NO. _ - { Deleted: 60 %

Budget analysis indicates that K@roduction drops with increasing NO levels for this test @éatesnstrained to

specific NQ levels. Overall, for the hydrocarbon levels observed duringlER the self-cleaning capacity of the

atmosphere peaks at aroys@d0 pptv NO, which at a NO/N@ratio of 0.2 is equivalent to abq8{0 ppbv NQ.. {Deleted 400

Increasing NQ emissions further would lead to decreased, H®els and the recycling efficiency is unlikely t0\ ‘[Deleted 2

increase further. On the other hand, decreasing NO lbetdsv a few hundred pptv of NO would also decrease the {Deleted 4
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recycling efficiency for the same hydrocarbon levelsdating 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 atmosphericstiyefigld measurement
campaign conducted in Cyprus in the summer of 2014 to study the pnagaisses impacting atmospheric oxidation
and air chemistry in a relatively unpolluted coastal regieniodically influenced by long range transport of European
emissions. A comprehensive suite of atmospheric chemiségsurements obtained during CYPHEX enabled a
detailed investigation of atmospheric oxidation processesg usiphotochemical box model, under low NO
conditions. The box model (CAABA/MECCA with MOM chemistsiinulations for OH agreed to within 10 % with
in situ OH observations. Model simulations for H&greed to within 17 % of tha situ observations. However, the

model strongly underpredicted H@t high terpeneaf and B-pinene, limonene) concentrations (>80 pptv), this

underprediction reaching up to 38 % at the highest terpene lduglo loss of HQ by reactions with terpene _ - - peleted: simulations for both OH and H@greed within
10% of the measured values

generated peroxy radicals. Comparison of alternative oeaptithways to reduce this unrealistic HGss showed hN N

Deleted: except for cases when terpene ¢ndp-pinene,
limonene) mixing ratios exceeded 80 pptv. During these
and NO regimes, prevailing during CYPHEX, and the absendmofiéne chemistry in the current model scheme, | periods, inclusion of terpenes which account for onfy%

. . . L. of OH reactivity, causes the H@®odel/measured ratio to b
precluded a more rigorous analysis of the probable chemitaiays for RQ degradation in the atmosphere. Further, | 5pout 0.72 due

that autoxidation can be an effective sink for the Rfcies generated from terpene oxidation. However, low terpene

there is evidence that the rate constant of@Hith OH could be two times faster than used in the curremtefs
(Bossolasco et al., 2014). Applying this in general to other pexihe rate constants need to be revisited as they
will have a non-negligible impact on the chemical compositiothefatmosphere, especially in remote lowxyNO
environments where the peroxide lifetimes are relativehgl As already indicated in literature, there igdar
uncertainty in the rate coefficients of different RPecies with NO and HQKing et al., 2001) which are scopes for

future studies.

The radical budget analysis for CYPHEX showed that primasgluction of OH via photolysis of {@onstituted the

main OH source and peak daytime contributions from this chaxeekeded 45 % for most of the days. The average

the single major daytime sink of OH, accounting for nearlg-fifth of OH loss during the study period, but also the

single major HQ@ production source. Despite low N@&gimes during CYPHEX, NO contributed more than 23 % of
peak daytime loss for HQreaching over 50 % on a few occasions. Lowes{ pfoduction and losses occurred in
the highly processed air masses with low OH reactivey low precursor levels. These air masses were heavily
influenced by the marine boundary layer, mostly by theidednean Sea, but sometimes as far as the AtlanéarOc
(24-25 July, DOY 205-206) with some influence from south-vii@sbpe/northern Africa. Additionally, our results

connote the need for deeper understanding of the reaction chanreigafioic peroxides in the atmosphere.
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Figure 2. Measurements of OH, H@long with selected chemical and radiation parameters releteaid O
chemistry during the CYPHEX campaign. Time is in UTC. Liawe in Cyprus during summer is UTC+3
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Cyphex 2014 : HOx loss due to Terpene Chemistry
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Cyphex 2014: HO , budget

Figure7. a. Budget analysis for OH during CYPHEX. The #0dget is significantly impacted by the changes in air

7
px10
@15 ‘ W0,
$% | I EmcH 040,
&2 | i HCHO + OH
S E 1 | | I Il [ icho +hy
Bo ! | ] l | | 0, +OH
5 2 | | ‘ [ i [0 CH OH + OH
ge | | ‘ ﬂ| It i =", on
=~ 05— l * J | h ~ l:Q = CH,0, +0H
k W otvers
]
: ‘ i | k i) J...} - i ‘
202 203 204 205 206 207 208 209 210 211 212
;
oF i bt L R S | (N AN W (] T o T TN
i ‘M N v | ‘ | ;; llf" h |
05 l it WS | \ { | u“ | || ‘x "H £ NO+HO, |
g ] i ‘ O+,
s WE ] ' ‘\ i 1 I HO, + HO,
@S 4 i (i it 3 I C+,0, + Ho,
38 b m I ! [ OH + Ho,
se | I | I RO, + HO,
E sl | I i it ! f RCO, +HO,
| { L “' Il others
| W
3 I ! | i il i
502 203 204 205 206 207 208 209 210 211 212 )
Time [ Day of the year in 2014 ] v !
Cyphex 2014: HOx budget
x10
3 T T T T T T T T
'inzovo‘n
e CH,040,
E ‘?n HONO+hv
g E I HCHO#hv
= 6 ! | LAPINABO,
§ H [0 APINENE+O,
o ?E, 0,0,
[ [ 1soPBo, +NO
| | others
I i \
202 203 204 205 206 207 208 209 210
x1
or =T Lam e = T T T s i M
1 L] SAIE .
0.5~ i I N
= | | | \
" At ‘v I
£ | | ‘l
[ |
@ 615
@ o
3 3 4 | | | terpro,+HO,
g 2 .Pm-l»on
< Norpinal+OH
25 terpROOH+OH
M oiners
L L i l l
02 203 204 205 206 207 20 209 210 211 212
Day of the year in 2014

for HOy, during CYPHEXThe descriptions for Pinene, terpRénd terpROOH is same as in Figure 5.

o

Production rate
(molec cm® ™)

°
o
—

Loss rate
s
T

(molec cm® 5'1)

e
S

Deleted:

203

|
205

B ‘[ Deleted: ¢




Cyphex 2014: Impact of NO on HOx
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Figure 8. Sensitivity of recycling efficiency, secondary OH product®id,and HQ to changes in NQevels. P1-

P11 are different starting points derived from the originaladat, for which NQis ramped up to 3 ppbv, while

5  maintaining the original NO-Ng@ratio.
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6. Tables

Table 1. Details of experiments conducted during CYPHEX (relevant totthdy)sTotal uncertainty for the lower

humidity range (< ca. 25% relative humidity)
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& i |"F & 2 5 2
= E g
i [
Hydroxyl Radical LIF-FAGE-IPI 4 min 4.8e5 1é 28.5% | (Hens et al,
molec/cn} molec/cn? | (20) 2014)
Hydr oper oxyl 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% (Li et al., 201%)
(Beygi, 2011)
Carbon monoxide | Room Temperature 1 sec 0.4 ppbv 14.4% (Li et al., 201%)
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 sec 4 pptv 10% (Meusel et 3.
Absorption 2016)
Photometry
Formaldehyde Hantzsch reaction | 10 38 pptv 16% (Kormann,
fluorescence min 2003)
Hydrogen peroxide | Enzymatic reaction| 10 149 pptv | 16% (Fischer, 2015)
Or ganic peroxides min 20%
Methyl High Performance 12 3% 25 pptv 9% Hafermann et
hydr oper oxide Liquid min al. (in prep)
Chromatography
SO2 Chemical 10 50 pptv 30%
lonization Mass| mins
Spectrometer
C2-Cs 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



|soprene 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 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)

Table 2. Deposition velocities of some important species considered mdbel scheme.

Species Deposition Velocity
(cms?)

Peroxides 4
PAN 0.2
NO;
HNOs
PINAL 0.6
HCOOH 1
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7. Supplementary

Supplementary Figure Mariation of atmospheric and background QBdicalsduring, CYPHEX2014 - {Deleted: Measurements

Supplementary Figure 2a. Evolution of the OH signal in the low pressure detectidhveiéh increasing residenee \\[ Deleted: the

time at 2 different NO concentrations (high NO: 1.71 ¥ @3 shown in blue; low NO: 7.1 x 3cm?® shown in . Deleted: campaign

Formatted: Justified
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red). The initial HQ and RQ signals are 10.7 and 18.1 pptv respectively. Estimated R@interference from all

RGO, and only from Isoprene based Réuring CYPHEX-2014 as function of the terpene concentrations. .- {Formatted: Font: ltalic

Supplementary Figugg Source regions identified by FlexPart - {Deleted: 2
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Supplementary Figure4. LIF-FAGE measurements of OH (top panel) and:kt@®ttom panel) vs model simulations

with CAABA/MECCA. From left to right: model simulations udiage case i.e. initialized with all measured species

(case 111), simulations emulating the autoxidation scherasg&/), after increasing the rate coefficient of RO2 — R'O2

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

Supplementary Figure 5. Time series of LIF-FFAGE measurements of OH (top panel) andrei@icals (bottom

panel) along with various model simulations with CAABA/MEQO@édel simulations using base case i.e. initialized

with all measured species (case ll1), simulations erimdahe autoxidation scheme (case V), after increasing tlee rat

coefficient of RO2 — R'O2 reactions close to the gas kitiatit (case VI). Time is in UTC. Local time in Cyprus

during summer is UTC+3.

Supplementary Figure 6. Variation of the difference between modelled and measuredati@als w.r.t. the ‘other

term’ in the HQ radical loss budget, most of which is constituted by the @@f peroxy alkyl and acyl radicals

with HO,.

Supplementary Filel: Caaba/Mecca model scheme based onitie®tganic Mechanism (MOM).
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Anonymous Referee #1

Received and published: 12 March 2018

General comments:

This manuscript describes the analysis of a measurement campaign in Cyprus with an emphasis on
understanding the OH and HO2 measurements there. The measurement suite seems to be fairly complete
and the model is well documented. The analysis is fairly thorough, the conclusions are justified, and the

citations are appropriate. The manuscript meets ACP standards. | recommend that it be published with
(very) minor revisions.

>>Thank you very much for your positive comments and encouragement. We have provided a point-to-
point reply to your other comments below.

Before the authors get too concerned about 17% differences between the measured and modeled HO2,
they need to assess what the model uncertainty is. | suspect that it is about (15-30)% at the 1o confidence

level. When that uncertainty is combined with the measurement uncertainty, why do the authors think
that this 17% difference is significant? That being said, | commend the authors for their approach to
searching for a cause of this difference, whether it is meaningful or not. Examining the trend in deviation
between the measured and modeled HO2 with terpene concentration is a good approach to looking for

possible causes.

Response:-We have now assessed the model uncertainty using Monte-Carlo simulations. The simulations

are carried out by selecting 228 data points from the input data set representing at least two occurrences
of concentrations i.e. 1-15, 25-75 and 85-99 percentiles of Os, CO, NO, HCHO, HONO, CsHs, CioH16 and
J(O'D). For each of these points, we performed 9999 Monte Carlo simulation runs. The Monte Carlo
simulations are based on the method described in Sander et. al. (2011) but additionally we varied the
boundary conditions of the measured species by their +1 g uncertainty (Table 1 in MS). The derived overall
model uncertainty at 1 ois 17.4 % and 10.5 % for OH and HO, respectively.

Using a York fit (York et al., 2004) accounting for uncertainties in both model and observations, we found
that the slope of the best fit line for model predicted HO, normalized to observed HO, with increasing
terpene levels for the base case in figure 6 is significantly different from zero (with a probability of greater
than 99.9 %) . That was the reason we further probed into the modelled HO; loss with increasing terpene
levels. We thank you again for your encouragement towards the same.

York, D., Evensen N., Martinez, M., Delgado, J. (2004) Unified equations for the slope, intercept, and
standard errors of the best straight line, Am. J. Phys. 72 (3).

Changes in MS:-

Page 13: To access the model uncertainty, Monte-Carlo simulations are carried out by selecting 228 data
points from the input data set representing at least two occurrences of concentrations i.e. 1-15, 25-75
and 85-99 percentiles of 03, CO, NO, HCHO, HONO, CsHs, CioH1¢ and J(O'D). For each of these points, we
performed 9999 Monte Carlo simulation runs. The Monte Carlo simulations are based on the method
described in Sander et. al. (2011) but additionally we varied the boundary conditions of the measured
species by their +1 o uncertainty (Table 1). The derived overall model uncertainty at 1 o is 17.4 % and 10.5
% for OH and HO, respectively.
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Specific comments: Abstract, Line 25. “The model simulations for OH showed very good agreement with
in-situ OH observations. Model simulations for HO2 also agreed fairly well with in-situ observations except
when pinene levels exceeded 80 pptv.” Please be more quantitative, such as agree to within uncertainties
of...

Response:-We have now modified the abstract as mentioned below.

Changes in MS:-

Abstract: - The model simulations for OH agreed to within 10 % with in situ OH observations. Model
simulations for HO, agreed to within 17 % of the in situ observations. However, the model strongly
underpredicts HO, at high terpene concentrations, this underprediction reaching up to 38 % at the highest
terpene levels.

Section 2.2, page 6, line 39. By heating the water source to 80C, | am surprised that you do not get
condensation in the downstream lines, which are probably at 25-35C.

Response: - We are sorry, this was a mistake in the write-up, the temperature was below the dew point

in the container where the humidification device was placed between 25-30°C.

Changes in MS:-

Page 8: The humidified air was generated by bubbling dry air into a container half-filled with water
maintained at 25-30°C.

Section 3.2. | would like to know what motivated the authors to want to see if simple chemistry with no
NMHCs would replicate their measurements, since they and others have often shown that it cannot in
environments where NMHCs are present.

Response: - We have two reasons for this:

a) Asthe OH reactivity measurements had not been significantly above their detection limit, we have
to deal with uncertainty if all important NHMCs are measured. By performing a run without any
NHMC this run should give a frames to the maximum uncertainty for OH and HO, when non
measured NHMC are present but not accounted for.

b) Global models try to keep a minimum of chemical reactions and species as computations become

expensive. To demonstrate the contribution of different level of NHMC for HOx levels in this
environment, we introduced the NHMC by increasing complexity and likelihood that they are
considered in global models.

Section 3.4. What would happen if the authors greatly increased the reaction rates of RO2 —R’02 reactions
to close to gas kinetic? Would it have the same effect as lowering the RO2+HO2 rate coefficient or the
auto-oxidation rate?

Response: - We thank you very much for this suggestion. Actually, when we greatly increased the RO,-
R’0, reaction rate to 4e*° cm® molecule™ s (close to the collision limit), we found that the discrepancy of
the modelled HO, loss w.r.t. the measurements with increasing terpenes decreases and the overall
agreement between modelled and measured HO, is still good.

Changes in MS:-
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Figure 6 modified to add result of simulation where the KRO,R’O, was increased close to collision limit.

Cyphex 2014: Impact of terpene chemistry on model / measured ratio @J(0'D) > 1.6e™ s
[—wtormemeT |
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Figure 6. HO, predictions using different chemical schemes which were employed to investigate the impact
of peroxy radicals as HO, sink. The x-axis shows the sum of measured a-pinene, 8-pinene and limonene.
The base case is the model simulation using measured species; 4*KRO,NO is a simulation where the rates
of selected terpene-related RO, species with NO are increased by a factor of 4; 0.2*KRO,HQO is a simulation
where the rates of these RO, species with HO, are reduced by a factor of 0.2; the autoxidation simulation
includes an autoxidation scheme rapidly converting selected RO, species into ROOH. The last scheme refers
to a simulation where KRO;R’O; is set to 4e*° cm> molecule™ s (close to the collision limit). The mean and
sigma are calculated for 100 pptv bins along the x-axis.

Page 17: Further, when we greatly increased the RO,-R’0, reaction rates to 4e™*> cm® molecule™ s* (close
to the collision limit), we found that the discrepancy of the modelled HO, loss w.r.t. the measurements
with increasing terpenes decreases (Figure 6) and the overall agreement between modelled and
measured HO, is still good (Figure 6, Supplementary Figure 4 & 5).
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Supplementary Figure 4. LIF-FAGE measurements of OH (top panel) and HO, (bottom panel) vs model

simulations with CAABA/MECCA. From left to right: model simulations using base case i.e. initialized with

all measured species (case lll), simulations emulating the autoxidation scheme (case V), after increasing

the rate coefficient of RO2 — R’O2 reactions close to the gas kinetic limit (case VI).
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Supplementary Figure 5. Time series of LIF-FAGE measurements of OH (top panel) and HO, (bottom panel)

along with various model simulations with CAABA/MECCA; model simulations using base case i.e.

initialized with all measured species (case lll), simulations emulating the autoxidation scheme (case V),

dfter increasing the rate coefficient of RO2 — R’O2 reactions close to the gas kinetic limit (case VI). Time is

in UTC. Local time in Cyprus during summer is UTC+3.

Figure 8. In the second panel, is the secondary production really a few times 10-12 molecules cm-3 s-1? Is

there a typo?

Response:-Thanks for pointing it out, this was a mistake as | forgot to convert the mixing ratio to number

density. This is rectified now.

Changes in MS:- Figure 8 is now modified as per comment (panel 2).
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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 HO, to changes in NO, levels.
P1-P11 are different starting points derived from the original dataset, for which NO, is ramped up to 3
ppbv, while maintaining the original NO-NO; ratio.

Page 17, line 31. You define the recycling efficiency as “the ratio of OH produced from secondary sources
via reactions of HO2 with NO and O3 (R6-R7) to the OH produced from primary and secondary sources.”
But then you talk about recycling efficiencies in percent. Please use either the ratio or define the
percentages. How is the recycling efficiency related to the more familiar chain length?

Response:- Thanks for pointing this out. We have now replaced the percentages with ratios. Further, the
formula for recycling efficiency is corrected by adding the contribution from the photolysis of organic
peroxides and correcting for the primary OH production from HONO by subtracting off the recombination

reaction of OH with NO. The chain length was calculated to be 2.8 for the maximum recycling efficiency

of 0.7 observed for CYPHEX using the formula (recycling efficiency)"=1/e; where n is the chain length,
assuming the OH will recycle until it reaches 1/e of its initial value.

Changes in MS:- At all places (Abstract, pages 19-21) where recycling efficiency was mentioned in
percentage, it is replaced by the ratio.

Page 19-20: Added text (red portions changed)

The recycling efficiency for OH (REf-OH) is defined as the ratio of OH produced from secondary sources
via reactions of HO, with NO and Oz (R6-R7) to the OH produced from primary and secondary sources.
The primary sources of OH considered in our calculation include reaction of H,O with O'D produced from
O3 photolysis and the photolysis of HONO, H,O, and organic peroxides. The contribution of the primary
OH production from HONO photolysis is corrected by subtracting off the contribution from the
recombination reaction of OH with NO.

While the present study is limited to NO <100 pptv, modelling results show that REf-OH increases with
increase in NO levels (Figure 8). The REf-OH increases from 0.28 at 10 pptv to 0.42 at around 30 pptv NO
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to 0.7 at 100 pptv NO (Figure 8). The REf-OH of 0.7 corresponds to a chain length of 2.8. The relationship
of REf-OH with NO indicates that at higher NO (not observed for the CYPHEX data), the REf-OH would
increase further. To understand if REf-OH would reach runaway conditions or saturate at a particular
value, we chose several points along the REf-OH-NO curve and for each of these points, we generated
hypothetical input data set keeping all parameters constant but changing the NOy levels from 0.2 to 3
ppbv, while maintaining the original NO/NO; ratio (Figure 8).

Figure 8 shows that in general the REf-OH increases to about 0.85 at 500 pptv NO. After this, it decreases
gradually, related to the reaction of NO, with OH. Concurrently, the loss of HO, due to self-reactions and
reaction of HO, with CH30, becomes much weaker compared to the loss of HO, to NO with increasing NO
levels. The ratio of HO, losses via the radical-radical interactions (i.e. the reactions of HO, with HO, and
CH30,) to the HO; losses via the recycling channel (i.e. reactions of HO, with NO and Os) decreases
exponentially becoming less than 1 at 35 pptv NO and less than 0.5 at 70 pptv NO and 0.01 at 1 ppbv NO.
The secondary OH production also shows a similar pattern with respect to REf-OH, peaking around 500
pptv for the different input data sets and decaying thereafter. The model generated OH peaks in this range
but the HO, concentrations start to drop much earlier, from around 70 pptv NO. At these low NO levels,
HO, loss by peroxide-peroxide reactions is comparable to the channels recycling HO; into OH, which can

then be removed through reaction e.g. with NO,. However, the recycling efficiency is only about 0.6 at 70
pptv NO. Budget analysis indicates that HO, production drops with increasing NO levels for this test
dataset constrained to specific NO, levels. Overall, for the hydrocarbon levels observed during CYPHEX,
the self-cleaning capacity of the atmosphere peaks at around 500 pptv NO, which at a NO/NO, ratio of 0.2
is equivalent to about 3.0 ppbv NO,. Increasing NO, emissions further would lead to decreased HO, levels
and the recycling efficiency is unlikely to increase further. On the other hand, decreasing NO levels below

a few hundred pptv of NO would also decrease the recycling efficiency for the same hydrocarbon levels

indicating that small amount of NO, help sustain the self-cleaning capacity of the atmosphere (Figure 8).

Technical corrections:

Abstract, line 25, and other places. In situ is Latin and therefore should not be hyphenated and should in
italics.

Response:- Done as suggested.

Introduction, lines 5-10. You identify OH by its name, followed by its chemical formula, but do not do this
for CO, CO2, NOx, SO2, HNO3, and H2S04. | think you should be consistent and name all chemical species
when you first introduce them.

> Response:- Done as suggested.

Introduction, line 18. “its” refers to the subject of the main clause, which is “lifetime”. You meant “its” to
refer to “OH". | suggest rewriting as “Because OH reacts rapidly with . . .., its lifetime . . .”

Response:- Done as suggested.

Introduction, line 11. “upto” should be “up to”.

Response:- Done as suggested.

Section 1.2, line 14. “Photochemical” should now be one word with no hyphen.
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Response:- Done as suggested.

Section 1.2, line 18. “. . . still substantial having significant . ..”? Chose one or the other.

Response:- Done as suggested.

Section 2.1, page 5, line 1 (and other places). Directions such as “northwest” are one word and not
hyphenated.

Response:- Done as suggested.

Page 9, line 17. “day to day” should be hyphenated when used as an adjective.

Response:- Done as suggested.

Page 10, line 5. The authors are pretty careful to distinguish between measured OH reactivity and
calculated OH reactivity, and should do so on this line as well.

Response:- Done as suggested.

Page 10, line 11. “Suburban” is not hyphenated.

Response:- Done as suggested.

Page 11, line 42. Should be “. . ., which are sinks . . .”.

Response:- Done as suggested.

Page 16, line 22. Should be “While, on average, the .. .”

Response:- Done as suggested.

Page 17, line 25. Would be better to use words: “. .. NO mostly less than 100 pptv. ..”.

Response:- Done as suggested
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Anonymous Referee #2

Received and published: 28 March 2018

This paper presents measurements of OH and HO2 radical concentrations over Cyprus during the CYprus
PHotochemistry EXperiment (CYPHEX) in 2014. Measurements of OH and HO2 using an LIF-FAGE
instrument were compared to the results of a box model constrained by observations of 03, CO, NOx,
hydrocarbons, and others. The model used agrees well with the measured OH to within 10% when
constrained to all measured species, including NMHC, but tends to underestimate HO2 by 17%. Excluding
terpenes from the model improves the modeled agreement with the measured HO2. Increasing the
concentration of terpenes was found to increase the modeled underprediction of the measured HO2. The
authors suggest that the reason for the discrepancy is an increase in radical-radical termination reactions

from terpene-generated organic peroxy radicals. Adding a simple autooxidation scheme that decreases

the terpene peroxy radical concentration improves the modeled agreement with the measured HO2.

The paper presents some interesting results that are appropriate for ACP and will be suitable for
publication after the authors have addressed the following questions.

>> Thank you very much for your positive comments and encouragement. We have provided a point-to-
point reply to your other comments below.

1) The authors state that an OH artifact generated internally on average accounted for approximately 45%

of the total signal (page 6). While a detailed analysis of the interference is beyond the scope of the paper,
the authors should expand the description of the interference and its variability. Unfortunately, the figure
in the supplement does not provide much information on the day-to-day variability of the interference
given that the background signal is displayed in arbitrary units. Can the authors display the interference
as an equivalent OH concentration together with the total measured signal and the atmospheric OH signal
as they have done previously (Novelli et al., 2014a)? Did this interference vary with ozone and biogenic
VOC concentrations, as observed previously?

Response:- We have now modified the plot as per comments. We have, however, not shown the total OH
signal, as it can be estimated from the sum of background and atmospheric signals, hence redundant. We
do not see a clear variation of the background OH with either O or terpenes alone. However, when we

plot the background OH with a proxy for Crigee (Cl) production rate, there seems to be some relationship
at low and moderate Cl concentrations, which needs to be studied in detail. This will be attempted in a
future work as Cl is not within the scope of the present MS as the reviewers themselves point out.
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Figure. Background OH plotted against a simplified proxy for crigee (Cl) concentrations, assuming that the
major production term for Cl is the ozonolysis of terpenes and the major loss term is its reaction with
water dimer. While the O3 and terpene concentrations are based on measurements, the concentration of
H,0 dimer is based on the Caaba/Mecca output.

Changes in MS:- Supplementary figure 1 modified
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Supplementary Figure 1: Variation of atmospheric and background OH during CYPHEX.
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2) To reduce the potential interference in their HO2 measurements from RO2 radicals, the authors reduce
the conversion efficiency of HO2 to OH to 30% (page 6). It is not clear whether the authors calibrated the
conversion efficiency of RO2 radicals such as isoprene-based hydroxy peroxy radicals at this HO2-to-OH
conversion efficiency to insure that potential interferences from RO2 radicals were indeed minimized.
This should be clarified in the revised manuscript.

Response:- Due to low OH reactivity during Cyphex, we expect the RO, production from the oxidation of
hydrocarbons to be low. Hence the interference due to potential conversion of atmospheric RO;s into HO,
due to NO injected to convert HO, into OH in the low pressure detection volume is expected to be low
compared to regions with high OH reactivities like the boreal forest in Finland. In order to reduce the
conversion of RO, to HO,, we used a reduced NO flow resulting in ~7 x 10* cm™ of NO in the detection
cell, thus converting only about 30% of HO, to OH while simultaneously reducing the RO,-HO, conversion
efficiency. We did not conduct experiments to measure the conversion efficiencies of all possible RO;s in
the atmosphere. To estimate the interference due to RO,s on our measured signal, we made model
calculations using CAABA/MECCA where most of the RO3s from higher hydrocarbons directly form HO; on
reacting with NO skipping the reaction step of alkoxy radicals with O, which is slower at reduced pressure
inside the instrument compared to ambient.

The modelis run at ~4 hPa to see how OH and HO; evolve with time in the low pressure detection volume
at different NO concentrations and is validated for calibration conditions (manuscript under preparation).
The ROys in the model are initialized with the concentrations generated from the model run for the base
case (case Il in Figure 3 of the original MS) for our study while OH, HO, are initialized with measured
concentrations.

,x 10"
—time of detection
= H°2(t=0)
Roz(t=0)
—_ === OH signal, low NO
'% 1.5 — | RC)z contribution
‘::-n HO, contribution
= == OH signal, high NO
E wim RO, contribution
s 17 HO, contribution
E 2
o
[
I
o]
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I ! | | |
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Supplementary Figure 2a: Internal evolution of the OH signal in the low pressure detection cell with
increasing residence time at 2 different NO concentrations (high NO: 1.71 x 10 cm=shown in blue; low
NO: 7.1 x 102 cm™ shown in red). The initial HO, and RO, signals are 10.7 and 18.1 pptv respectively.
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In the Supplementary Figure 2a, we show the evolution of OH and HO, inside the detection cell after
injection of NO (t=0) for NO concentrations of 7.1 x 10*? and 1.71 x 10%* cm respectively. The converted
OH signal is detected after 6.6 msecs (time of detection). For the high conversion efficiency case, the
contribution of the RO, to the OH signal at 6.6 ms is about 35% or 31% of the initial RO, mixing ratio. This
value matches with estimates from previous study by Hens et al., 2014. For the low conversion efficiency
case that represents the CYPHEX measurement mode, the estimated contribution of RO, to the measured
signal is about 12 % or 2.5% of the initial RO, mixing ratio.

T T
« allro2s
* isoprene only

0.2 =

0.15;

RO, interference

0.05

| | |
0 20 40 60 80 100 120

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

Supplementary Figure 2b: Estimated RO, interference from all RO, and only from Isoprene based RO,
during CYPHEX-2014 as function of the terpene concentrations

Further, we estimate that more than 50% of the RO, interference is due to isoprene oxidation products.
This is due to the fast conversion of isoprene-based hydroxy peroxy radicals towards HO, and OH. These
isoprene-based hydroxy peroxy radicals have one of the largest conversion efficiencies of up to 90 %
(Fuchs et al., 2011, Lew et al., 2018). Moreover, we see that the RO, interference does not increase with
increasing terpene concentrations and is nearly constant at terpene levels greater than 80 pptv
(Supplementary Figure 2b), mostly because during the course of the day HO, concentration increases
during this time faster than terpene based RO, concentration. This indicates that the RO, interference
effects cannot explain the deviation of modelled HO, w.r.t. measurements at high terpene mixing ratios.

Lew, M. M., Dusanter, S., and Stevens, P. S.: Measurement of interferences associated with the detection
of the hydroperoxy radical in the atmosphere using laser-induced fluorescence, Atmospheric
Measurement Techniques, 11 (1), 95-109, Doi 10.5194/amt-11-95-2018, 2018.

Changes in MS:- Added the above text in Page 8 and the figures as supplementary

3) While the paper describes the range of observed concentrations of some of the other chemical
parameters, it would be useful to show the time series of the measurements to illustrate their day-to-day
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variability and allow a comparison with the OH and HO2 measurements. Given the dependence of the
model on the concentration of terpenes, the authors should also show the time series of the ambient
isoprene and terpene concentrations to allow a comparison with the OH and HO2 measurements. A time
series of the NO2 mixing ratios would also be useful to allow comparisons with other environments.

Response:-We have now modified figure 2 as per suggestions.

Changes in MS:- Modified figure 2 as per suggestion
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Figure 2. Measurements of OH, HO along with selected chemical and radiation parameters relevant to

HO, chemistry during the CYPHEX campaign. Time is in UTC. Local time in Cyprus during summer is

UTC+3.

4) While the correlation plots provide an overall picture of the agreement of the model with the
measurements, they do not provide any information regarding the day-to-day variability of the model-
measurement agreement as well as the ability of the model to reproduce the diurnal variations of OH and
HO2. The authors should illustrate the modeled time series of OH and HO2, perhaps illustrating periods
of better model agreement when measured terpene concentrations were lower than 80 ppt.

Response:-We have added the following figure as suggested.

Changes in MS:- Added text on Page 17 and supplementary figure 5 as per suggestion

The large deviation between observations and modelled HO, around middays on 205, 208 and 210 occur
during periods with high terpene concentrations. On day 205 and 208, the simulation with the
autoxidation scheme shows much better agreement to observations compared to the base case (Case Ill
in figure 3) while on day 210, when terpene concentrations are much higher, even the autoxidation
scheme fails to reproduce the HO, observations. In this case the simulation where the rate coefficient of
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RO,-R’0; reactions was drastically increased shows a much better agreement compared to both the base
case and the autoxidation case.

CYPHEX 2014: measured and modelled OH and HOz time series
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Supplementary Figure 5. Time series of LIF-FAGE measurements of OH (top panel) and HO, (bottom panel)
along with various model simulations with CAABA/MECCA; model simulations using base case i.e.
initialized with all measured species (case lll), simulations emulating the autoxidation scheme (case V),
dfter increasing the rate coefficient of RO2 — R’O2 reactions close to the gas kinetic limit (case VI). Time is
in UTC. Local time in Cyprus during summer is UTC+3.

5) The description of the MOM chemical mechanism used by the authors gives a reference of Taraborrelli
et al., 2015 (page 7), which is not in the reference list. Have the authors updated the MIM3 mechanism
described in Taraborrelli et al. (2012) reflecting the updated LIM1 mechanism (Peeters et al., J. Phys.
Chem. A, 118, 8625-8643, 2014) and used in the latest version of the MCM (Jenkin et al., Atmos. Chem.
Phys., 15, 11433-11459, 2015)? While recycling of HOx radicals by isoprene may not be important in this
environment, the isoprene mechanism used in the model should be clarified.

Response:- The reference to Taraborrelli et al is an EGU conference abstract is towards the end of the
reference list (page 25 of original submission). As per comments, we have now expanded the model
description as described below.

Changes in MS:-Page 10

MOM has been first presented and used in the study by Lelieveld et al. (2016). It represents the gas-phase
oxidation of more than 40 primarily emitted VOCs. The structure and the construction methodology
mirrors the one of the MCM. The oxidation mechanism for aromatics has been presented in Cabrera-Perez
et al., (2016). The terpene oxidation scheme includes previous developments for modelling HOx field
measurements (Taraborrelli et al. 2012; Hens et al. 2014; Nélscher et al. 2014). Most of the known and/or
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proposed HOx-recycling mechanisms under low-NO conditions are taken into account. Finally, isoprene
chemistry follows to a large extent Peeters et al. (2014) and Jenkin et al. (2015) with modifications by
Nolscher et al. (2014). Chemistry of the pinenes (monoterpenes) is a reduction of the MCM with
modifications proposed in the past by Vereecken et al., (2007); Nguyen et al., (2009); Vereecken and
Peeters, (2012); Capouet et al., (2008).

Cabrera-Perez, D., Taraborrelli, D., Sander, R., and Po&ze6lobal atmospheric budget of simple monocyclic

aromatic_compoundsAtmos., Chem. Phys16, 55 69316947, Doi https://doi.orq/lO.5194/acp-16-6931-20],&{Formatted: English (United States)

http://www.atmos-chem-phys.net/16/6931, 2016.

Capouet, M., Miller, J. F., Ceulemans, K., Compernolle,V8reecken, L., and Peeters, J.: Modeling aerosol
formation _in _ alpha-pinene _ photo-oxidation __experimentsJ).  Geophys. Res 113D, Doi
https://doi.org/10.1029/2007JD008995, 2008.

Jenkin, M. E., Young, J. C., and Rickard, A. R.: The MCMBvBdegradation scheme for isopreAemos. Chem.
Phys, 15, 11 433-11 459, Doi https://doi.org/10.5194/acp-15-11433-2015, 2015.

Nguyen, T. L., Peeters, J., and Vereecken, L.: Theatettady of the gas-phase ozonolysis of b-pinene (C10H16),
Phys. Chem. Chem. Phy%1, 5643-5656, Doi https://doi.org/10.1039/b822984h, 2009.

Nolscher, A., Butler, T., Auld, J., Veres, P., Mufioz, Paraborrelli, D., Vereecken, L., Lelieveld, J., andlidms
J.: Using total OH reactivity to assess isoprene photodgitgia measurement and modétmos. Environ 89, 453—
463, Doi https://doi.org/10.1016/j.atmosenv.2014.02.024, 2014.

Peeters, J., Miiller, J.-F., Stavrakou, T., and NguyeB,:\80 Hydroxyl radical recycling in isoprene oxidation driven
by hydrogen bonding and hydrogen tunneling: the upgraded LIM1 meahdnPhys. Chem.,A18(38), 8625-8643.

Vereecken, L. and Peeters, J.: A theoretical study otHenitiated gas-phase oxidation mechanism of b-pinene
(C10H16): first generation products,Phys. Chem. Chem. Phys 14, 3802-25 3815, Doi
https://doi.org/10.1039/c2cp23711c, 2012.

Vereecken, L., Miller, J.-F., and Peeters, J.: Low-véhapbly-oxygenates in the OH-initiated atmospheric oxidation
of a-pinene: impact of non-traditional peroxyl radical chetrgi Phys. Chem. Chem. Phy8, 5241-5248, 30, Doi
https://doi.org/10.1039/b708023a, 2007.

6) While Figure 5illustrates the improved agreement with measurements when a simplified autooxidation
scheme in the terpene oxidation mechanism is added, there is little discussion of the resulting modeled
OH concentrations. Does the increase in the modeled HO2 lead to an increase in the modeled OH? Did
the authors make any assumptions regarding the fate of the products of the H-shift reactions (photolysis,

etc.)?

Response:-The autoxidation scheme used by us is based on Crounse et al (2013). In this scheme (Figure 1
in Crounse et al., 2013), the hydrogen shift reactions lead to generation of a hydroperoxide compound
along with an OH. This directly leads to an increase in OH as can be observed from the supplementary
figures 4 & 5. Since there is not sufficient information regarding the compounds that would be formed
during the autoxidation of peroxy radicals that we considered for this analysis, we have used dummy
species for the hydroperoxide products formed. These dummy species will not further participate in the
chemical scheme.

Changes in MS:- Supplementary figures 4 & 5 added to show how both modelled OH and HO, vary against
measurements for the autoxidation scheme w.r.t. the base case.
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Supplementary Figure 4. LIF-FAGE measurements of OH (top panel) and HO, (bottom panel) vs model
simulations with CAABA/MECCA. From left to right: model simulations using base case i.e. initialized with
all measured species (case lll), simulations emulating the autoxidation scheme (case V), after increasing
the rate coefficient of RO2 — R’O2 reactions close to the gas kinetic limit (case VI).

7) The radical budget illustrated in Figure 7 are difficult to read, especially the contributions to OH loss.
While O3 and HONO photolysis and recycling by HO2 + O3 and NO contribute to approximately 80% of
OH production (page 16), what contributes to the remaining 20% (“other” in Figure 7)? Ozonolysis? OH
recycling from isoprene? For the loss of HO2, the “other” category appears to be a significant contribution
on several days - is this category due to RO2 +HO2 reactions from terpenes as discussed in section 3.3 and
3.4? Is the agreement with the measured HO2 better on the days when this “other” loss is small? The
paper would benefit from some additional discussion of the radical budget.

Response:- We have now modified figure 7a so that the panel for the OH sink as well as the text look
bigger and clearer. There was a slight mistake in the budget calculation whereby the reactions of the
category ROOH + OH = product + OH; e.g. 'C9600H + OH = NORPINAL + OH'; which are neither a OH
source or sink, were not omitted. Now they taken out of the budget and the numbers in the text are
revised, although the resulting changes are very minor and always less than 2 %. Further, more reactions
are added to the legend in the plot of OH production and loss budget to reduce the ‘others’ part and these
described in the text. The others category is now about only about 7 % compared to nearly 18 %
previously. This 7% is made up of nhumerous reactions which contribute less than 1% individually, so not
worthy of discussion here. Similarly, in the OH loss category we have added a group of reactions of the
category ROOH + OH = RO2, e.g. 'C8500H + OH = C8502', which makes up about 8.4 %. The associated
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changes are documented in the text. Further, we have now shown the HO, sinks in much more detail by
modifying figure 7b. The peroxy radicals together account for nearly 95% of the other term and described
in the revised budget plot. You are right that the model increasingly underpredicts the measurements
when ‘other’ loss is large and these occur at higher terpene concentrations (supplementary figure 6).
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Supplementary Figure 6. Variation of the difference between modelled and measured HO, w.r.t. the ‘other
term’ in the last version of the MS, most of which is constituted by the reactions of peroxy alkyl and acyl

radicals with HO>.

Changes in MS:- Text (only the red portions) and modified fig 7a

For CYPHEX, the major OH as well as HO, producing channel is the reaction of atmospheric water vapor
with O'D generated from the photolysis of O; (Figure 7). Peak daytime contributions of this channel
towards OH production exceeded 45 % for most of the days, and about 60 % on days 205, 208 and 209.
The midday values coinciding with peak OH production on day 205 was marked by conspicuous influence
of aged air masses originating over south-west Europe and considerably processed over the
Mediterranean before reaching the site. The peak HO, values on this day were about 11% lower than the
average peak HO, values during the study period. The peak HO, values for J(0'D)>2.5e” s was 6.4 x 10°
molec/cm? for the study period while this value was only 5.7 x 10 molec/cm? on day 205. While, on
average, the recycled OH via reactions of HO, with NO and O (R6-R7) contributed 33.6 % to the total OH
production, this value was about 6 % lower for days 205-206. It may also be noted that although O; was
very low on both days 205 and 206, with predominant influence of aged marine air, the contribution from
0'D+H,0 to the total OH production still exceeded 50 %. Due to lower HONO mixing ratios, the fractional
contributions of HONO photolysis towards peak OH production during midday on day 208 was significantly
low at about 2.5-3.5 %. On all other days, for which values are available, this channel contributed more
than 6 % to peak OH production during noon time. The photolysis of HONO has the largest fractional
contribution to the early morning OH production on day 211, reaching above 30 %. Overall during CYPHEX,
the average daytime (JO'D>0) contribution to OH production from O3 photolysis and subsequent reaction
of O'D with water vapor was about 39.1 %, the average daytime contribution from HONO photolysis was
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12.3 %, while recycled OH from reaction of HO, with O3 and NO account for 15.2 and 18.4 % of the total
OH production, respectively. The four major OH producing channels (Figure 7) contribute up to 95 % of
daytime OH production on most occasions, with 85.3 % on average. Further, the reactions of acyl peroxy
radicals (RCO3) with HO, contribute about 3.1 % to the OH production which the photolysis of H,0, and
the ozonolysis of pinene contribute 1.85 % and 2 % respectively.

The single major sink of OH during CYPHEX was CO, followed by CHs4, HCHO, CsHs, CHsCHO and Os, on
average accounting 20.9, 10.0, 7.8, 5.1, 4.9 and 4.1 % of OH losses respectively. The reactions of various
peroxides with OH to form peroxy radicals e.g.R24 contribute 8.4 % to the OH loss. Further, oxidation of
CHsOH, pinal, C2-C4 alkenes, a-pinene, HO,, NO,, CH30, by OH contributed 2.7,2.4,2.4,2.2,1.6,1.4,1.4
% respectively. During these days (205-206), the modelled OH loss (Figure 7) as well as the calculated OH
reactivity (Figure 4) were lowest of the study period. It is likely that the air masses arriving to the site were
already much processed, spending considerable time over the Atlantic and Mediterranean, leading to
depleted OH reactivity. During this period of marine influence, the contribution of long-lived gases to the
daytime OH loss increased by about 15 % while the contribution of shorter lived gases like HCHO and
CH3CHO decreased by 34 % and 39 % respectively.

Added text in page 19

The reactions of peroxy radicals (RO, and RCOs5) with HO, contribute 24.6% to the HO, loss, resulting in
increased underprediction of HO, by the model with increasing terpene concentrations (Supplementary

Figure 6).
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