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Abstract

We present two years dfO4 observations from the CapVerde Atmospheric Observatory
located in the tropical Atlantic boundary lay&e find NQ mixing ratiospeak aound solar
noon(at 2630 pptV depending on seaspwhich is counteto box model simulations that show
a midday minimum due to OH conversiomf NO, to HNQO;. Production of NQ via
decomposition of organic nitrogen specesd thephotolysis of HNQ appear insufficient to
provide the observed nodime maximum A rapid photolysis ofnitrate aerosolto produce
HONO and NQ, however,s able to simulate the observed diurnal cycle. This would make it the
dominantsource of NQ at this remote marinboundary layer sit@verturning the previous
paradigm of transport of organic nitrogen species such as PAN being the dominant ¥éerce
show that observenhixing ratios(Nov-Dec 2015)of HONO at Cape Verde @5 pptV peak at
solar noon)are consistent wh this route for NQ production Reactions between the nitrate
radical and halogen hydroxidegich have been postulated in the literatappear tamprove
the box model simulationf NO. This rapid conversionof aerosol phase nitrate to N€hanges
our perspective of the N@ycling chemistryin thetropical marine bondary layersuggesting a

more chemically complex environment than previously thought.
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1 Introduction

The chemical environmeim the remote marine boundary layer (MBE)characterized byery
low concentration®f nitrogen oxides (NQ= NO + NO,) i.e. 10 to <100 ppt\(Carsey et al.,
1997; Lee et al., 2009; Monks et al., 1998yh concentrations afater vapouand the presence
of inorganic halogen compound®gsuling in net daytime ozon€03) destruction(Dickerson et
al., 1999; Read et al., 2008; Sherwen et al., 2016; Vogt et al.,.IH89)MBL loss of ozone

plays an important role in determining the global budget of ozone and the overall oxidizing

capacity of the region. Understanding tboncentrations of NOn these environmests thus
important for determininghe global ozone budget alongside wider atmospheric chemical

impacts.

NOx in the remoteMBL hasbeen attributed to a) long range transport and decomposition of

species suchsperoxy acetyl nitrate@AN), organic nitrates, or HNSYMoxim et al., 1996))
shipping emission¢Beirle et al.,2004)c) a direct ocean sourd®leu et al., 2008and d) its
direct atmospheric transport (Moxim et al., 199&Jowever, more recenthhé possibility of
6r enox i f irapid nitrate pldtolydisyon a variety of surfacebas garnered attention
Photolytic rate enhancements have been reported on aerosol(Ntate et al., 2009; Ye et al.,
2016b), urban grimgBaergen and Donaldson, 2013, 2QX@tural and artificial surfacé€¥e et
al., 2016a)and in laboratory prepared organic films and agaesmlutiongHandley et al., 2007;
Scharko et al., 2014; Zhou et al., 2003)

The oxidation of N@to HNO; by OH is thepredominansink for NQ, in the remoteMBL. NOy
can alsobe converted into aerosol phase nitrate via the hydrolyss,05 (R2) (Evans, 2005)
but this isa slow gas phasegrocess inthese low N environments. NOy can be returned
throughHNO; photolyss (R3) or reacibn with OH (R4) but in general these processesagain
slowin the gas phasandso HNG; can deposit to theurface bewashed out by rajror taken up
by aerosol (B).

NO, + OH+MY HNOM (R1)

N,Os + HzO(aer)Y 2 H M@ (RZ)
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HNOz + hvY OH + NGO (R3)
HNO3; + OHY NO3+ H,O (R4)
HNO;() + aerosol¥  H N&) (R5)

More recently the production and subsequent hydrolysis of halogen nitrates (IBNINO;,
CIONG,) have been suggested to be a potentially imposiaktfor NQ, in the marine boundary
layer(Keene et al., 2007, 2009; Lawler et al., 2009; Pszenny et al., 2004; Sarideray

In this paper we investigate the budget of (Nthe remote NBL using observationsf NOy
and HONOcollected at the Cape Verde Atmospheric Observatory during 2014 and\2@15.
use a €D modelof NOy, HO, halogen, and VOC chemistry ioterpret these observations and

investigate the rolthatdifferent NQ, sourceand sinkterms play.
2 Methodology

The Cape Verde Atmospheric Observatory (CVOWMO Global Atmospheric Watch (GAW)
station,is located in the tropical North Atlantid §.84, -24.868 on the island of & Vincente
and is exposed to air travelling fronetMorth East in the trade win@@arpenter et al., 2010n
general the air reaching the station has traveltedny daysover the ocearsince expasre to
anthropogenic emissionghus the station is considered representative hef temote marine
boundary layefRead et al., 2008) A large range of compounds are measured atC¥i®
(Carpenter et al., 2010put we focus heremn the NO and N@continuousmeasuremenjs

alongsideHONO measurements that were madelfddays inVinter 2015
2.1 NOand NG,

NO and NQ are measured by NO chemiluminesceiibeummond et al.,, 1985¢oupled to
photolytic NG conversion by selective photolysis at 38 nm as described l{izee et al.,
2009; Pollack et al., 2011; Reed et al., 2016a, 2016b; Ryerson et al.,. Z00fihgle

photomultiplier detector switches between 1 minute of chemiluminescent zero, 2 minutes of NO

and 2 minutes of NOmeasurement.
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Air is sampled from a common 40 mm glass manifold (QVF) which draws ambient air from a
height of 10m above ground level. The manifold is downward facing into the prevailing wind at
the inlet and fitted with a hood. Timeanifold is shielded from sunlight outside, and thermostated
within the lab to 38C to prevent condensatioAir is drawn down by centrifugal pump at750
L/min* resulting in a sample flow speed of 10 thasd a residence time to the Ni@strument

of 2.3 secondsHumidity and aerosol areeduced by two deaend traps at the lowest points of
the manifold inside and outside the lab which are drained off reguMdifold sample flow,
humidity and temperature are recorded and logged continuously.

Air is sampled a 9Go the manifold flow through % inch PFA tubiag1 standard L per minute,

being filtered t hr ougleforaenteiingtim NGhaly3e¢2 e m me s h

The humidity of the sample gas further reduced by a Nafion dryer (PBOT-12-MKR,

Permapure), fed by a constant sheath flow of zero air (PAG 003, Eco Physics AG) which is also

filtered through a Sofnofil (Molecular Products) and activated carbon (Sigma AldrichY triap.
reduces sample humidity variability which affected NOs#anty through chemiluminescent
guenching(Clough and Thrush, 196Avhere sample humidity can vary from 60 to 90%
(Carpenter et al., 2010Falibration for NO sensitivity and NQconverter efficiency occar
every B hoursby standard addition tambient airas described blee et al., (2009)in this way
correction for humidity affecting sensitivity, ands @ffecting NQ conversion efficiency are
unnecessarySensitivity drift between calibration is <2%, within the overall uncertainty of the
measurement.Zero air is also used to determitiee NO, artifact signal which can arise when
NOx free air is illuminated at UV wavelengtkue to photolysis of HN®etc., adsorbed on the
walls of the photolysis ce(Nakamura et al., 2003; Pollack et al., 2011; Ryerson et al., 2000)
NO artifact correction is made by assamit is equivalent to a stable nigtimne NO value in
remote regionglLee et al., 2009)away fom anyemissionsource, where NO should be z&no

the presence of OReed et al.(2016h showed thathermalinterferences in N@using this
techniqgue may cause a biascimld or temperateemote regions, but that in warm regions, such
as Capé/erde, the effect is negligibl®hotolytic interferencesuch as BrON@and HONQ and
inlet effects may also alter thetrievedNO or NG, (Reed et al., 2016a, 20160Q)hese effects

are considered to be sufficiently small that the concentrations dnd®O, can be determined
4
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within an accuracy 05% and 5.9%respectively(Reed et al., 2016a, 2016&) the (very low)
levels present at CV('he instrument having a zero count rate of ~ 170Gz 1, standard

deviation ofthat signak 50 Hz this gives a precision of 7.2 pptV for 1 second data with typical

sensitivity over the measurement period of 6.9 cps/pptV. The resultant limits of detection for NO

and NQ being 0.8 and 0.35 pptV when averagedem\an hour.
22 HONO

Between 2% November and "8 December 2015 a Long Path Absorption Photometer (LOPAP)
(Heland et al., 2001yvas employed at CVO to provide amsitu measurement of maus acid.
The LOPAP has its own thermostated inlet systeith reactive HONO strippingo minimise
losses saloesnot sample from the main lab manifold. The LOPAP inlet was installed on the

roof of a container lab ~ 2.1 above ground level, unobstructed from the prevailing wind.

Calibration and operation of the LOPAP was carried out in line with the standard procedures

described b¥leffmann and Wiesen(20098. Specifically at CVO, the sampling conditions were

set in order to maximise the sensitivity of the LOPAP, using sasganpling flow rate of 2

standard L per minute. A two point calibration was performed using a standard solution of nitrite

(NOy) at concentrations of 0.8 and 10 ug'.LTo account for instrument drift, baseline
measurements using an overflow of hlrity N, were performed at regular intervals (8 hours).
The detection |imit of the LOPAP (20G) was
measurement under,Mind was found to be 0.2 pptV. The relative error of the LOPAP was

conservatively sab 10% of the measured concentration.
2.3 Box Model

We use th®ynamically Simple Model of Atmospheric Chemical Complexity (DSMA®GX
model(Emmerson and Evans, 20a8)interpret the observed N@easurements. We focus on
the summer season (June, July, and August) as this has @t @atp coverag®l=153)and is
out of dust season which extends through winter and sfCagenter et al., 2010; Fombégal.,
2014, Ridley et al., 2014nd coincides with thewestNO, mixing ratios(Carpenter et al.,
2010) The model is run for day 199 at 16.864°BR24.868°W. We initialize the model with the

mean observed 40, CO, Q, VOCs(Carpenter et al., 2010; Read et al., 2012)1 0°@m*e m
5
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aerosol surface aré@arpenter et al., 2010)Ve also initialise the model with 1.5 ppof I, and
2.5 ppV of Brto provide ~1.5 pptV of 10 and ~2.5 pptV BrO durihg day, consistent with
the levels measured over 9 months at the CVO during @08fajan et al., 2010; Read et al.,
2008) We use the average diurnal cycle of the measured HONO concentrations, described
above.Solar radiation at thikocation in the tropicsshowslittle seasonal variatin, hence
photolysis rates are similar in summer and autufilmis measurement period was also free of
dust influenceWe assume clear sky conditions for photoly$ise neteorological parameters
pressure, temperature, relative humidity, and boundary layer lz@ggbket to median values
reported byCarpenter et al., (201L0Boundary layer height is fixed at 713m as no overall
seasonal or diel pattern is evident in boundary layer height at Cape (Camgpenter et al.,

2010) This is expected at a site representative ofrthene boundary layer, which has almost
no island effects (except for very rare instances of wind outside the northwestenyshith
are excluded). Thusye discount any influence from boundary layer height changes on the

diurnal cycles presented

The unconstrained model is run forwards in time until a stable diurnal cycle is attained; ~ 3 days.
A full description of the model chemistry is provided in the supplementary material. The base
case chemistry has only gas phase sources plus gas phaspeasitiah sinks for NQas

described in the supplementary material.
3 Resultsand discussion
3.1 Diurnal cycles in NO, and HONO

Figure 1 shows the measured mean diurnal cycles of N@, NQ,, and Q observed in each
season (Meteorological Sprinummey Autumn, and Winter) during 2014 and 2015. Every
season shows a strong diurnal cycle in [§€gkingafter solar noon at around ~13:00 to 14:00.
The diurnal cycle of N@is much less pronounced but also exhibits weak maxintlaciearly

afternoon. Overalthis leads to a maximum in N@uring the day. This behaviour is consistent

t hroughout the year and air-tomay®, baBosgh not
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The observeddiurnal cycle in NQis hard to explain with conventional chemistifie increase

in night time NQ suggests a continuous source but the maximum around noon suggests a

photolytic sourceGiven the predominaiOy sink is reaction with OH to form HNg) it would

be expected that there would be a minimum in,NQring the day rather than aasamum.
Similar observations have been repdrpreviously (Monks et al., 1998at the Cape Grim
Baseline Air Pollution station-40.683, 144.670) a comparably remote site in the southern
hemispherg and diring the Atlantic Stratocumulus Transition Experiment (ASTEX) cruise
(=2N, 24°'W) which reportedsimilar daytime NOy production (Carsey et al., 1997)The
observed behaviour inthe CVO NQ was historically attributed taatmosphericthermal

decomposition of N@speciesl(ee et al., 2000

Figure 2 showsthe average diurnal cycle at CVO of measured HONO concengsafidre data

exhibits a strong daytime maximum peaking at noon local time (Solar noon ~13:20) and reaching

nearzero at night, indicating a photolytic source. HOMOost throughdeposition, photolysis
and reaction with OHwhilst night time buildup often observe@Ren et al., 2010; VandenBoer
et al., 2014; Zhou et al., 2002)ere HONO appears to reach a steady state concentration of
~0.65 pptV throughout the nighthis pseudo steady state behavioumotturnal HONO has
previously been reported in the polluted marine boundary lay&/djtal et al., (2011)albeit
reporting much higher HONO mixing ratios.

Daytime production of HONO is similarly hard to recondilé&s formation by the homogeneous
OH + NO reaction(or other gagphase H@NO, chemistry, e.gLi et al., (2014). With NO
mixing ratios below 5 pptVy OH measuredpeaking at~ 0.25 pptV during the RHaMBLe
campaignCarpenter et al., 2010; Whalley et al., 20a03la maximum nontimejHONO of 1.2

x 10° ', a steady statelONO mixing ratio of ~ 0.04 pptV is found Kow + noy = 7.4 x10%
mol.cni® s%). An additionaldaytimesource of HONO must be present to explain the observed

concentrations.

Both the longterm NQ andthe shortterm HONOobservations made at CVO atannot be
explaired with purely gas phase chemistry. Both datasets show daytime mandioative of a
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photolytic source of NQand HONO, whereas gas phase chemistry would pradicima in

NOy during daytimeand two orders of magnitude less HONO
3.2  Box modelling of NOy sources

Using the box model (section 2.3)we explore the observed diurnal variation in Nénd
understand theole of different processeClassically the predominansourceof NOy in remote
regionsis consideredo bethe thermal decomposition obmpounds such geroxyacetyl nitrate
(PAN) which can be produced in regions of high ,N@d transported long distang&sscher et
al., 2014; Jacobiteal., 1999; Moxim et al., 1996We considera source of PANvhich descends
from the free troposphere and thiermally decomposes to N@ the warm MBL.The main
sink of NQ is conversion to HNg) which is slightly countdralanced by a slow conveosi of
HNO;3; back into NQ throughgas phasghotolysis or reaction with OHFigure 3 shows the
modelwith asource of PAN which results mixing ratiosof 51 8 pptV, consistent with the few
measurements made in the marine boundary layer, most notaligcbii et al.(1999 who
measured levels from <5 to 22 ppiN the tropical Atlantic and Lewis et al.,(2007) who

reported PANmixing ratios of~10 pptV in the remotmid-Atlantic MBL.

It is evidentfrom thebase case mode#sults showiin Fig. 3 that the modelails to calculate the
NOy and HONOdiurnal cycle. Modelled NQ concentratioa do increase during the night
consistent with the observatigimit themo d e | 6 s mi nyiocouwrsaurirfg the dajiaen
the observationshow amaximum.The modellecand measureBHONO is also shown in Fig3,
both peaking during middayvith observations reachin5 pptV whilst the model simulates
only ~ 0.2 pptV underestimating HONO at all timek is clear th&a long-range transport and
thermal decomposition of NGspecies such as PAdlone cannoexplainthe NQ, diurnal at
Cape VerdeA PAN-type continuous thermal decompositimnming NOx would be inconsistent
with the diurnal maximum in NOwhich is observedThe NQ, source necessary to support a
noon time maximunwould have to show a strong dagne maximum to counter the strong

diurnal in the sink.

This need for a diurnal cycle in the N8ource also suggests that the shipping source @filNO

unlikely to explain the diurnal cycle. The dominant source of shipiN@e region occuwfrom
8



w

© 00 ~N o o b~

10
11
12
13
14

15

16

17
18
19
20
21
22

23
24
25
26
27
28

the large container ships which pass the region on their way to South America or the Cape of

Good Hope. ltis unlikely that these emissions are systemélyidaigher during the day than

during the nightand thus are unlikely texplainthe observed diurnal signal.

There have been a number sitidieswhich have identified much faster photolysis of nitrate
within and onaerosal than for gas phase nitric acidlrhese include studies using reairld
natural and artificial surfaceéBaergen and Donaldson, 2013; Ye et al., 2016a, 2016b)
laboratory substrates such as organic films and aqueous acid sollitemdley et al., 2007;
Scharko et al., 2014; Zhou et al., 2008rosol nitratéNdour et al., 2009; Ye et al., 2016land

a model estimatgCohan et al., 2008)These studies have found that particulate nitrate
photolysis rates can be up to efllers of magnitude greater than gas phase HMOtolysis in
marine boundary layer conditiorf¥e et al., 2016b)There is also broad agreement between
different studies on the main photolysis product being nitrous acid (HONB)NO, as a
secondaryspecies. e product rati@ppearsiependent on aerosol pkith HONO production
only occurringat low pH (Scharko et al., 2014)his is shown in reaction @ as particulate

nitrate(p-NOs3) photolysing to HONO and NQn a ratiox:y.
p-NOs + hvY xHONO +yNO, (R6)

There is alscevidencethat the photolysis rate is positively correlated with relative humidity
(Baergen and Donaldson, 2013; Scharko et al., 2@&43uch particulatenitrate photolysis rates
appear to increase witimcreasing aerosol aciditgnd relative humidity. With the CVO site
experiencing relative humidity of 79 % orvemage (Carpenter et al., 2010and aerosol
containing a signifiant acidic fraction(Fomba et al., 201, particulatenitrate photolysicould

havea role to playn the NQ budget at Cape Verde.

In order to explore the implicatisrfor Cape Verde NQchemistry we reran the basemodel
removing the PAN source butcluding particulatenitrate (p-NOs) photolysis(R6) leading to
HONO and NQ production scaled to theyas phasg@hotolysis of HNQ. This parameterisation

nominally represents photolysis of nitrate within and on aerosol, however conceptually includes

any additional surface production of HONf@d NQ. We use an aerosol phase concentration of

nitrate of1 . 1 “¥(eguivalent to 400 pptV)which is the mean concentration found in PM10
9
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aerosol at Cape Verde, with little apparent seasonal variaftitmba et al., 2014; Savarino et
al., 2013) Thebranchingratio of HONO to NQ production from reactiob (x andy) wasset to
2:1in line with the findings ofYe et al.,(2016h. We scale thg-NOs; photolysisrateto gas
phase HN@photolysisby factors of 110,25, 50,100, and 1000The studyof Ye et al.,(2016b)
degribes enhancements of up to ~360l. The impact orthe summer monthis shownin Fig.

4.

Including the photolysisf aerosol nitratehange$oth the mean concentration aidrnal cycle

of NOx significantly. The diurnalNOy is now flat or peaksluringthe dayime, more consistent
with observationsWe find the best approximation is achieved when the rgtartitulatenitrate
photolysis is ~10 times that of HNQOwhich is broadly consistent with laboratory based
observations(Zhou et al.,2003) A wide variability of pNOs photolysis rates on different
surfaces are report€ie et al., 2016a)thus the photolysisf nitrate isuncertain ad likely to be
variablewith aerosol compositiarin all particulate nitrate photolysanly scenariosdepicted in
Fig. 4 andFig. 5, it is evident that fNO3; photolysis alonal o e s n dhe obgeivedecrease in
night time NQ observations. Conversellge PAN only scenario is insufficient to sustain daytime
NO.. It is therefordikely that theactualsource of NQis a combination of PAN entrainment

from thefreetroposphere and particulate nitrate photolysis.

Combining thefreetropospheric source &fAN, andthe photolysis oparticulate rrateat a rate
of 10 times the gas phase Hp@hotolysis(Fig. 5) results ina model simlation with roughly
twice as muciNOy both at night and during daylightit a roughly flat diurnal profile&Simulated
HONO peals at local noonsimilar to the observatiorthough underestimates the rddy peak

Nocturnal HONO mixing ratios agree with observations beingzevo at ~0.5 pptV.

Introduction of an additional source of N@ able to roughly produce a flat diaincycle,

though is not able to simulate a definite peak ofsN0Oring daytime With the addition of a
source and no change in sinks for N@is is unsurprising and leads relative over estimation
of NOy particularly at nightThis is therefore likelghat one or more NOsinks are absent from

the base simulation which must be explored further.

3.3 NOy sinks
10
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Aside from Iss to HNQ directly through reaction with OH (RINOy is also lost to nitrate by

reaction withhalogen oxidegXO) forming a halogen nitrates (R{Keene et al., 2009Read et

al., (2008)showed how halogen oxides mediate ozone formation and Id3apat \erdethus

also exerting amdirect effect on NQ

XO +NO,+MY X O N+M (R7)

Figure 6 shows theates of production and loss analysis Dy in this simulation with both

PAN thermal decompositioand particulatenitrate photolysis. The largest net sounfeNOx

after net sinks (such as halogen nitrate cycling) are removed is nitrate photolysis to HONO and
NO,. The major net sinlof NOy is the fomation of nitric acid by reaction of NQvith OH. 1

However,uptake of HNQ onto aerosgland subsequent rapid (compared to gas phasesHNO

photolysis acts to balance this.

The pronounced drop in modelled W& sunrise is due to production of halogematés R7)

when HOX rapidly photolyses to produce XO which can then reattt NO, to produce
XONO:s,. XO is formed quickly and spikes in concentration leading to the rapid loss 0fTK{3

feature is not observed in the Na@bservations during any season.

The diagnostics in Figure 6 show the role of the different sinks gf MQhat simulatiorthese
aredominated by the gas phase reaction betweena¥@® OH but with theapid formation and

subsequenhydrolysis of BONO, and IONQ (R8) playing a major roléSander et al., 1999)

The wuptake <coefficient (2) of
influence on thé&Oy diurnal.

XONO; + HyOpen Y H N@y+ X*+ OH

We perform a sensitivity analysis on the effect of the uptake coefficients on thardOXO

hal

ogen

(R8)

ni tr at

diurnak. We do this in gparticulatenitrate photolysis only simulation, without PAN, to isolate

the effect of XONQ hydrolysis on nitratdNOy cycling. Figure 7shows the effect athangingo

of XONO; (X = Br, I) within recommendedanges(Burkholder et al., 2015; Salzopez et al.,

2008) on Saharan dust and sea $alhe predominantoarse modaerosolby massat Cape

Verde(Carpenter et al., 2010; Fomba et al., 20idnging from 0.02 to 0.8

11
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| ncr easi X@QNO4 flom 0.2 (tleflow end of recommended values) to 0.1 results in

small changedo both the N@ and XO diurnals. The loss of NGt sunrise becomes more
pronounced whereas the XO diuamabsgopethee mpe s
observations oRead et al.(2008. |l ncreasing the 0 tmsultsimnea upper
spike in BrO at sunrisevhich consumes the majority of N@oughformation of BrONQ. No

combination of uptake coefficients caompletelyreproduce the characteristic XO diurndise

to poor constraints on heterogeneous halogen chendibattet al., 2012)n addition to gaps

in understanding of gas phase halogkemistry(Simpson et al., 2015)

The effect on the NQdiurnal of changingo i s clear i n that great
recommended bBurkholder et al.(2015)result in obgctively worse simulation of both the NO
and XO diurnalslt is therefore likely that information iacking from the XOi NO, chemistry

scheme as it is currently know
34  HOI/HOBr - NOy chemistry

Recently 10 recycling by reaction with Nghas beemproposed bysaizLopez et al., (2016)ho
calculated that the reactidiiR9) of HOI + NO3z producing 10 andHNO3; has a low enough
activation energy and fast enough red@stanto be atmospherically relevaintthe troposphere

HOI+NO;Y | O +; HNO k=2.7x 10" (300/TY* (R9)

This mechanisnprovides a route to nitric acid, amious particulatenitrate at night, whilst also

leading to nocturnal 10 production leading to loss of, @ IONG, formation.

Including thisnewreaction and reunning the mdel leads to a diurnal profile of IO muaiore
representative of the observatgnThishowever introduces a mopronounced loss of NCat
sunrise and sunsednd alsoresults in NQ peaking during the day whiclits better withthe
obsenationsas shown in Fig8. HONO is still underestimated during daytime though nocturnal

values agree well.

The inclusion of this HOI + N®reaction reproduces thgeneralNOx and Q diurnals more
closely than withoute. a daytime maximum in NOThee are als@&ffects on the halogen oxide

12
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behaviour.The simulated BrO has a flatter profilghich more closely matches the observations.
However modelledlO is now norzero at nightandthe sunrisebuild-up andsunsetdecay still

occus moreabruptlythan theobservations

Although theNOy and Q diurnals are reproduced more closely with this new chemisieye is
still disagreement with the observélDy diurnal at sunrise and sunset especiafigicating a
missing reaction or reaction§o best approximate the obsendidrnal behaviouan analogous
HOBr + NOs night time reactior{R10) was introducedvith a rate 10 times that 1Ol + NO3
as calculated bgaizLopez et al., (2016b)

HOBr+NO;Y Br O 4 HNO k=2.7x 10" (300/Ty°® (R10)

This results in a improvedreproduction of the observed N@iurnal, RHg. 9. This is a purely
speculative representation in order to reproduce the observedlibi@al and highlights how
some mechanistic knowledge of M@alogeraerosol systems is still missing

With HOX + NOs; chemistry indided in the model as in Fig, significant loss of NQat sunrise
and sunset is eliminateand agreement is improved over any previous simulatiGneater
HONO prodwetion is also simulated with up to ~ 3.0pptV predictedi in line with the
observations shown in Fig@. Halogen oxidemodelleddiurnal cyclesemain broadly consistent
with observations. Diagnosis of the net production and loss terms foréV@al that nitrate
photolysis to HONO or N contribute ~ 80% of all NQwith decomposition of PAN
contributing the remainder. Majmet sinks of N@ are shown to be reaction with halogen
hydroxides and OH to form HNONitric acid is then taken up on surfaces and recycled tp NO
through photolysis to Ngand HONO

The improvement can be better understood by diagnosing the modeljedistt®ution. In Fig.

10 the distribution of PAN, ION® BrONO,, N,Os, NO; and particulate nitrate {NOs) is
shown for the base case scenario (where entrained PAN is the sole sourceiroti¢OMBL),

for the particulatenitrate photolysis case includj HOI + NG chemistry, and the same but also
including HOBr + NQ chemistry.The major feature changing through the different simulations

is the magnitude and shape of the BrQNiiirnal. From the base run to the inclusion of HOI +
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NO; chemistry andparticulatenitrate photolysis a major increase in BrONQixing ratio is
expected at sun rise and sun set. It is this rapid production of Br@Kh consumes NO
resulting in the sharp dips at these times not seen in the observations. In the HOBr&I®I

and particulatenitrate photolysis case these features are eliminated and halogen nitrates do not
spike at sunrise or sunseélitrate is shown to be conserved by hydrolysis of halogen nitrates on
surfaces and uptake of nitric acid. This cycliegds to a NQ diurnal profile which is more

representative of the observations.

In models which included nitrate photolysis a strong diurnal cycle in particulate nitrate presents
which is depleted during the day and recycles at night being conserved duezalhily average
concentration remains constant however in line with integrating filter sample stiayniifa et

al., (2014)

Unsurprisingly, the inclusion of HOX + N&hemistryresults in lower mixing ratios of NCat
night. In all cases BDs (in black) iseffectively zero at all timeglue to very low NQ mixing
ratios in this pristine environmeand the relatively high ambient temperatures (2@)pwhere
the NOs lifetime is ~ 3 &. This precludes BDs channels to NQ (and ultimately nitrate),
consistent with the experimental findings $dvarino et al., (2013t Cape Verde who found
isotope ratios which were incompatible with high production rates of HM@n N.,Os
hydrolysis, and concluded that®s and nitryl compound (CINg BrNG,) levels in this region
are very low. This igonsistent withour own andother studies modelling tharistine marine
boundary layer at Cape Verde dmmariva and Von Glasow, (2012)his is incontrast with
more polluted regions where,®s has been shown to be a route to,N@d CINQ (Kim et al.,
2014)

The agreement in modelled and observed, Mproves and the modelled values fall within the
error of the observations. Additionally the approximate BrO diurnal is achiewethout the

character i starreplicatngl© absedvations is stk problematic.

The effect of dramatically changing N@iurnal could be expected to have an effect on OH and

HO, mixing ratios. The differenceebween the base model casdere PAN decomposition is

14
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the dominantlaytime sourceand the final model where the Ni® moreaccurately described by

particulate nitrate photolysis and HOX + Bl€hemistryis shown in Fig. 11.

In the case of OH the change from the base model to the final model is an increase of 3.3% at the
maximum, for HQ the increase is a more significant 8.6% (or 1.7 pptV), however this is well
within the uncertainty of measured val#ghalley et al., 2010)Figure 11 shows that even with
dramatic changes in the N@imulation, the OH and HOchanges very little companzely

despite increased daytime HONO production

From these simulations it would appear that the photolyssarfdéice adsorbenitrate may be the
dominant source of NQinto the marine boundary layer around Cape VeRl®tolysis of
aerosol nitrate, or nitrate in solutigrould be capable of proding a diurnal cycle in NQwhich
was consistent with the observationhen HOX + NQ chemistry is considered als@/hilst
agreement between model and observation is improved there is gagear understanding the

halogenNOy-aerosol system in the remote marine boundary layer.
4 Conclusions

Fast aerosol nitrate photolysis skown tobe likely the primary source of NOn the remote
tropical Atlanticboundary layer. A D model replicatethe observed halogenzdDH, NQ, and
HONO levels when includingparticulatenitrate photolysisat a rate of 20 times that ofgas
phasenitric acid consistent witlpreviouslaboratory measurementglodel optimisation shows

that this new source of daytin/dO, is compatible with observations and currently known
chemistry at night and at muhy, but that at sunrise and sunset there is disagreement due to the
treatment of halogen oxides at these timfescently suggestetalogen hydroxide + nitrate
radical chemistry may provide better agreement between model and obsenVati@oretical

reactions can be substantiated.
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Figure 1.The observed seasonal diurnal cycles in NO,,N@D, and Q at the CVO GAW
station during 2014 and 2015. NO is shown in red; Mblue, NQ in black, and @in green.
Shaded areas indicate the standard error of data.
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4  red line shows the HONO limit of detection.
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Figure 3.Left shows the measured (solid lines) and modelled (dashedahNDHONO diurnal
behaviour at the CVO GAW station where the dominant source gfi8l@ source of PAN
descending from the upper troposphere having been transported from polluted @lgambd.
areas are standard error of the observations, (NI© 153 HONO, N= 10)Os T green; NQ i
black; NQ 1 blue; NOT red; HONOI yellow; PANT pink. Centre is the difference between
measured and modelled N(black) and HONO (YellowRight shows the ratesf production

and loss of NO and NCirom sources listed in descending order of contribution over a 24 hour
period accounting for >95% of the total.
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Figure 4 Thedifference between measured anddelled of NQat CVO during summer months
when photoysis of nitrate is considered. The rate of particulate nitrate photolysis has been scaled
to the rate of HN@photolysis by factors of 1, 10, 25, 50, 100, and 1000
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Figure 5.The modelled diurnal profile of NGt CVO during summer months whphotolysis

of nitrate (set at 10x the gas phase HNwDotolysis) and a tropospheric PAN source are
considered. Shaded areas for NfDe the standard error of the observatiogl @reen; NQ T
black; NQ T blue; NOi red; HONOI yellow; PANT pink.
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Figure 6. Left is thetotal production and loss analysfer NO, of the combined model of

particulate nitrate photolysis and PAN decomposition over 24 hours. Right is the same analysis

discarding the major balanced sinks of fast cycling short lived species.
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Figure 7. Sensitivity analysis of the effect of changing reactive uptalefcd i ci ent s
halogen nitrates XONO, (X = Br, I), on NQ (top) and XO (bottom) diurnal behaviour during

summer months at CVOlhe difference between measured and modelled values is plotted.

Particulate nitrate photolysis is set at 10 times the rate of gaseous HNO
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Figure 8. Left is the modelled N@nd HONO diurnal cycle for the CVO site during summer
months with the inclsion of night time HOI chemistryCentre shows the difference between
measured and modelled values of N@®Ilack) and HONO (yellow)Right is the observed
(adapted fronRead et al., (2008nd modelled 10 and BrO. Observations are solid lines whilst
modelled values are shown dashed. Shaded areas are standard error of the obsejvation. O
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purple.
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Figure 9.NOy, O3, HONO at CVO during summer months compared to model values when HOI
and HOBr + NQ s included in the simulatiorifop left: NOy, O;, HONO, and PAN diurnal
cycles. Top middle: expanded view ahodelled and measured HON@op right: observed
(adapted fronRead et al., (2008)and modelled IO and Br@ottom left: difference between
modelled and measured Né@nd HONO.Bottom right: the net production and loss analysis for
NOx in this simulation. @1 green; NQi black; NG i blue; NOi red; HONO:i yellow; PANT

pink; IOT turquoise; BrO purple.Measured values are solid lines, modelled values are dashed.
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