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Abstract. The Arabian Peninsula characterizedby high and increasing levels photochemical air pollutiorStrong solar
irradiation, high temperatures and large anthropogenic emissions of reactive traceegalkieis intense photochemical
activity, especially during the summer monthkowever, air chemistryneasurementi the regionare scarce. In order to
assessegionalpollution sources andxidationrates the first shipbaseddirect measurements of &tOH reactivity were
performed in summer 2017 fromvasseltravelling around the peninsula during the AQABA (Air Quality and Climate
Change in the Arabian Basin) campaign. Total OH reactivity iddta lossfrequency of OH radicaldue toall reactive
compoundspresent in aiand defines the local lifetime of OHhe most important oxidant in the troposphddering the
AQABA campaign,the total OH reactivityranged fom below the detection limit5.4s") over the northwestern Indian
Ocean (Arabian &) toa maximum 0f32.8 +9.6s* overthe Arabian Gul{also known as Persian Gulfhen air originated
from large petroleum extraction/processing facilities in Iraq and Kuwathe polluted marine region®H reactivity was
broadly comparableto highly populated urban centeirs intensity and compositionThe germanent influace of heavy
maritime traffic overthe seaways of the Red Sea, Gulf of Aden and Gulf of Oman resultegdian OH sinks of
7.9 8.5s™. Due to the rapid oxidation of diregolatile organic compoundV©OC) emissions, Rygenatedvolatile organic
compound (OVOCs) were observed to be the main contributor to OH reactivity around the Arabian PeBirznfs by
region). Over the Arabian Gulf, alkanes and alkenes from the patirol extraction and processing industry were an
important OH sink with~9 % of total OH reactivity each, whereB), and aromatic hydrocarboifs10 % eaclh) played a
larger role in the Suez Canahich is influenced more by ship traffic and urban emissidfesinvestigatedhe number and
identity of chamical species necessaty explain the total OH sinkTaking into account-100 individually measured
chemical species, the observed total OH reactivity tyaically be accounted for within theneasurementincertainty
(50%), with 10 dominant trace gases accounting26r 3 % of regionaltotal OH reactivity The chemical regimesausing
the intense ozone pollution around the Arabian Peninsefa investigated using total OH reactivity measureméuene

vs. OH reactivity relationshipsere found to ba usefultool for differentiatingbetweenozone titration in fresh emissions
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and photochemically aged air masses. Our results show that the ratio efadd@® VOGCattributed OH reactivity was
favorable 6r ozone formation almost all around the Arabian Peninsula, vihidheto NO, and VOG from ship exhausts
and, often, oil/gas production. Therewith, total OH reactivity measurements hd@luddatethe chemical processes

underlying the extreme troposgiic ozone corentrations observed in summer otlee Arabian Basin.

1 Introduction

The Arabian Peninsula is a hotspot of global change. It is already subjertrémnes of heaand drought which are
prediced tointensify (Zhang et al., 2005; Wasim2010; Chenoweth et al., 2011; Tanarhte et al., 2012; Lelieveld et al.,
2012; Terink et al., 2013; Donat et al., 2014; Cook et al., 2016; Lelieveld et al., 20@&ophotochemical air pollution
(Lelieveld et al.,, 2009; Smoydzin et al., 2012; Abdelkagleral., 2015; Farahat, 2016)he Middle Eastaccommodates
densely populated urban centers with a total of 350 million peaptkis a hub ofossil fuelextractionand processingith

more thanh a | f of t he worl doés (Kkhatib, 2014 Mardoverathedwatgra surroundisgehe Vratsan
Peninsula are key routes of global trade and bottlenecks for marine affttiersource of air pollutiofEndresen, 2003;
Eyring, 2005; Boersma et al., 2015; Mertens et al., 2018)is expected to inease in the futuréEyring et al., 2007)
Photochemistry in the region thoughtto be particulaty active due to a combination of factodsrge anthropogenic
emissionsof reactivehydrocarbons and NO= NO + NG, from the petrokeum industry, shipping and energgtensive
urban aregswith high levels of solarirradiationand hence photolysisates and hightemperaturewhich disfavorsNO,
reservoirs such as PAN and®¢. The main regionalphotochemicabxidation processis initiated by ozone photolysis to
O(‘D), which reacts with water vapor to form hydroxyl radicals (Ofihe OH radicals react with volé¢ organic
compounds (VOCslo yield peroxy radicalghat can convert NO to NQleading toozoneformation (HaagerSmit, 1952;
Sillman, 1999; Ren et al., 2013)he abundance of precursors and intense photochemistry make conditions in the Arabian
Basin very favorable for photochemical ozgm®duction leading to extremely high ozone mixing ratios up to PP
(Lelieveld et al.,2009; Smoydzin et al., 2012; Krotkov et al., 201®¥one formation was reported to be enhanced even
300km downwind of a hydrocarbon processing facility at the coast of the Arabian(Koathdzadeh et al., 2019)n
addition, VOC oxidation by OH and ozonan generate secondary organic aer{Gobsjean and Seinfeld, 1989; Kroll and
Seinfeld, 2008)with implications for human healtfiLelieveld et al., 2015and regional radiative budgefzhova et al.,
2018)

Despite being an air pollution hotspot, véew observational atmospheric data exist from the Arabian Basdstudies of
VOCs in the region are scarce and mostly urtizoskey et al., 1999; Matysik et al., 2010; Salameh et al., 2014; Simpson et
al., 2014; Khalil et al., 2016; Salameh et al., 20Barletta et al., 2017)In order to chemically map the region, a
comprehensive suite of atmospheric measurementspadsrned from a shipsailing around the Arabian Peninsula in
summer 2017 during the AQAB®AIr Quality and Climate Change in the Arabian Basinjise.
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The number of known VOCs in air has been estimated to be betwéamd 00’ speciefGoldstein and Galbally, 2007)

and it is assumed that many more remain unknown. Accounting for all of ¢hesgical compounds individually with
guantitative measurements is currently unfeasible. Instead, the combined load of OH reactive species (mainly VOCs anc
CO) in ambient air, termed the total OH reactivity, can be measured directly. Total OH reactigitysdihe total sink, or

loss frequency, of the OH radical. When compared to the OH reactivity calculated from all individually measured
compoundstérmedthe speciated OH reactivity), total OH reactivign be used to infehe occurrencenf VOCsthat wee

not measuredtermed theunat tri buted or Aimi ssingdo OH reactivity). )
guantitative understanding of ozone production and can help estimating its sensitivity to VOCs,afdrtN@er et al.,

2001; Sinha etlg 2010; Pusede et al., 2014; Yang et al., 20Ifg OH sink also affecthe atmospheric residence tinoé
methaneand therewithits global budget, which stiposesa challenge in models (Zhao et al., 2019).

With VOC and NQ emissions from ship exhaudiBoersma et al., 2015; Endresen, 2003; Huang et al., 20dB)VOCs

from oil and gas operation8uzcu and Fraser, 2006; Gilman et al., 2009; Gilman et al., 2013; Schade and Roest, 2016;
Milazzo et al., 2017)the air aroundhte Arabian Peninsula is expectedctintain significant levels of pollutionn Saudi
Arabian cities, OH reactivity has been reported to range from 14 t6' 4om the sum of individual measurements),
dominated by alkeng®arletta et al., 2017)Downwind of oil and gas production in Colorado, OH reactiatyyOCs was
dominated by alkanes (68), followed by OVOCs (2%) and alkenes (%; Gilman et al., 2018 The largest OH sink
among the VOC#n the exhaust plume of a ship operating at full speredilkenes (42%6), followed by aromatics (4%),

OVOCs (12%) and alkanes (%; estimated using emission factors frelmang et al., 2018

UnattributedOH reactivity in locations dominated by anthropogenic V®@&s beemeasured to be as low as zard.ille,
France(Hansen et al., 201%r New York, U.S(Ren et al., 2006)0 10 54 % in Paris, FrancéDolgorouky et al., 2012and

101 80% in Tokyo, JapaifYoshino et al., 2006)However, comparing unattributed OH reactivity between different studies

is difficult, because it depends on thie mass and coverage iobrganictrace gaseand VOCs measurdd each campaign.

In this work, we apply an approach that aims to use comprehdrasieegasnformation gathered byarious instruments,

even compounls with unidentified chemical structunmeasured by PTIRoR MS, for calculation of speciated OH
reactivity. Therewith, we identifithe trace gases representing thajor OH sinks andry to obtain closure on apportioning

OH reactivity

This study provides an overview of total OH reactivity around the Arabian Peninsula and investigsdescisin the
different environments along the route of the campaigrital OH reactivity is applied for assessing the regional oxidation
chemistry ad the underlying reasons for the extreme ozone concentrations observed in summer over the Arabian Basin. By
combining OH reactivity and ozone measurements, we aim to investigmne production processes and to identify
differentiated chemical regimes. Vdemonstrate the utility of isitu OH reactivity measuremtsrto characterizehe role of

anthropogenic emissions in modifyittge chemical composition of the air
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2 Materials and methods
2.1 AQABA Campaign

The Air Quality and Climate Change in the ArabiBasin (AQABA) measuremesttook place orboard the vessel
Kommandor lonafrom June25 till September3, 2017.The first leg began in L&eynesurmer (near Toulon, France)
continued via the Mediterranean, the Suez Canal, the Red Sea, the Indian Oc@alf,dh©man and the Arabian Gulf to
Kuwait. On the second leg, the vessel reddriia the same route (Fig. b/ The ship was equipped with a weather station
and four laboratory containers with instrumentation fositn and offline monitoring of a tge suite of (trace) gases,
particles and radicals.

2.2 Sampling

Air sanpling was performed from a higtow (10 m3 min®) cylindrical stainless steehlet (samplingheight 5.5m above

deck, diameter: 0.6h), situated between the containers on the front deck of the ship. This position ensured that inlets were
ahead of any contamination sources from the vessel itself when pointed into théiwinds drawn fom the center of the
high-flow inlet andsubsampledto the VOC contaier at a rate of approximatelysfpm @tandardL min™, first leg) and

3slpm (second leg) into an air conditioned laboratory container wsiFgP (fluorinated ethgine propylene) inlet tube

( 1 /=2.87cm o.d., length ca. 1), heated to 5060 °C. A PTFE (polytetrafluoroethylene) filtechangedweekly (and
additionally after intense particle contamination events such as dust stprex@ntedcontaminationof the subsampling

line by particles or sea spray. This inlet systens waed for monitoring both VOCs and total OH reactivity simultaneously.

We assume that the length of the inlet prevented some of the largermely low volatileVOCs from reaching the
instruments (see Sect.3p. The combinedinlet residence timén FEPtubing and reactofor the OH reactivity instrument

was determ neeuwr iarsg a4t e first | eg and & 25 s during the

2.3 OH reactivity and trace gas measurements

Total OH reactivity was measured using Gemparative Reactivity Method (CRMbjnha et al., 2008 which provedo be

robust enough to run nearly contingufor 10 weeks on a shipftenin rough conditionslue tohigh wavesThe method

has been applied in many regions of the w¢¥ldng et al.2016)andhas recently beecomparedo other method§-uchs

et al., 2017) The CRM isbased on a competitive reaction between reactive compounds from ambient air and a reagent,
pyrrole (Westfalen AG, Minster, Germany), inside a glass reactor. OH radrealsroduced in the reactor by flushing
humidified nitrogen (6.0 grade, Westfalen AG, Minster, Germany) over a Hg/Ar UV lamp (LOT Quantum Design,
Darmstadt, Germany). CRMsesthree different modes: Cpyrrole+ OH scavenger YV light, at & adit,Ce@nt h
(OH + pyrrole ambient humidity; and C3 (ambient air + pyrrole + OH). For more detaflshe method see Sinha et al.
(2008)andMichoud et al(2015).The system was operated at a pyrrole/OH ratio of 1.9 + 0.1 (average + standard deviation).

Because this ratio deviates from psedidst order conditionsasis typical for CRM, a correction needed to be applied (see
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Sect. 2.4).Sampling air was continuously drawn into the system and the instrument was switched &\@eeasured for
22-24 minuteg andC2 (measured fo8-8 min) modes. fie longer C2 measurements were usedvadrabient humidity was
unstable C1 was determined eveby 7 days(average * standard deviation over the whole campaign: 60.71 + 1.1& ppb
pyrrole). Changes in pyrrole ixing ratio were monitored by a Proton Transfer ReaeQuadrupoleMass Spectrometer
(PTR QMS, lonican Analytik, Innsbruck, Austria(Lindinger and Jordan, 1998t m/z=68 (dwell time: 5s). The
PTR QMS was calibrated every week.was operated at 6@ drift temperature, 2.&bar drift pressurand 600 V drift
voltage(E/N = 137 Td) In parallel, a PTRTime of Flight (ToFj MS was deployed to monitor VOCs and OVO@sz up

to 280), and agas chromatograph with flame ionization dése¢GCi FID) to monitornon-methane hydrocarbons (NMHCs;
20 compounds Average detection | imits for t h eThe NMHQ ama metheine N M H (
measurements are described in detail elsewhere (Bourtsoukidis et al., BBELPTRTo~MS was deployed &0 °C drift
temperature2.2 mbar drift pressure an@00V drift voltage (E/N= 137Td). 1,3,5trichlorobenzene was fed continuously
into the sample stream for mass scale calibration. The time resolution of the measurement was 1baikgrodnd
measurments were performed every Jdr 10 mn. The PTRToFMS was calibrateavith a multicomponent pressurized
gas VOC standard (Ap&tiemer Environmental Inc., Colorado, USA). Mass resolution (full width at half maxinatim)
96 amu ranged bateen~3500 and~4500.Average @tection limits for thecompounds measured TR To~MS ranged
from 11 07 ppt. A full list of the trace gasemeasured by GEID and PTRTo~MS can be found in Table S1.
FormaldehydgHCHO) and inorganic trace gas@$O, NO,, Os;, SOQ)) were measuredampling from the same chimney (the
instruments used are specified in TaBle. Based orSO,, NO, and ethenemeasurements, fiter was applied to exclude

sampling periods thatwerenf | uenced by the vessel 6s own exhaust.

2.4 Total OH reactivity data analysis

CRM data analysis was conducted following the general procedures desctitedtel?016)and Pfannerstill et a{2018)

Humidity in C2 (backgroundmeasurements can differ from that of C3 (ambient) measurements b&2wss measured

only twice per hour. As the amount of OH radicals generated in the CRM reactor depends on humidity, C2 data were
corrected for these C2/C3 humidity differences by applying an empirical relaticofsthip pyrrole signal vs. the PTRIS

wate cluster signalas described itMichoud et al.(2015) The C2 correction applied to match C3 humidigcreased

pyrrole levels byon averaged.05+ 0.04p p b, correspondi ng O3s NONNOCaHd oroeaause i v i t
interferencein CRM due to OH recyclingnduced byHO,, which is formed in the reactor simultaneously with (Bthha et

al., 2008; Michoud et al., 2015; Fuchs et al., 2000one,NO and NQ interferences werguantifiedin the laboratory

(details of the experimentsan be found in Sect. SINO, loss and conversion to NO in theass flow controlleduring tests

was monitoredby an NO/NQ analyzer Two-channelchemiluminescence detectoirhe combinedNO, NO, and ozone
correctiors amounted t@ median 0f-24% of total OH reactivity oan average d3.36 + 0.19 ppb of pyrroleover the whole

campaign which equalsi 1.9s”, with a maximumabsolutecorrection of 1.3%pb (7.4s* / 27% of total OH reactivity
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undertheinfluence of closely located shamissiors (high NQ)). A frequency distribution of the corrected fraction of total
OH reactivity is displayed in Fig. S1.

The calculation of total OH reactivity with the CRM equat{see Sinha et al., 2008ssumes pseusdtst-order conditions
inside the eactor, which can, however, not be met while preseraingr e as onab | e CXxdiffarence).The i t vy
correction for deviation from pseudstorder conditions inside the reactevas derived from empirical testgas
measurementadapted fronthe approaclin Michoud et al.(2015) The deviation from pseudistorder dependsn the
pyrrole/OH ratio anan the reaction rate constant of the measured trace gas towardsd0elgases with fast reaction rates
(comparable to that of pyrrole) requitiee largestcorrectionbecause theiconcentration inside the reactor decreases at a
similar rate as that of pyrrqléeading to an underestimation of their reactivity. Such gases, namely alkenespmetignes
present during AQABA (e.g. asHs-alkene which was nosoprene)This is why we did not use an average correction factor
for all gas mixes as in Michoud et al. (201Butapplied a correction where the composition of the air mass is taken into
account.Test gases used were toluefar Gromaticscorrectior), isoprene and propenéof alkenescorrectior), propane and
cyclohexane dorrection for other specipsThese test gases are representative of the relevant trace gases and ranges of
reaction rate coefficients observed during AQABA. In test experimérgs trace gases weeelded to the CRM system in
known amounts, i.e. known total OH reactivities, at pyrrole/OH ratios representative for the cariijpaigrorrection
factors resulting from comparing the observed reactivity with the expected reactivitie weighted according to the
measured composition of the ambiemtaithe moment of observation

F = a Xaromatic + B Xaikenest € (1 - Xarom~ Xaikenes Eqg.(2),

whereF is the total correction factor and theighted compoundlassspecific correctiorfactorsare a= 1.22, b=2.89 and
c=1.44 X is thespeciatedOH reactivity fraction (in $ s) of the respective class of compounds (aromatics, alkenes). This
correction increaskOH reactivityby a factor of 1.4 to 2.5a¢eraget standard deviatiorf = 1.5 + 0.1 median = 1.h

The dilutionof ambient aimwith humidified nitrogen was accounted for with a dilution factot .G

The 5 min detection limit(LOD) was 5.4 s*, derived fromthe 2 Gstandard deviation oflean air measurements in the
Arabian SeaTotal uncertainty 1 ofithe measurementgas~ 50 % (median and averageyith a precision ofl0i 76 %

over 5min depending on the quantity of reactivity

2.5 Calculated OH reactivity from individually measured compounds(speciated OH reactivity)

The speciate®@H reactivity is the sum of the OH reactiviti@dgributed to individual (measured) trace gases

R=E wmdon[M] Ea.(2)

Contributions of trace gasels!( where[ M] is their respective concentration in molecules’ttn OH reactivity Rin s?) are
calculated using the reaction rate constakigdf in cnt moleculé' s) of the respectivérace gasesM) with the OH
radical. The difference between measured total ®attivity and the sum of individual trace gas contributions to OH
reacti vity attibsie doeranre d i Miuns i nThetrac® Hasesakea into iaccounhgre for calculating

speciatedOH reactivityand their reaction rate constants useel listed in Tabl&l. Out of a totalof 120 chemical species
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that were considered for the calculation of speciated reactdtghemicalspecieqspecified in Table S1)ncluding many

of the known important contributors to OH reactiyitwere calibragd with gas standards and therefore have low
uncertainties in their concentrations as well as in their reaction rate coefficiedts%). A further 78 exact masses
(specified in Table SInonitored by PTRToF MS were attributed to moleculésrmulae, andtheir concentrations derived
using a theoretical approa@hindinger and Jordan, 1998)hich has an uncertainty of ca. 80 In caseavhereseveralrace
gases could be responsible for the measured,rmaassverage of the known reaction rate coefficients with OH was used for
calculatingthe speciated OH reactivity. In the few cases where rate coefficients were unknown in literaturate the
coefficientof atrace gasvith comparable functional groups svapplied (see Tabl). The uncertainty of the reaction rate
coefficientsky.on is estimated to be 10® due to the occasional large differences in rate coefficients between possible
structures. The uncertainty of the resulting speciétedcalculateflOH reactivity depends on the fraction of gaandard
calibrated compounds in the ambient air at any given point of time and varies betwéesnti02 %, with an average and
median of %% over the whole campaign. In accordance with the time resolafiaime GGFID, which monitored

compounds with a significant share of OH reactivity, speciated OH reactivity was calculated in 50 min time resolution.

2.6 Air mass back trajectories

To investigate the origin of air masses encountered, back trajectoriesdesved using the Hybrid SinglBarticle
Lagrangian Integrated Trajectory model (HYSPLIT, version 4, 200is modelis a hybrid between a Lagrangian and an
Eulerian model for tracing small imaginary air pasderward or back in timg€Draxler and Hes, 1998) Back trajectories
were calculatethased ora start height of 200 m above sea legeing216 h back in time on an hourly grid beginning at the

ship position

3 Resultsand discussion
3.1 Overview oftotal OH reactivity around the Arabian Peninsula

The air masses encountered during the AQABA campaign were delineated actottimgeographical regioifrigy. 1a/h).

A notable difference between leg 1 ded 2 was the gegral wind direction ovethe ArabianGulf, which chaged from
northrwest(from IragKuwait) to northeast (from IranY.he range of observed total OH reactivities over the whole campaign
was from below the detection limibver the Arabian Seanprth-west Indian Ocean) up t803.6 +83.9s® during
fuelingbunkering of the ship at the port of Fujairah (United Arab Emirates), due to fresh fuel emissions. Thé&datgest

of attributed OH reactivity was provided by OVOCs in almost all AQABA regidhs3% %), which is comparableo
previous tudies in the oil impacted region bfouston, where between ¥4 and 24% of the OH sink was due to OVOCs
(Mao et al., 2010)There were notable regional differencedath thetotal OH reactivityand the contributing trace gases
which will be discussetiereafter. An overview is displayed in Tablewhich divides the reactivity into different chemical

families A list of chemical species attributed to eatiemical familyis available in Table S1.
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The measuredusfur-containing VOCs(SVOCs) and halogenad VOCs (HalvVOCSs) played virtually no role for OH
reactivity in any of the AQABA regions (Table 1). The OH reactivitytaf monitoredNVOCs (nitrogercontaining VOCs)
wasalsovery minor withnot more tharl % of total OH reactivity over the whotampaign.

3.1.1Strongly polluted regions: Arabian Gulf, Gulf of Suezand Suez Canal

Compoundswith short lifetimesare generally more relevant for total OH reactivibhan longlived species(see also
Sect 3.3). Since emissions from oil and gpsoduction and cities contain high mixing ratios of reactive alkenes, the Arabian
Gulf, the Gulf of Suezand the Suez Canal, where such sources abound, showed the highest average OH réBigfivities
1c/d). In these regios) obvious nearby emission w@es were cities, indusal complexes and especially oil/gas
productiordprocessindFig. 2). The large alkane mixing ras@ssociated witloil and gas production (Fig. 1Bourtsoukidis

et al., 2019 were not reflectedh an equally large share of total QFlactivity due to the slow reaction rate coefficient of
alkanes with the OH radical (Fig. 1djhe averageotal OH reactivity(+ standard deviationjas 129 + 6.2s* (median:
11.2 §" overthe Arabian Gulf13.2+ 6.9s" (median: 10.8°Y overthe Suez Canal aridl.6+ 4.2s* (median: 10.4°$ over

the Gulf of Suez There were short periods with higher total OH reactiviiesotal uncertaintiesyip t032.8 +9.6s™ over

the Arabian Gulf an®6.6 + 8.2s* over the Suez Canal (see Sect?)3Theserange are comparable to OH reactivits
reported fromsome urban areas, eBeijing, China(Williams et al., 2016)Houston, TexagMao et al., 201Q)New York

City (Ren et al., 2006)and to OH reactivitiesalculated fronship-basedvOC observations in théossil fuel production
impactedHouston/Galveston BafGilman et al., 2009)The AQABA observations are, however, more than three times as
high as VOGattributedOH reactivity calculated from observations downwind of gas and oil priotust south Texas
(Schade and Roest, 201&hd twice as high as at the Boulder Atmospheric Observatbgn impacted bygas wells
(Swarthout et al., 2013)

The largest percentage of attributed OH reactioitgrthe Arabian Gulfvas provided bYDVOCs @5 % of total, in contrast

to 14% observed ovethe Houston/Galveston Bay (Gilman et al., 200Bhis was surprising asthe Gulf region was
expectedo besimilarly dominated by diredtydrocarboremissions from the fossil fuel industry as theustonGalveston

Bay. Although thealkanesand OVOCshad broadly equivalent mixing rati@ver the Arabian Gul{Fig. 1e), the former
have generally loweDH reactivity.Conditionsin the Gulfregion during summemavor rapid photooxidation of hydrocarbon
emissions to OVOGCglue tohigh temperatures (on average 3479, high humidity(up to 92% RH) andstrongirradiation

It should alsobe notedthat asthe shippassedthrough theArabian Gulf, it was only exposed torimary emissions for
relatively short periods of time, whédocateddirectly downwind of the sources. The more oxidized regional background air
was sampled for longer periods. Furthermore, a bias towards OVOCs in the assessment of speciated OHgedstivity i
possible in this study, because they were well covered byi PGR MS measurements, while longehain or branched
alkenes and alkanes, which are components of oiloémet fuels (D'Auria et al., 2009; Gueneron et al., 20W#rein the

AQAQBA measuementdimited to G-Cg compoundsNonethelessconsideringhe whole campaign, th&rabianGulf was
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the region withthe highest OH reactivity from alkanesr{ average-1.2 s* or ~9 % of total OH reactivity. An important
influence of oil and gas production on total OH reactivity in the Arabian Gulf is therefore evident in our data.

Petroleum extraction facilities and refineries are located at both shores @fithef Suezand Canal, (Fig2), and wind

from both east and west lead to a relatively large contrilmun o f  a PokFigridkey. ( 571 6

By virtue of their double bond, alkenes are more reactive towards OH than alkanes. Indeed, in Saudi Arabian cities, OH
reactivity of alkenes has been reported to be twice as high as the reactivity of alkanes, despite higher abtnedatterof
(Barletia et al., 2017)Similarly, overthe Arabian Gulf, the AQABA campaign results shawequivalentverage share of

OH reactivity fom alkenes and alkanes (bott.2s*, which equals-9 %), despite a-11 times larger average mixing ratio

of alkanes. Certalp a fraction of highly reactive alkenes emitted on land will have already been oxidized before the
emission impacted air mass reached the point of observation on thalgeipe-attributedOH reactivity wasslightly higher

in the Suez Candll.4 s* vs.1.2 §%), where the distance to emission sources is generally shorter due to the narrowness of the
canal. Additionally and probably more importantly, alkenes are only minor components in fossil fuel emissions generally.
They are emitted from vehicle extsis (a possible source near the Suez Canal) due to incomplete com@isgipmann,

2007) Alkanes, on the other hand, can be so abundant in emissions from oil and gas production that they dominate OF
reactivity, as was observed in Colorado, wheré®6f OH reactivity calculated from VOC measuremeiftet total OH
reactivity) was due to alkanes and onl$68from alkenegGilman et al., 2013)In another study at the same site, alkanes
contributed 260, alkenes 36, and aromatics % of total OH reactivitSwarthout et al., 2013)n contrast to that, alkenes

(41 %) dominated over alkanes (23 %) in the OH reactivity calculated from VOC observations over the Houston/Galveston
Bay (Gilman et al., 2009).

Aromatics are important components of fodsiéls besides alkanes and alker@oppmann, 2007)In Egyptian cities,
ambient VOCmixing ratics from traffichave been reported to be dominated by arom@tedysik et al., 201Q)whereas in
SaudiArabiancities, alkanesveremore abundaniBarletta et al., @17) Consistent with these finding&/e observediigher
averagespeciatedOH reactivity from aromaticsl(3s') in the Suez Canal (influenced bir from Cairo,roads next to the
Canal,a refinery anda power platcompared to the Arabian Gul®.9 s*, influencedby oil/gas industry emissions and

partly by urban air from Saudirabia Iraq and Kuwait

A strong influence of maritime traffic in the narrow and highly frequented Suez Canal and Gulf is evident from the large
NO, contribution to total OHeactivity (~10 and ~12 %, respectivelijere,othervessels and theexhausiplumespassed

by closelyduring waiting periods (before entering the Suez Canal in the no@hdfiof Suezand inside the Canal).

The Arabian Gulf andSuez Canalvill be discussed imore detail ircase studies inegt 3.2.

3.1.2Seaways influenced by maritime traffic: Red Sea, Gulf of Aderand Gulf of Oman

The Red Sea, the Gulf of Adeand the Gulf of Oman displayesimilar total OH reactivitieswith medians of7 . 9 1s8 . 5
during the AQABA campaigfnorthern Red Seanedian 8.5/ mean #standard deviatioB.1+ 3.3s", southern Red Sea:

9



10

15

20

25

30

79s'/8.7+4.2s", Gulf of Aden:8.0s*/ 8.2+ 3.1s?, Gulf of Oman:8.4s'/ 84+ 3.1s", also see Table 4nd Fig. 1¢d).
These values are cqrarable taurbanobservationsn the lower range, such asimHelsinki, Finland(Praplan et al., 2017)
or Mainz, GermanySinha et al., 2008)

The OH reativity overthe Red Se&Gulf of Adenand Gulf of Omarcanlargely be attributed tothe influence of maritime
transport in theebusy relatively constrictedeavays Refineries at the eastern shore of the northern Red Se&]) g not
thought to havénfluenced our measurements due to prevailing wind from neetst and west.

Amongthe three regionghe Gulf of Aden washe one withthe lowestaverageotal OH reactivity Likely, this isdue to its
location in the transition zorte the opemorthwesternindian Ocearfsee Fig. 1c)Here,air massesvere less influenced by
pollution than overthe RedSeaor Gulf of Oman as he AQABA cruise took place during northern hemisphere summer,
when the ITCZ is over India armbmparablyclean air is drawn north over tmerth-wesernIndian Ocear(Ajith Joseph et
al., 2018) In accordance with this findindgdourtsoukidis et al(2019) showed by lifetime&ariability regression oélkanes
that the Gulf of Adenwvas the area with the most reta characteduring AQABA.

In ship exhaustghe highest emission factor@part from CQ) have been found for NQEndresen, 2003; Eyring, 2005;
Huang et al., 2018) argeship enginesemit an average of 78g of NO, per ton of fuelcombustedEyring, 2005) This is
reflectedin the OH reactivityshare of NQ, which wa in these relativelynarrow seawayegions in the range efi 9%
(Table ). OVOCsaccounted fod21 21 % of total OH reactivitythere alkenesdi 9 %, inorganicsdominated by S@and
CO) 41 6 %, aromatics31 8 % and alkanedt 5 %. All those classesof compounds can stem frofuel combustion in ships
(Endresen, 2003; Eyring, 2005; Huang et al., 2018; Xiao et al., 2@h&h emit an average of 43 kg of $@.7kg of CO
and?7 kg of hydrocarbons per ton of fuebmbustedEyring, 2005)

The C; carbonyls(C3HgO) vs. propang(CsHg), Cs oxidation products (§H140) vs. pentaneéCsH,,) and toluene vs. benzene
ratios(Table 1)were usedhere as indicatasrof the oxidation state (and, thése the externt of photochemical ageingf the
air. We note that this approach is basedwa assumptios: 1)thatproductionof the carbonyldy oxidation dominates over
direct emission, although some direct combustionssimins cannot be excludeahd?) that the only carbonyl precursor is
the corresponding £or G compound without significant fragmentation of larger VOQ#$e toluene vs. benzene
relationship is based on the assumption of simultaneous emission of bqibwataNotably, a distinct difference between
northern (less oxidizedC;HeO]/[CsHg] 18 and[CsH,c0)/[CsH1,] 18) andsouthern Red Sea (oxidizefC;HO)/[CsHg]

a 9.4and [GH10)/[CsHyJ 18) was observedAlthough itdid not result idargedifferences in total OH reactivity values
(median of 7.%" in the photocheially aged air masses in the solRbed Sea and 8%' in the northRed Sea)it reflects
the origin of air massesirbancentersin northeast Africa for thaorth Red Seaand theless populateénd more distant
Sudan and Chafbr thesouth Red Sea.

3.1.3Cleaner regions:Mediterranean and Arabian Sea

Over the more open seanptably the Mediterranean and Arabian Séaorthwesern Indian Ocean)the airwas aged,

cleaner and less reactive to QHHere, totalOH reactivtieswere mostly close tothe detection limibf 5.4 §*. The median
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over the Mediterranean was 6.8 @verage + standard deviation: £2.9s%), which compares to the lower limits of
observations fronsuburban areas such as Whiteface Mountain (Ren et al., 2006), Norfolk, UK (Ingham et al., 2009), Central
Pennsylvania (Ren et al., 2005) or Arenosillo at the Spanish coast (Sinha et al., 2012), and more remote locations such as t
Rocky Mountains (Nakasimia et al., 2014)Total OH reactivitymeasureaver the Arabian Seduring AQABA waswith a

median of 4.9 S (average + standard deviation: £8.0s) below the detection limiof 5.4s*. The marine OH reactivity
calculated frontrace gasnmeasurementsver the central Gulf of Mexicwas 1.01 $ (Gilman et al., 2009)a value which
wasslightly exceeded in our observations over éipenArabian Sea with a speciated OH reactivity of 4 6.2s™.

Larger OH reactivityoccurredover the Mederranean Seduring short episodeof polluted airfrom the mainlandn the

Strait of Messina (between Sicily and Italyjsible in Fig.1b. In the Strait of Messina and surroundintistal OH reactivity
amountedo between6.7 + 3.6s’ and26.7 +8.2s™ for 5h, whereas before and after, it welsse tothe detection limit
OVOCs were with~111 2 % of total OH reactivity the largest group of identified OH sinks in both the Mediterranean and
Arabian SeaOver the Mediterranean, the influence of ghilpg emissions was larger than otbe Arabian Sea, evident

from NO-attributed OH reactivity, which was on average 026or ~4 % of the total in the Mediterraneam contrast to

0.05s™ or ~1 % of the total in the Arabian Sedohansson et a2017)found that ship traffic ovethe Arabian Sea causes

3 % of the global NQemissions from maritime transport, which explains why even here the conditions were not completely
pristine.

3.2 Case studies
3.2.1Arabian Gulf

Figure 1l showsthe average OH reactivity composition for theabian Gulf However, the air measureder the Arabian

Gulf originated partly from Kuwait/Iraq, partly from Iran and partly from shath. The composition of total OH reactivity
between the different regisrof origin displayed distinct differences, and can therefore be divided according to origin of the
measured air masses, shown in Big.

Notably, the air from Iragandbr Kuwait showed obvious influence from oil extraction industries with large fractbns
alkanes, alkenes and aromatics (Big.Here, emission sources were closest to the point of observation, which was reflected
in highest total OH reactivitynfedian: 18.8°§ average * standard deviatidk8.7 + 7.9 8) and lowC; carbonylgpropane

and high toluene/benzeratio mediars of 0.3 and 0.8, respectivelyin contrast, OH reactivity in the adriginating from

Iran was lower ifiedian: 9.8'S, average + standard deviatidi©).8 +3.4 s%), with a slightly higheC; carbonyls/propanand

a lower toluene/benzematio (both 0.4). The OH reactivity here was similéo that found inair from the south (Saudi
Arabia) witha median 0B.8s"and a mean 0.7 + 3.3 §, however, theC; carbonyls/propaneatio of 2.0 points to more
oxidized air massesThe high OH reactivity in aioriginating from Kuwait and Iraq can be attributed to emissions from
petrochemical extraction and processing industries that would explain the large contributikarafs, alkenes and

aromatics Apart from two mtable exceptionghe distribution of OH reactivity did not differ significantly betn air from
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Iran and the soutHn air from Iran, the alkene fraction was larger than in air from the south, probably due to closer and
different emission sources (gastraction at the Iranian coast), which would also explain the I@yezarbonyls/propane

ratio. The NQ fraction was larger in air from south, most likely for reasons of ship traffic influence.

Figure4 (a) depicts a time series of measurements along the ship track from entering the Arabian Gulf to Kuwait and back.
The upper part of the graph shows indicatfrthe photochemical age of the air mass. [®uts0]/[C3Hg] ratio decreases

and the toluene/beane ratio increaseshen getting closer to Kuwait, meaning that the research vessel was approaching the
emission sources (refineries, oil platfornBth these indicators show opposite patterns, as expected. JHePUR[CsH 7]

ratio follows the [GHO]/[CsHg] ratio except for an increase towards Kuwait, which shows that the fresh emissions observed
here were richer in propane than in pentanes, and indicates a mix of fresh emissions with aged air masses. This observati
will be discussed in more detail Sect. 34.2. Changes in relative humidity indicatiee varying influence of dry desert air

and more humid air masses.

The following five case studies (orange numbered labels iMRigth corresponding air mass back trajectories) will go into
more detd regarding the origin of OH reactivity r e por t ed wi t h RNntHe Atabian Gulf:a | uncertai
1) At the entrance to the Arabian Gulf after passing the Strait of Hormuz, total OH reactivity was comparably low
(8.0+ 4.0s"). Sampled air hattaversed the open Indian Ocean, but passed over the Musandam Peninsula, where urban
areas probably contributed some OH reactivity. OVOCs dominated @B% of OH reactivity), with aninsignificant
unattributed fraction of 38 76 %.

2) At this locationin the northern part of the Arabian Gulf, ca. 300 from the coast of Saudi Arabia, total OH reactivity
amounted to 22.+7.2s*, mainly due to OVOCs (5% 29%), with large fractions of alkanes (30l %), alkenes (1& 8 %)

and aromatics (1@ 5 %). The back trajectories originate from eastern Iraq, with the urban areas of Amara and Basra. The
large fraction of OVOCs is an indicator fonemicallyaged air. The aromatics, alkenes and alkanes probadrly emitted

from offshore oil/gas extraction platfos (Fig. 4b) and mixed with the oxidized aizontaminantscoming from larger
distance Within the uncertainty of the measuremehgre is no unattributed OH reactiviy this locationwith values of

19.4+ 9.9s™ for the peciatedOH reactivityand22.1 + 72 s* for the measured total OH reactivitiy

3) Approximately 3&km from the coast of Kuwait, the back trajectories indicate thasahepledair massedravelled over

the Rumaila oil field in Basra (Iraq). Consequently, the total OH reactifidg @+ 8.1s* was mainly due to alkanes from

oil extraction (24t 2 %). In contrast to the previous case study, signifiaamttributed OH reactivityvas observed here

(40« 37 %), which might be due to components of oil such as higher than@or wanched hydrocarborthat werenot
measured on board ti@mmandor lona

4) Just afterdeparture fromthe port of Kuwait, the highest observed OH reactivit9.§3 9.6s") of the campaign was
measuredexcept for refueling)HYSPLIT back trajectorieshow that it likely originated from large pollution sources at the
coast: refineriesJaudiAramcorefinery and industrial area with storage tanks in Khafji, Saudi Arabia) and oil fields (Wafra

oil field in Kuwait; oil platforms at the sea). Notably, alksn(23t 14 %) were a much larger OH sink here than alkanes

(5= 0.5%), and theunattributed OH reactivity wagero within the uncertainty
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5) The largest OH reactivity measured during the whole campaign was383%s™ during refueling of the vessal front

of the port of Fujairah (United Arab Emirates). A back trajectory would not be relevant here, as these are direct diesel fuel
evaporation emissions, mainly composed of alkenest 8% of speciatedOH reactivity) and aromatics (24 10%),

mixed with NQ (39+4%) from t he bunker s MWMupték20bwmeastirededtal QHoreadtivitg t i o
from gasoline evaporation with the CRM method. In their study, alkenes contributédofitneasured OH reactivity, and

they found an unatthuted OH reactivity fraction of 4%. In our study, a larger percentage (¥$42%) of total OH
reactivity remains unexplained in the fuel evaporation measurement, whiobsislikely due to the fact that less of the

higher andoranched hydrocarbons wereeasured.

3.2.2Suez Canal

The Suez Canal transit on August 24, 2017, was among the episodes of highest total OH reactivities during the whole
campaign and will therefore be discussed in more detail here. In August 2017, 49 ships transited the Caypébpez d

Canal Authority, 2018) |t i s one of the worldbés most heavily wused s
fuel used or emission limitations. The Suez Canal iski®3ong and at the water surface 3th3wide (Suez Canal
Authority, 2017) Given its narrowness, other vessels and their exhausts, as well as urban areas or streets were relativel
close to thetKkommandor lonawhile it was traveling along the Canal. Consequently, variations in OH reactivity can mainly

be attributed to loal emissions. Therefore, back trajectories wseally not helpfulfor explaining OH reactivity ovethe

Suez Canal.

Four case studies (orange numbered labels inSFigill elucidate the origin of OH reactivitreported withN 1 & t o't
uncertainty)measuredaverthe Suez Canal:

1) This 4 h period of higher OH reactivity (15t%5.8s" to 19.1+ 6.6s™) occurred during a waiting period at the southern
entrance to the Suez Canal, in the port area of Suez City. Interestingly, OH reactivity was atbiojnatkanes here

(~101 15%). This can be explained by the wind coming from north where directly at the shore a petrol storage area is located
(Nasr Petroleum Company, Suez, Egyfdthe toluene/benzene ratio was between 1 anshdd¢ating fuel combustion
emissions as a source$wez Cityand/or from shipsrather than biomass burning which tends to be richer in benzene

2) The Great Bitter Lake is part of the Subwaititgdimesrthea nd
lake, the highest OH reactivity of the transit was observed (2068 s” to 266 + 8.2s%). Alkenes, aromatics and OVOCs
contributed almost equally to this valuel6 %, ~17%, and~17 %, respectively). Especially the large amount of aromatics

is notable. With7 = 1 % contribution, alkanes were less relevhatethan inthe Suez Cityport (case study 1). A visible

source ofneaby emssions at the northern lakesh¢wéth northerly windsywas a power plant running on natural gas and/or
heavy fuel oil (Abu Sultan Power Station, Ismailia, Egi@tobal Energy Observatory, 2019)s emissions may have been

mixed with those from the lakeshore settlements and from bypassing cargasthiggoluene/benzene ratio between 1 and

3, characteristic fofuel combustion emissions
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3) This point of observatiomvaslow in OH reactivity 6.5+ 3.2s%) as well as in relative humidity (29%8). Combined with
the back trajectory, this indicates thhe air masssampled heréad passed over the Sinai Desértthis location the C;
carbonyls/propaneatio was 20.7indicatinga photochemically aged air mass. For comparison, the ratioewss above 10
anywhere else in the area, and in case stud@xl12 even between 0 andSimilarly, the G carbonyls/pentanes rativas
elevated (2.6) and the toluene/benzene ratio was low (0.5).

4) The wind direction at case study point 4 was nodatihwest Total OH reactivity was in a i peak of 11.8 50 s" to
18.2+ 6.4s™. Ca.15% of it was caused by N@nd~ 9 % by alkenesThe toluene/benzene ratio was which indicates a

fuel combustion source. There is a highway located west of this northern part of the Canal {IBowiaid Road), but

given he wind direction, exhaust plumes of other vessels sailing in front of the research ship were probably relevant for the

OH reactivity as well as traffic on land.

3.3 How many and which chemical speciesontribute to total OH reactivity around the Arabian Peninsule?

Many studies of ambient totldlH r eact i vity show signifi cant(Yangretaat,20l6)but e

Care must be taken in interpreting this missing fraction as it depends on which individual compeuakisrainto account,
although forest studies have tended to show greater missing reactivity fractions thaffWitlams and Brune, 2015)
Using a total of 120chemical species (listed in Tabl&l), we calculated the speciated OH reactivity50 min time
resolution for the whole AQABAampaign For the datapoints with speciated OH reactivity aboveCRB detection limit
the unattributed fraction of total OH reactivity is plotted against the numlmemgboundgaken into account in Fig. Only
datapoints above the detection limit were chosen in order to exclude seemingiputeat OH reactivity whicls actually

due to the detection limit (unattributed fractions for all datapoints are shown along witlicthakeve the LOD in Table 1).

The graph shows thaivhenup to ca. 100 speciemre consideredthe unattributed OH reactivity fraction decreases. The

remaining compoundsollectively contribute only minoadditionalOH reactivity(less thar0.012 §"). Total OH reactivityis
best explainedy measured trace gasesthe Arabian Gulf(22 + 56 % unattributed) in the SueZanal and euthern Red
Sea 87 £ 34 % and35 + 55% unattributed respectively. The largest unattributed OH reactivity was found in @elf of
Aden (55 + 38%). Otherregions with significant unattributed fractions were the northern Red Sea3@%) and theGulf

of Suez(53 =+ I %). The unattributed reactivity fraction does not correlate with the indicators used for estimating the air

mass age.
Figure 7 shows the average OH reactivity ¥OCs by molecular maséNO, and other inorganic compounds are not
considered in this grapland colofcoded for groups of compounfty the Arabian Gulfand the Suez Canatighermass
aromatics play a larger role in tBeiez Canal whilthe sameéOVOCs are important in both regiordenerally, less VOCs in
the higher mass ranges were measundtch is likely due to larger molecules bgipartially lost in the ca. 1@ long, 50°C

inlet line. This means that some lessatibd components of total OH reactivity might have been missed in this getdipe
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same inlet was used for VOC and OH reactivity measurements, however, this does not impact the unattributed reactivity
fraction.

The 10chemical speciewhich contributed rost to OH reactivity in each regidraversedduring the AQABA campaign are
displayedin Fig. 8. Generally,in no regional averageas one single compourrdsponsible for an OH reactivity ofore

than 1.4 3. Thisreflects theprevious discussiohighlighting thenecessity of considering a largemberof species to get a
complete picture of total OH reactivitfhe concentrations @ome ofthe compounds among the 10 most relevant ones were
derived with the theoretical approach (seec®& 25) and therefore have larger uncertainties. However, their potential
importance underlines that a focus on fi#ecompoundscalibrated with atypical PTR MS gas standard would not be
sufficient for acomprehensivainderstanding of OH reactivity. Overall, the tidvution of the78 speciesderived by the
theoretical approacamounts to betwee2? % (Gulf of Suez and51 % (southern Red Seaf speciated OH reactivitisee
Table 1)

The highest percentage contribution to total OH reactivity by the 10 most important compounds was se&ulinothe
Oman(39+ 20%) and the Arabian Gulf (38 20%), amongst whiclwere thefour theoretically calibrateéxact masses of
acrolein,MBO/pentanal,C, carbonylsandCg dienes

The importance of theeawaysaround the Arabian Peninsula for maritime transport is reflected ilauthecontribution of

NO, and CO(associated with fuel combustigrnwhichareamong the threlighest contributors to Oleactivity in most of

the regionsand among the top 10 in all of the@xygenated species such as aldehytesketonesvere important OHsinks

in all theareas,n particularformaldehyde, acetaldehyde and, to a lesser extent,th@dCG carbonyls.Directly emitted
hydrocarbonsvere among the 10 most important OH reactivity contributors iondyeascloser to emission sourcesyg.n-
butane and proparia the Gulf of Suez or unsaturated hydrocarbossich asCs dienes Cs dienes(without isopreng and
ethee in the Suez Canal The importance of oxygenates in the air composition during AQA®Aects the fast
photooxidation of direct emissions during this summertime campaigo see Sect. 3.1.1)n winter, the directly emitted
hydrocarbonswvould havelonger lifetimes and therefore gain importance in the OH reactivity budget at the expense of
oxygenates.

In the Arabian Seawhich was the area witthe lowest totalOH reactivities(Fig.1, Table 1) the global background OH
reactivity from methanewvas amajor OH sink Dimethyl sulfide (DMS), a biogenic molecule emitted by algae which has
beenobservedn this part of the ocean befof@/arneke and Gouw, 200&hd will be discussed elsewhere for the AQABA
campaign (Edtbaueet al., 2019, in preparatigrgppearsamong thel0 most importan©OH sinksheredespite a reactivity of
only 0.02 §. Thisis evidence forelativey cleanair due to the influence of open ocean, aithough even here emissions
from shipping are evident from the CO and Nébntributions.In the Mediterranean, methane was the segoost
importantsinglecontributor to total OH reactivity after CO.

Generally, anthropogenic VOCs and their oxidation products dominated OH reactivity around the Arabian Peninsula. For
example, awlein wasamong thel0 most important contributoedmost everywhere during AQAB#Fig. 8). Acrolein is a

major product ofthe oxidation of 1,butadiene, which is among the most abundant alkenes emitted from anthropogenic
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sourceqGrosjean et al., 1994y he C, carbonyls putanal or methyl ethyl ketone (MEKaremajor contiibutors to total OH
reactivity overthe Arabian Basin, and both can be directly emitted from fossil fuel combStitnauer et al., 2002y be

the result of ambient oxidation prases. Carbonyl photolysis has been found recently to be a possible source of ozone
formation in an oil and gas production a(Ealwards et al., 2014)

3.4 OH reactivity and ozone
3.4.1 Ozone production regimes

Ozone and OH reactivity are connected vidargical cycleghat involves NQand VOCS(Sillman, 1999; Ren et al., 2013)
OH oxidizes VOCs to form peroxy radicaishich in turn, oxidize NO to N@ NO,thus formed isubsequently photated

to result inozoneproduction Ozone formation is, howevengeitherlinearly dependent on NCconcentrationnor VOC
reactivity, and a decrease in one parameter does not necessarily lead to a decrease in ozone(Rusealoand Cohen,
2012)

Defining ozone production regimes in terms of the OH reactivitidd€s and NQis a way of assessing the sensitivity of
ozone production to the prevailing conditiofisirchner et al., 2001; Sinha et al., 201Zhe method and underlying
chemistry has been extensively evaluated for different conditions and comparedrtmethods in Kirchner et al. (2001).
The amount of peroxy radicapgoduced by VOC oxidatiois linked tothe OH reactivity of VOCs The OH reactivity of
VOCs was calculated here as the difference of measured total OH reactivity (in 5 min time resahatiOt reactivity of
measured NQ Only data at daytime (06:0@8:00 local time) was considerdaecause the method is inhereriifyited to
daytimechemistry Figure9 shows ozone production regime plot examplélserei s © denotes the relat
towards NQ and VOCsBased on the analysis of Kirchnetral. (2001)which was developed for urban VOC mixtures,
between the lines labelled s = 0.2 and &3, ozone production is favoreg a suitable ratio of NOand OH reactivity of
VOCs whereas > 0.2indicates VOC limitation, and<s0.01 NQ limitation. The Arabian Sea with itsomparablycleanair
was a region wittpartially NO, limited ozone production (Figa). Here,20% of the datapoins do notfall within the
regime of ozone production, mostly due to ,Nitnitation. This is reflected imelatively low ozone mixing ratios. Th&ulf

of Suez(Fig. 9b) is characterized in pably a strong VOC limitation associated with high N©9 % of datapointsndicate

an ozone formation regime). This N@an be attributed to emissions from other vessels at close proximity while waiting at
the entrance of the Suez CanBlhe low ozone mixingatios associated with high N@n the fresh combustion emissions
(Fig. 9b/c) point to ozone titration, which will be discussed in greater detail in S8@. B the Suez Canal (Figc), the
datapoing are also grouped more towards VOC sensitivity whereas the opposite is true for the Arabian Gatf)(Fig.
Nevertheless, in both the Suez Canal and the Arabian Gulf, aimdsttatioins 97 % in the Arabian Gulf an81 % in the
Suez Canal) fall into #hregime of ozone formation, meaning that a suitable ratio of VOC andmé@cules for ozone

formation was present nearly all the time. The same is true for the other environments (not shown in graph) with favored
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ozone formation 9% of the time in the Mditerranean, 3% in the northern Red Se88 % in the suthern Red Sea,786

in the Gulf of Aden, and 8% in the Gulf of Oman.

The ozone production favoring conditions with both high,Nénd VOGattributedOH reactivities may be contributing
factors to the high ozone levels observed and modeled above the Arabiafhelialfeld et al., 2009; Fountoukis et al.,
2018) Ozone formation favorable conditions resulting in 0zone mixing ratios up to 145 ppb havepeted from other

sites influenced by oil and gas producti@dwards et al., 2014; Wei et al., 201¥)oradzadeh et a[2019)found that a
hydrocarbon processing plant at the shore of the Arabian Gulf impacted ozone levels eveknmdi§t@nce Generally,
emissions in lower latitudes (e.g. below 30as in the Arabian Gulf) lead to more efficient formation of tropospheric ozone
than in higher latitudes, because the meteorological conditions lead to faster reaction rates and strong convegtitn (Zhan
al., 2016).

3.4.2 OH reactivity/ozone correlations

The relationship between ozone and total OH reactivity during the AQABA campaign is depictedlih Bigta from most
regions display a negative correlation between ozone mixing ratio and totab&vity. This is exemplified for the
Mediterranean, the Suez Canal a@dlf of Suezin Fig. 10a (correlation for Suez Canal: slope-G=2; r2=0.61).
Additionally, there is a large group of datapoints located at lower OH reactivity (beloW 40d opne mixing ratios of 50

to 70ppb.

The reason for the negative correlation seen in parts of the data is displayedlLibFidjgher OH reactivities in this part of

the plot coincide with higher NQstemming from the exhaust plumes of vessels passisg bly. In these ship plumes, high
levels of VOCs are cemitted with NQ. This combination leads to elevated total OH reactivity. At the same time, ozone is
depleted by the N@missions in théreshship plumes (NO + ¥  N,@ O,, Sillman, 1999. This effect is seen when an
emission source eemitting NQ, and VOCs is very closéAkimoto, 2016) as ozone values recover rapidly downwind
through NQ photolysis and mixing.The ozone titration effect hasimilarly been observed in negative o0ze©®
correlatons(Parrish et al., 1998)

The bulk of datapoints between 50 andppb of ozone associated with lower OH reactihd no trend ison the other
hand, more representative of a campaign background/average, uninfluenced by immediate emission southdswaed w
NO, (Fig. 10b). Here, a possible longeerm effect of the c@mission of VOC and NOfrom marine transporand other
anthropogenic sourcesn be seems a secondary pollutant and being suppressed by NO, ozone can often be elevated at
distanceto the pollution sources (Sudo and Akimoto, 20Q&rge quantities of ozone can be produced during-tange
transport under sunlight influend®arrish et al., 1998; Akimoto, 2016; Moradzadeh et al., 20@®hsequently, in the
seaways around the Arahi@eninsula, ozone mixing ratios were mostly between 50 and 80 ppb, which is the range of
daytime values in polluted BeijingVilliams et al., 2016; Yang et al., 2017)

Overthe Arabian Gulf, the same negative relationship between OH reactivity and aziontha Suez CanaGulf of Suez

and Mediterranean existed in those datapoints where ozone was bebpl. 18 contrast, at ozone mixing ratios above ca.

17



10

15

20

25

30

80 ppb, notrendor a slightly positive correlation between ozone mixing ratio and OH reactivitppeascertained (Fig.
10a). Ozae mixing ratios above 7fpb overthe Arabian Gulf were associated with a high fraction of OVOCs (Fig),
indicating more photochemically processed air. Additionally, when OH reactivity was high at the same time adkazone,
OH reactivity was also elevated (Fi§0d). This points to a mixing in of fresh emissions (associated with -Ehedt

alkenes)into photochemically aged, oxidized aontaminants (high OVOCs and high ozone) other Arabian Gulf.

Polluted air masses from urban or industrial areas on land were probably oxidized during their transport to the coast/sea

where they were mixed with emissions from oil and gas extraction facilitsdsis been discuss@udeailed cae studies of
such occasions Sed. 3.2.

4 Summary and ©nclusions

In July and August 2017 uding the AQABA campaign, thdirst ship-baseddirectmeasurementsf total OH reactivitywere
conducted using the Comparative Reactivity Methilie btal OH reativity in ambient air around the Arabian Peninsula
was predominantlyrelated to anthropogenic influence. Particularly, reactive hydrocarbons from oil and gas
extraction/production and inorganic reactants such asaw® CO from fuel combustiolby shippingwere major OH sinks
during the whole campaigit.otal OH reactivity ovethe Arabian Basivaried, withperiods below the detton limit over

the Arabian Seaegional mediansf 7.9 8.5s* under perman# maritime traffic influence ovethe seawaysf the Red
Sea, Gulf of Aden anulf of Oman and episodef up t032.8 +9.6s* whenair masses weriafluenced by emissions
from oil/gas extraction facilities, urban centargdbr ships in close proximity. The largasigionalmedianOH loss rateof
188s™ was observedverthe Arabian Gulf when air originated from Irag/Kuwait, where large oil fields and refirsrthe
shore provided high emissionsOver the Suez CanainedianOH reactivities 0f10.8s* and up t026.6 + 8.2s* were
attributed to loal emissions from a petroleum storage facility, a power plant and traffic on sea andHardeanest
environment was the Arabian Sea, whererttainebiogenic compound dimethyl sulfide was among the 10 most important
known contributors to OH reactivity

In all the regionsaround the Arabian Peninsul@VOCs were the class of compounds that provided the largest identified OH
sink. They were formed efficiently becauséigiochemistry was highly active due ittensesolar irradiation and high
temperaturesn summer Photochemically aged air mixed with fresh nearby emissiwes the Arabian Gulf leading to
extremely high ozone mixing ratioklsing ozone production regime plots, we found that the ratio of V& NQ-
attributedOH reactivites was favorable for ozone formatiomearly all along thehip track. In the Arabian Gulf, large OH
reactivity from VOCs due to oil and gas sources together withfd@h marine traffic lead ta regime ofbzone production

97 % of the time.The only regions where ozompeoduction was limited for aignificant fractionof time were theGulf of
Suezwith VOC limitationwhen affected byNO,-rich plumes, and the Arabian Sea with a slight,Ni®itation due to clean

air from the open Indian Ocea@zoneversusOH reactivitycorrelation plots were found to bevaluabletool in identifying
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different chemical regimes with regards to ozone formation anddasse destruction in N@ich ship plumes was clearly
distinguishable from a mix of fresh petroleum extraction emissigtiisphotochemically aged air

Studies of ambient total OH reactivity often show a sig
this tends to be smaller in anthropogenic environm@fitiiams and Brune, 2015)n an attemptd closethe OH reactivity

budget the OH reactivity of compounds with unidentified structure from PTéH MS measurements was calculated using
averages of the reaction rate constantalbpossible structureattributed toeach chemical formula. The species were
importantOH sinks,accounting for221 51 % of the regionalspeciatedOH reactivity. With this approac¢hhe measuretbtal

OH reactivity can be explained within the uncertaintytf@ Suez Canal, the southern Red Sea, the Gulf of Oman and the
Arabian Gulf Significant unattributed fractions remain in t@alf of Suez the northern Red Sea and the Gulf of Aden.
Overall,~ 100 chemical speciaeeded to be identifieh explain the measured total OH riéaty within the uncertainty,

while the 10 most important compoundsontribued 20 9 % of the reactivity. Unattributed reactivity in plumes from
hydrocarbon processing facilities may be due to branched and/or higher hydrocarbons not captured with the technique
available on board thkommandor dna In orderto get a more comprehensip&ture ofthe chemical species relevant for

OH chemistry in the region, measurements with even greater chemical detail in the hydrocarbons would be necessary.

The range and composition of OH reactivity (ahd ozone mixing ratios) around thrabian Peninsula weralespite the

marine measurement locatisnbroadly comparable to observations frohighly populatedurban aregsexcept for an
unusually large contribution of OVO(G&ovacs et al., 2003; Mao et al., Bl Dolgorouky et al., 2012; Kim et al., 2016;
Williams et al., 2016; Praplan et al.,, 2017; Yang et al., 20Ih e fi-uir bad®d OH isrredatedtd intensive y
international ship traffian the seaways in the Arabian Basind tomajor emissiors from oil and gas industries on sea
platforms and at theoass. Oil and gasrelated VOCswere important sources of OH reactivjtand could be a relevant

factor for the extremely high ozone concentratiandthe photochemical air pollutiomsually seen irsummer in the region
(Lelieveld et al., 2009; Smoydzin et al., 2012; Farahat, 2016; Barkley et al., 2017)

Most predictions assume that oil and natural gas production will increase in the Middle East during the coming decades
(Balat, 2006; Khatib, 2014; d1z et al., 2015; Overland, 2015imilarly, ship emissionaround the Arabian Peninsthave

been projected tgrow on the short term due totensifying traffic (Eyring et al., 2007)although new emissioregulations

set by the International Maritimer@aniation (IMO, 2019) effective from 2020might lead toa long-termdecreaseGiven

thatthe conditionsfavor ozoneproductionand will increase to do so due to rising temperat(\éassimi, 2010; Lelieveld et

al., 2012; Lelieveld et al., 201,69mission regulations in the regiappeaito be the only way to preveatfurther increase in
photochemical air pollution in the future.

Data availability

The data used in this study will be available from August 2019 to all scientists agreeing to theAAfp@dtBcol at
https://doi.org/10.5281/zenodo.3354117.
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Table 1: Overview of measured and splObDat &dg ©OHf ir esa clykhese dapmibtyg f r exg
where speciated OH reactivity is equal to or above the LOD. Percentages of contribution to total OH reactivity by group were
calculated from all datapoints in 50 min time resolution. The chemical species attributed to each group aretdid in Table S1. For

an explanation of unattributed or speciated OH reactivity an
important species are the species with largest average OH reactivity over the respective region. The =tbC; or Cscarbonyls vs.

their precursors or toluene vs. benzenare indicators for air mass age. *Note that the detection limit was 5.4 (Medit. =
Mediterranean.)

Medit. Suez Gulf of Red Sea Red Sea  Gulf of Arabian Gulf of Arabian
Sea Canal Suez north south Aden Sea Oman Gulf
Aromatic hydrocarbons 1% 10% 3% 4% 8% 3% 2% 5% 7%
Alkanes 4% 5% 6 % 5% 4% 4% 5% 4% 9%
Alkenes 2% 10% 4% 6 % 9% 4% 3% 5% 9%
OVOCs 11% 14% 9% 14% 14% 12% 12% 21% 35%
NVOCs 1% 1% 0% 1% 1% 1% 1% 1% 1%
SVOCs 0% 0% 0% 0% 0% 0% 1% 1% 0%
Halogenated VOCs 0% 0% 0% 0% 0% 0% 0% 0% 0%
Inorganics 8% 6% 5% 6% 5% 4% 4% 5% 6%
NO,_ 4% 10% 12% 5% 5% 4% 1% 9% 5%

Unattributed OH reactivity
fraction (all datapoints) 68+52% 44+43% 59+44% 59+50% 54+54% 68+51% T72+x57% 49+55% 27+55%

o

N 1 G total

Unattributed OH reactivity
fraction O none 37+35% 53+34% 49+39% 35+55% 55+38% none 41+52% 22+56 %

N 1 G total

Fraction of species with
concentrations derived from 28% 28% 22% 38% 51% 46 % 42% 46 % 46 %
theoretical approach

Speciated (calculated)
OH reactivity [5-1]’ averages 23+1.2 7458 4.7+2.2 3717 40+2.1 2611 1.5+0.2 4.3+1.2 9.3+5.6
+ standard deviation

Speciated (calculated)
2.0 5
91

. 1 ) 4 43 3.3 3.
OH reactivity [s ], medians, 2. 771 3.01t 2.571

25t hi75th p

.. =il
Measured OHreactivity [s . 75,29 132+69 116442 01+33 87+42 82431 56+20 83+36 12962
averagest standard deviation

Measured OH reactivity [él], 6.8 10.8 10.4 8.5 7.9 8.0 4.9 8.4 11.2
medians,2 5t h1 75th 5.81717.41718.2117.0115.7115.9711 4.11¢5.971 89 15.
OH reactivity of 10 most
17 38 31 21 22 17 11 3.3 4.9

-1
important species [s]

Fraction of total OH
reactivity contributed by 10 24% 29% 27% 23% 25% 21% 20% 39% 38%
mostimportant species
Cs carbonyls / propane
[ppb ppb?], medians
Cs carbonylls / pentanes 30 1.7 1.1 1.3 1.9 2.4 3.8 1.2 2.8
[ppb ppb™], medians
Toluene / benzene
[ppb ppb?], medians

8.6 3.4 2.6 1.9 9.4 6.8 none 2.4 0.9

0.24 0.88 0.80 0.39 0.78 0.33 0.18 0.79 0.47
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Figure 1: Overview of total OH reactivity around the Arabian Peninsula during the AQABA campaign. OH reactivity during (a)
leg 1 (July 57TJuly(RdguLt013F)Aaqust( b3l ey0R7). The nldorbetteu m
visibility of differences, although there are a few datapoints above this value. Arrows depict general wind directions foreh
respective regions. (c) Total OH reactity medians by region, and pie charts showing the contribution of compound classes for
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dat apoints where speciated OH reactivity O LOD (exception:

datapoints, due to low number of points abovd.OD). (d) Average OH reactivity and speciation by region for all datapoints,
including those where speciated OH reactivity was below the LOD. Error bars show the total uncertainty of the measurement (e
Average mixing ratio of VOCs/trace gases in ppb byampound class and region (except for the class of inorganic compounds
other than NO,). The individual compounds included in each class are listed in Table S1. Port calls and bunkering are excluded
from all averages.
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Figure 2: Oil refineries, petroleum fields and cities in the Arabian Basin. City markers are scaled with the number of inhabitants
as denoted in the legend. Source: Harvard WorldMap Projecthitps://worldmap .harvard.edu/maps/6718/dJ7.
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Figure 3: OH reactivity composition and average + standard deviation in the Arabian Gulf, separated by origin of the measured
air masses: from Irag/Kuwait, from Iran from southern Arabian Gulf/Saudi Arabia. Background: Ethane emissions map using
data from the EDGAR database lttp://edgar.jrc.ec.europa.ey for 2012) as an indicator for the distribution of petroleum
extraction and other anthropogenic sources
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Figure 4: (a) C; carbonyls/propane ratio, Cs carbonyls/pentaneratio, toluene/benzene ratiorelative humidity, solar irradiation,

wind direction, speciated and measured OH reactivity in the Arabian Gulf. Error bars of total OHreactivity display the 14 t ot al
uncertainty of the measurement. (b) Ship track of the campaign in the Arabian Gulf with HYSPLIT air mass back trajectories ah
numbered labels of case study points. Ethane emissions from the EDGAR databak#y://edgar.jrc.ec.europa.ey for 2012) as an
indicator for petroleum extraction/processing and other anthropogenic sources are shown on a logarithmic colour scale. Enussi

out of scale (> 1000 t ) are shown with largercircles.
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