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Abstract. The impact  of nitrogen oxides In contrast to the strong effects on the particle numbers, the
(NOyx =NO+ NO2) on new particle formation (NPF) and formation of particle mass was substantially less sensitive to
on photochemical ozone production from real plant volatile NOx concentrations. If at all, yields were reduced by about
organic compound (BVOC) emissions was studied in a labo-an order of magnitude only at very high N©oncentrations.
ratory setup. At high N@Q conditions ([BVOC]/[NQ] < 7,

[NOx] > 23 ppb) new particle formation was suppressed.

Instead, photochemical ozone formation was observed

resulting in higher hydroxyl radical (OH) and lower nitrogen )

monoxide (NO) concentrations. When [NO] was reduced! Introduction

back to levels below 1ppb by OH reactions, NPF was

observed. Adding high amounts of NQaused NPF to Secondary organic aerosols (SOA) are an important compo-
be slowed by orders of magnitude compared to analogou§ent of tropospheric aerosols, affecting the radiation balance
experiments at low N@ conditions (INQ] ~ 300 ppt), of Earth’s atmosphere either directly by scattering or absorb-
although OH concentrations were higher. Varying NO ing incoming sunlight or by acting as cloud condensation nu-
photolysis enabled showing that NO was responsible forclei. Due to the strong biogenic sources of volatile organic
suppression of NPF. This suggests that peroxy radicals are0mpounds, a large fraction of SOA has natural sources.
involved in NPF. The rates of NPF and photochemical ozone>lant emitted biogenic volatile organic compounds (BVOC)
production were related by power law dependence with@re oxidized in the atmosphere and the oxidation products
an exponent approaching2. This exponent indicated that condense on preexisting particulate matter, increasing their
the overall peroxy radical concentration must have beersize and modifying their properties. New particle formation
similar when NPF occurred. Thus, permutation reactions of NPF) has been frequently observed all over the world (Kul-
first-generation peroxy radicals cannot be the rate limitingMala et al., 2004a), in clean background air (e.g., Dal Maso
step in NPF from monoterpene oxidation. It was concludedet al., 2007) as well as in urban atmospheres (e.g., Betha
that permutation reactions of higher generation peroxy-€t al., 2013). Despite extensive studies, the mechanisms of

radical-like intermediates limit the rate of new particle NPF are not yet clarified. It is generally accepted that sulfu-
formation. ric acid (HoSQs) plays a key role in the formation of criti-

cal seed clusters (Kirkby et al., 2011). However, formation
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of particulate matter with diameters above a few nanometers BvVOC —l_l
requires additional precursors (Kulmala et al., 2013). )
Oxidized organic matter is postulated to be the comple- [>>C2 > $H (joz-moz > ROOH —
mentary precursor to #50, (Kulmala et al., 2004b; Metzger o, < JNO,<NO; NO | RO RO, alde_h..J T SoA
etal., 2010; Riipinen etal., 2011, 2012; R. Zhang et al., 2012;
Kulmala et al., 2013). However, many oxidation steps are re- RONO,
quired for the formation of highly oxidized organic products
with low enough vapor pressures that enable condensatior ~ _ _ HNO, NO,
onto critical clusters (Kiendler-Scharr et al., 2009; Ehn et al.,
2010, 2012). The complexity of these oxidation steps ham-Fig. 1. Schematics of the basic reactions leading to SOA forma-
pers elucidating the basic processes of NPF. tion, considered in this study. BVOC oxidation forms peroxy radi-
Peroxy radicals (R@with R representing the organic part Cals that, depending on the NO concentrations, have different fates.
+ HOy) are key intermediates in atmospheric chemistry be-At low NOx conditions., permutation reactions among R®clud- _
cause they are inevitable in reaction chains induced by thd"d HO2) are predominant (red arrows). Products of permutation

. . . reactions are termed PRP. At high N@onditions, peroxy radicals
hydroxyl radical, OH. Peroxy radicals react with each Otherreact predominantly with NO. Products of R NO reactions are

in multipl_e pairwis_e permutation reacf[ions. The_rates of thoseN02 and organic nitrates. Ngis photolyzed and subsequently O
permutation reactions are controlled in a complicated mannef +ormed. On photolysis in the ultravioletgQ@s precursor of OH.

and depend on the individual pair of peroxy radicals. As two main sink of OH, the oxidant driving this chemistry, is the GH
peroxy radicals are involved in such reactions, the reactiornO, reaction. This reaction is also the main sink of Nid the
rates depend on the concentrations of both peroxy radicalsystem.

involved in the respective reaction.

Another important channel of peroxy radical reactions is
the reaction with nitrogen monoxide, NO. R®eact with To gain more insights into the role of peroxy radicals in
NO to form alkoxy radicals and N This reaction is the ~NPF, we used P(§) as atool. We found that the photochemi-
basis of photochemical ozone formation. The \N@olecule cal system behaved more complicated than expectable from a
formed in the R@+ NO reaction is photolyzed by sunlight Simplistic approach: assuming that NPF would be controlled
and the oxygen atom produced in this photolytic process dify permutation reactions of first-generation peroxy radicals
rectly forms ozone in a reaction with an oxygen molecule. led to contradictions. Our experimental results were unintel-

As a consequence of photochemical ozone formation perligible without considering higher generation oxidation prod-
oxy radicals are consumed. Assuming thatoR@nsump-  Ucts. However, basic peroxy radical photochemistry proved
tion during photochemical ozone formation causes decreasto be suitable for gaining hints about the character of rate
ing peroxy radical concentrations, photochemical ozone prolimiting steps in NPF from monoterpene oxidation and to the
duction will suppress the rates of permutation reactions ofchemical characteristics of nanoparticle precursors. A list of
peroxy radicals among each other. In the presence of NOthe acronyms used for better readability is given in the Ap-
products of permutation reactions are formed at lower rateendix, Table Al.
than without NO in the system.

Effects of NG (NOx = NO+ NO3) on particle formation
were observed in several studies (e.g., Pandis et al., 199
Presto et al., 2005t_); Kroll et al., 2006; Zhang et al., 2_006;2_1 The Jilich Plant Atmosphere Chamber and
Ng et al., 2007b; Kim et al., 2012) and the observed influ-
ence was generally attributed to impacts of RONO reac-

tions. However, quantitative data on the role of peroxy radi- Experiments were carried out in the Jilich Plant Atmosphere
cals in particle formation are scarce because measuremengshamber (JPAC). The setup is already described in detail
of peroxy radicals are difficult. Considering the basics of (e.g., Mentel et al., 2009, 2013; Ehn et al., 2012). It con-
photochemical ozone formation, ozone production rates mayisted of two borosilicate glass chambers (volumes of 1150
be used as a tool to gain more insight into the role of per-and 1450 L) with Teflon floors mounted in separate climate
oxy radicals in particle formation: one peroxy radical is con- chambers. Both chambers were operated as continuously
sumed per N@formed in the NO+ RO; reaction and, fur-  stirred tank reactors (CSTR) with Teflon fans ensuring ho-
thermore, one @molecule is formed from the photolysis of mogeneous mixing with mixing times of about 2 min. The
one NG molecule. Hence the rate of photochemical 0zonesmaller chamber contained the plants. A fraction of the air
production, P(@), is a quantity that is linearly related to the exiting this plant chamber was fed into the larger chamber
consumption of peroxy radicals in reactions with NO. Con- that served as reaction chamber. Residence time of the air in
sequently P(@) can be used as a quantity giving hints to the the plant chamber was about 22 min; residence time of the
suppression of permutation reaction rates. air in the reaction chamber was about 63 min.

12_ Experimental

instrumentation
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Air was purified by an adsorption dryer (KEA 70; Zander refer to the photolytical generated OH radicals, although
Aufbereitungstechnik GmbH & Co. KG, Essen, Germany) there were always some OH radicals in the reaction system.
and by a palladium catalyst operating at 480 Ozone, NO, The TUV lamp was shielded by glass tubes imposed on the
NO,, and volatile organic compounds (30wvere removed  lamp with a gap between the glass tubes. The photolytical
by the purification system. Concentrations of £&hd wa-  OH production was adjusted by varying this gap. During the
ter vapor were further reduced by the adsorption dryer. Byexperiments described hedO'D) was constant at about
adding CQ from cylinders the C@ concentration in the 9x 10~4s~1. NO, photolysis by the TUV lamp was negli-
chamber was kept at 350 ppm. The dew point in the plantgible but HNG was photolyzed leading to a background of
chamber was restricted to a maximum ofC3to avoid con-  ~ 300 ppt NQ (see below).
densation in the transfer line to the reaction chamber, which Nitrogen monoxide (Linde, 994 5 ppm NO in nitrogen)
was at a temperature of #70.5°C. was added to the air introduced from the plant chamber into

Discharge lamps (HQI 400 W/D; Osram, Munich, Ger- the reaction chamber. The N@oncentrations in the reac-
many) were used to simulate the solar light spectrum intion chamber were varied between 0.3 and 103.5 ppb. Adding
the plant chamber. At full illumination and at typical mid- high amounts of NO caused a subsequent decrease of ozone
canopy height photosynthetic photon flux density (PPFD)concentrations in the chamber. Therefore, the ozone input
was 480 umolm?s~1. Infrared radiation (between 750 and was adjusted to obtain similar ozone concentrations when
1050 nm) was reflected by filters (type IR3; Prinz Optics starting experiments. Without ozone photolysis, its concen-
GmbH, Stromberg, Germany) placed between the lamps anttation in the reaction chamber varied between 49 and 68 ppb
the plant chamber in order to minimize radiative heating of when experiments started.
the plants. The UVA lamps were switched on long before the TUV

A fraction of the air leaving the plant chamber lamp was switched on. Without the TUV lighti.e., in the ab-
(~12Lmin"1) was fed into the reaction chamber. In addi- sence of high OH concentrations [NO], [NJaand [Os] were
tion, another air stream was introduced to the reaction chamnear the photostationary steady state (PSS). At higy NO
ber (~11 L min"1). This second air stream was used to add conditions, ozone concentrations increased after switching
O3 to the reaction chamber and to maintain constant humid-on the TUV lamp. As N@ photolysis by the TUV lamp was
ity in the chamber. @ was produced by ©photolysis at inefficient, the increases of §pin the chamber were due to
A =189 nm. By regulating the water vapor in the second airphotochemical ozone production and not due to variation of
stream, the PPFD-dependent transpiration of the plants wag(NO,). Based on differences of ozone concentrations be-
compensated and the humidity in the reaction chamber waswveen the chamber inlet and outlet, respectively, the rates of
kept at 63t 1 %. The ozone inlet was placed opposite to the photochemical ozone production (P were determined
air inlet from the plant chamber to prevent immediate nucle-(for more details see Supplement Sect. S2).
ation at uncontrolled conditions. Trace gases were measured using commercial equipment.

The reaction chamber was equipped with the same HQIOzone concentrations were determined by UV absorption
400 WID lamps as the plant chamber. The HQI lamps had dThermo Environmental instruments, model 49), NO was
spectrum similar to sunlight but with low intensity in the near measured by chemiluminescence (Eco Physics, CLD 770
UV (ultraviolet). To obtain sufficient N@ photolysis fre- AL ppt), and NG by chemiluminescence after photolysis
quencies {(NO,)) another 12 discharge lamps (Phillips, TL (Eco Physics, PLC 760). Two different systems were used.
60 W/10-R, 60WAmax = 365 nm, from here on termed UVA During a first period of the measurements a system with
lamps) were used. During the measurements described hera, detection limit of~ 200 ppt at integration times of 100
the reaction chamber was illuminated with 2 of the HQI 400 s was used. During the later phases we were able to pro-
W/D lamps and all 12 UVA Lamps resulting in an NPho-  vide a system with an improved detection limit-of10 ppt
tolysis frequency of/ (NOp) =4.3x 103571, These lamps  at 30s integration time. Mixing ratios of BVOCs in plant
were installed outside of the reaction chamber. Due to thechamber and reaction chamber were determined by mea-
thick glass walls, light with wavelengths shorter than 350 nmsurements at the outlets of the respective chambers. These
was absent in the chamber. measurements were conducted using gas chromatography—

OH radicals were generated by Photolysis and reaction mass spectrometry (GC-MS) and a proton transfer reac-
of the O'D-atoms with water vapor. As efficient ozone pho- tion mass spectrometer (PTR-MS, lonicon, Innsbruck, Aus-
tolysis in the Hartley band requires wavelengths shorter thartria). The PTR-MS was switched continuously between the
350 nm, a UVC lamp was installed inside the reaction cham-outlet of the plant chamber and the outlet of the reac-
ber (Philips, TUV 40 WAmax= 254 nm, from here ontermed tion chamber to cross check the GC-MS data at higher
as TUV lamp). Whenever the TUV lamp was switched on, time resolution. The GC-MS systems (Agilent GC-MSD-
OH radicals were generated at concentrations ~ch® 3. system HP5890 Series H HP5972A MSD, GC-MSD-
These concentrations are much higher than the OH concersystem HP6896+ 5973 MSD) had a similar configuration
trations expected as a byproduct of BVOC ozonolysis withand were equipped with thermo-desorption systems (online
the TUV lamp switched off. In the following we will always
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TDSG, Gerstel, Milheim, Germany). For more details on thecus calliprinosL.), and one pistachioR(stacia palaestina
systems see e.g., Heiden et al. (2003). L.). A diurnal light cycle was simulated in the plant chamber
The GC-MS system operated at plant chamber outlet wady switching on and off the HQI lamps (06:00-18:00LT (all
used to quantify the BVOCs introduced into reaction cham-times given in local time) full illumination, 18:00—19:00 sim-
ber. Note that the concentration of BVOCs introduced into ulation of twilight by switching off individual lamps, 19:00—
the reaction chamber was smaller than measured at the outl@6:00 darkness, and 05:00-06:00 simulation of twilight by
of the plant chamber because of the second air flow into reswitching on individual lamps). Not later than 3 h after twi-
action chamber. For all BVOC values given here this dilution light in the morning the VOC emissions from the plants were
was always considered. quite constant and another 3 h later conditions in the reaction
The GC-MS operated at the outlet of the reaction cham-chamber were near steady state. Then the TUV lamp was
ber was used to quantify OH concentrations by measurswitched on to induce OH production and particle formation.
ing the decrease of certain BVOCs. During the experi-One measurement was conducted per day witk Bdalition
ments with plants we used-pinene andg-pinene to de- every second day.
termine OH concentrations. With the onset of @hotol- In some experimentg-pinene was used as sole SOA pre-
ysis the concentrations of both BVOCs decreased substarcursor by using air from a permeation/diffusion source in-
tially but were still measurable. Using the rate constants ofstead of the air from the plant chamber. Details of this source
their reactions with OH(-pinene=5.37x 101 cm®s™1,  are described in Mentel et al. (2009). Furthermore, [OH] was
B-pinene=7.89x 10 11cm?s~1, Atkinson, 1997) the OH determined using the decay®fpinene alone. Otherwise the
concentrations were determined. The difference between thexperimental procedure was the same as during the experi-
results obtained for [OH] using either of them was used as thenents with plant emitted BVOC.
uncertainty in [OH] ¢ 20 %). For further details on OH mea-
surements see Supplement to Kiendler-Scharr et al. (2009).2.2 Performance of the setup with respect to N and
A condensation particle counter (CPC, 3022A, TSI) was nomenclature of BVOC/NO ratios

directly connected to the reaction chamber by a straight stain- ) ) ) ]
less steel tube (diameter: 6 mm, length: 0.5m). This cpclhe reaction chamber was equipped with a 4 cm thick Teflon

had a nominal activation diameter of 7 nm and was used td®/at€ at the bottom. In particular for HNGhis Teflon plate
count the total number of particles formed in the chamber. A2cted as buffer. When NQvas added to the reaction cham-
scanning mobility particle sizer (SMPS, TSI308LSI3786)  Per HNGs produced in reactions of NOwith OH diffused

also directly coupled to the reaction chamber measured thdt0 the plate. The next day, when N@as removed from
number—size distribution between 10 and 500 nm. The obin€ air at the chamber inlet, HN@GIiffused out of the plate.

tained size distributions were converted into volume distri-AS HNGs was photolyzed at 254 nm, NQvas produced in
butions to determine particle volume and mass yields. the reaction chamber. Together with some NO emitted from
The vield of particle formation was related to the total (€ Plants, the N©production by HNQ photolysis deter-
BVOC consumption, given by the difference between inlet Mined a lower limit of around 300 ppt NOn the chamber.
and outlet of the reaction chamber. Thus, the yield consider§!€nce we performed measurements at lowNOnditions

also the consumption of BVOCs by ozone reactions for par-PUt N0 measurements at zero NO _
ticle mass formation. Nucleation rate( were determined When OH was produced and BVOC concentrations de-

from the first derivative of particle number concentrations ascréased, N@concentrations also decreased due to reactions

a function of time. The particle counter was sensitive only toWith OH. In accordance with Pandis et al. (1991) and re-
particles that had already reached diameters of about 7 nmjated publications we will parameterize our experiments by

Assuming these small particles to be spherical and having &YOxlo. the initial NG, concentrations in the reaction cham-
density of~1.2gcnr3, the masses of such 7nm particles ber before OH production. In case of the experiments with-

are in the range of- 1000 monoterpene masses. In the con-©Ut NO addition, [NQ]o was set to 300ppt, i.e., the NO
text used herel; does not mean the formation rate of critical cONcentration measured shortly after the TUV lamp was
clusters but shows the appearance of small particles that afitched on and HN@was photolyzed. For comparison with

ready comprise of many molecules that have participated irfltérature data we Jse the parameter [BVQANOy]o in
early particle formation. units of [ppb C ppb-], abbreviated as BNR.

Direct plant emissions were used as SOA precursor be-
cause these are realistic BVOC mixtures making the result \1othods: peroxy radicals and their reaction system
of such experiments independent of specific effects of in-
dividual BVOCs. Plants were delivered from Israel (details Details of the photochemical system, the chemical reactions
see Lang-Yona et al., 2010) and stored in a growth room beand the derivation of the equations are given in the Supple-
fore the measurements. The plant chamber contained five 3—hent (Sect. S1). For better comparability, numbering of reac-

year old tree seedlings: two Aleppo pinésr(us halepensis  tions and rate constants is adapted to that in the Supplement.
L.), one holm oakQuercus ileX..), one Palestine oaluer-
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Peroxy radicals (R&+ HO,) are key species in the pho-
tochemical system of interest. Figure 1 illustrates the known
reactions of peroxy radicals as well as their trend with chang- .
ing NOy concentrations in the reaction system. Added is a &
pathway from permutation reactions to particle formation. 2
Such pathway was suggested before for the growth of partic—%‘<
ulate matter (e.g., Kroll et al., 2006). Note that the notation
RO, represents all individual R and [RQ)] serves as ab-
breviation for the suni,-([ROzi]). The same holds for the
notations RON@, RO, ROOH, etc.

Reaction (R2) (Reaction R2Reaction R2a Reaction

R2b with rate constant, andkz) is the major loss path-  Fig 2. BVOC mixing ratios at the inlet of the reaction chamber.

inlet reaction chamber [ppb]

way for RG; at high NG conditions: Dilution by the second air stream is already considered, the sum of
" mixing ratios represents [BVOg] The plants in the plant chamber
NO+ RO, i RO+ NO;, (R2a) (two Aleppo pines, one holm oak, one Palestine oak, and one pis-
tachio) constitutively emitted isoprene (red bar) and monoterpenes
(blue bars).
NO+ RO, ~2% RONO,, (R2b)

see Supplement, Eq. (1) is identical to Eq. (ES11) in the Sup-
and leads to the formation of RO and N Reaction (R2a) plement):
and to the formation of organic nitrates (ROMNONn Reac-
tion (R2b). Upon NG photolysis ozone is formed. 9 (%) [RO,]
The sum of the rate constarits, andky;, (k2), is the av- —————> =const

>
erage rate constant for the reaction of NO with R®he 9[NC] [NO]

branching ratios for ozone formation and organic nitrate for-|n Eq. (1), const is a constant. Varying [NO] leads to com-
mation in Reaction (R2) are termed Y{Oand Y(RONQ),  plex relationships between P{Dand P(PRP), and eventu-

@)

respectively. ally to particle formation. If [RQ] is constant, P(PRP) and
Reaction (R3) (R3=R3a+ R3b) is the main loss for RO p(03) are related by an inverse power law dependence with
radicals at low NQ conditions: an exponent close te2 (for details see Supplement, Sect. 1).
Kaa During our experiments we found power law dependence in
RO, + HO, — ROOH (R3a) this range.
y 4 Results
RO, + R0, =2 RO, ROH, ROOR, ... (R3b)

4.1 BVOC emissions
Reaction (R3a) forms hydroperoxides. Reaction (R3b) forms

different products including alkoxy radicals, alcohols, car- The main emissions from the Mediterranean plants were
bonyl compounds, etc. (e.g., master chemical mechanisnthose of monoterpenes (MT). Isoprene emissions were sub-
MCM for «-pinene), and probably also alkyl peroxides stantially lower and emissions of other biogenic VOCs were
ROOR (e.g., Hallquist et al., 2009). The formation of ROOH negligible. Figure 2 shows the emission pattern expressed as
can be considered as a special case of RO@#ation with  mixing ratios of BVOC introduced into the reaction chamber.
R =H. In reaction R3 different peroxy radicals (R@nd During the 26 experiments conducted within about a month,
HO») react with each other with permutation of all pairs be- day to day fluctuations in the plants’ emissions were un-
ing possible a priori. Reaction (R3) is therefore termed “per-avoidable. The BVOC concentrations introduced into the re-
mutation reaction”. An average rate constantan be speci- action chamber varied between77 ppb C and-~ 130 ppb C
fied for a given reaction system of R@nd HG. Products of ~ (~ 44 to ~ 73 ug n73). Although contributions of isoprene
Reaction (R3) will be termed as permutation reaction prod-were always less than 10 % they were always considered in
ucts, PRP, and their production rates as P(PRP). If PRP areumming up BVOC concentrations. The sum of mixing ra-
involved in NPF, NO will switch a photochemical system tios of the individual BVOC fed into the reaction chamber
containing BVOC into either @formation or new particle ([BVOC]p) is listed in the second column of Table 1.
formation. Due to the BVOGH O3 reaction, the actual BVOC concen-
The photochemical system switches between P(PRP) antiations in the reaction chamber were lower than [BVQC]
P(Gs). Considering that the chemical systems were quiteln absence of photolytic OH production, BVOC concen-
similar this switch was approximated by Eq. (1) (for details trations decreased by a few percent for, e.g., camphene or
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Table 1.Results from experiments with respect to particle formation from OH initiated oxidation of BVOC emitted from Mediterranean tree
species.

BNR [BVOC]y [NOylo[ppb] [OH)/107 J7 PMmax J7/PMmax P(03)
[ppb CllppbI™  [ppbC] 32 [em™3s7  [ugm=3 [emSslugim®  [ppbhl
1.1 119 103.5 0.28 0.13 0.08 1.5 62.9
1.8 122 69 0.47 0.23 0.28 0.82 66.8
3.2 124.5 39.4 0.54 0.17 3.80 0.46 31.9
4.3 98.5 23.1 b 34 b b 24.1
8.9 109.5 12.3 1.68 9.2 3.97 2.32 4.3
10.2 104.3 10.2 1.89 14.3 4.18 3.41 0.1
12.8 105 8.2 b 23.6 4.50 53  -0.25
14.4 106.3 7.4 1.91 22.8 3.63 629 —1.39
18.0 88.3 4.9 1.83 22.1 2.00 110 -1.34
24.4 79.8 3.3 1.71 38.3 2.06 164 —5.77
25.4 124.5 4.9 1.47 63.9 5.00 12.77 1.56
28.6 117 4.1 1.71 57.4 4.00 144 —0.52
29.8 97.5 3.3 1.68 56.9 4.05 141 —-3.13
61.1 100 1.64 1.40 45.7 471 971 —0.65
62.0 101.5 1.63 b 85.1 3.69 231  —2.58
79.2 129.5 1.6 0.99 104.3 7.00 14.9 2.00
255.8 76.8 0.3 b 64.1 1.57 40.9 1.81
277.5 83.3 0.3 1.58 43.0 1.53 28.1 1.11
300.0 90 0.3 1.59 61.4 3.52 17.4 2.17
326.7 98 0.3 1.06 43.4 3.10 140 —3.99
329.2 98.8 0.3 b 100.3 3.23 31.1 1.72
345.8 103.8 0.3 1.16 91.7 3.97 231 -1.05
363.8 109 0.3 b 84.2 3.67 229  —4.38
4125 124 0.3 b 39.7 4.56 87  -043
414.2 124.3 0.3 1.11 62.3 5.70 109 -1.20
415.0 1245 0.3 b 69.1 4.00 17.3 2.72

aData for the first hour after switching on the TUV lamp, numbers in columns have to be multiplied iy abtain OH concentrations in units of cubic
centimeters?No data due to failure of respective equipment.

B-pinene and up to more than 90% for, e.g., myrcene. When,— ' : : : :
OH was generated, BVOC concentrations decreased further & 30x10°- — [NO,J,= 0.3 ppb
For example, during low N experiments, thex-pinene — [NO,J, = 10.6 ppb
concentrations in the reaction chamber were at maximum 25 — [NOJ, = 39.4 ppb I
200 ppt indicating that more than 95 % of thepinene was
oxidized. At high NQ conditions ([NQ] > 30 ppb)«-pinene
concentrations at the chamber outlet were in the range of
several hundreds of parts per trillion for the first hours. In
the course of such experiments thaginene- andgB-pinene
concentrations decreased+@®0 ppt because OH concentra- 0l : : : .
tions increased with time. Nevertheless, in nearly all mea- 2 0 2 4 6 8
surementsg-pinene and8-pinene concentrations remained Time relative to starting photolytic OH production [n]

high en_OUQh to allow reasonable determinations of OH con+ig. 3 Temporal shape of particle number concentrations for differ-

centrations. ent [NO]o. The sharp decrease of particle number concentration
Because the isoprene contribution was less than 10 %bserved 6-8 h after inducing particle formation by OH production

and fairly constant from experiment to experiment, the sup-was caused by switching off the OH production and subsequent par-

pressing impact of isoprene on new particle formation (sedicle formation.

Kiendler-Scharr et al., 2009) was low. In the following anal-

yses the impact of isoprene was neglected for the interpreta- . . . )
tion of NOy impacts on NPF. striking observations were made. The first was a decrease

of maximum particle number concentration with increasing
NOx indicating a decrease df. The second was a delay be-
tween the start of photolytic OH production and the onset of
NPF. During long lag times [N¢)}, [O3] and [OH] systemat-
Figure 3 shows the temporal development of particle num-cally changed with time. While [N¢} decreased, [¢] and

ber density for three experiments with different [N@ Two  [OH] increased (see Fig. 4).

Cl

204

Particle number concentration

4.2 NOy dependence of ozone- and new-patrticle
formation
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Fig. 4. Temporal behavior of [N¢] (brown circles, left scale,
+8%), [O3] (blue squares, left scalet:2 ppb), particle number
concentration (green line, right scale, multiplied by* ¥6r clar-

ity), and [OH] (black bars, right scale;20 %) in an experiment

with [NOx]g ~ 40 ppb, [BVOCH ~124.5ppb C. OH concentra-

switched on.

For 1.1<BNR<10, rates of NPF and P{Owere in-
versely related. With increasing BNRJ; increased by

two orders of magnitude whereas RBfCdecreased from 4.3
~ 60 ppb hr! to nonmeasurable values (Fig. 5). In low NO

regimes with 10 <BNR <30 P($) was negligible whileJ7

both, J7 and P(Q) were insensitive to BNR.
Assuming power law dependencies féf =f(BNR) in
the range 1.1<BNR<30 and for P{O= f(BNR) in the
range 1.1 <BNR <10 we derived an exponent of #£@1,
R?=0.97, forJ7 and of—1.284 0.3, R2 = 0.87, for P(Q),
respectively (further details in Supplement Sect. S3).

OH concentrations as a function of [Nfg measured dur-

but no significant decrease with increasing [N§up to
about 20ppb (BNR=4.3). Only at [NQ]o>30ppb [OH]

[NOx]o<30ppb. In the experiments with [N > 30 ppb

we observed also significant P{{Cas well as long lag times

between the OH production and NPF.

increased with time due to increases of;JOSubsequent

increases of [OH] caused decreases of {NQcompare
with Fig. 4). At the onset of NPF in high [NJy ex-

hour of the experiment and [N was much lower than

for [NOy]o = 103.5 ppb, where [N} dropped to 25 ppb and

OH increased from 2.6 10° to 25x 10° cm™3.
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Fig. 5. Rates of new particle formation/{, red circles, left scale)

and rates of photochemical ozone formation (B(@lue squares,
right scale) in dependence of BNR. The cluster at high BNR stems
from measurements without NGaddition. The dashed lines show
the region 30 >BNR > 10 wheré; decreased by an order of mag-
tions were measured indirectly by GC-MS with a time resolution nitude but P(@) stayed low. Note the logarithmic scale féf and

of ~70min. The red bar shows the time when the TUV lamp was the linear scale for P(§). Errors in P(Q) were estimated to be
+2.5ppb L. Errors inJ7 due to wall losses and background par-
ticle numbers were estimated as described in Sect. S7 of the Sup-
plement.

Impact of NOy on the SOA mass yield

To probe the impact of NQon NPF, BVOC emissions from
increased further by one order of magnitude. For BNR > 30the plants were not varied. Data with respect to the impact of
NOy on mass yields were only obtainable exploiting the natu-
ral variations of BVOC emissions from the plants ([BVQC]
varied between- 44 and~ 73ugnt3). As a consequence,
yields were based on the limited variations of [BVQC]

Incremental mass yields were determined as described in
Mentel et al. (2009). The maximum particle mass measured

New particle formation is strongly dependent on OH con- during the respective experiments was determined from the
centration (Kiendler-Scharr et al., 2009). Figure 6 shows themaximum volume assuming a density of 1.2 gdimSlopes
of maximum particle mass concentrations as a function of
ing the first hour after switching on the TUV lamp. The consumed BVOC mass were taken as incremental mass
data for [OH] showed some scatter due to varying [BVEC] vyields. A yield of 11.742%, R?> = 0.81, was determined
for the data obtained without NCaddition. An incremen-
tal mass yield of 12.6- 3%, R2 =0.65, was determined for
dropped significantly below the range of values measured fothe experiments with NQaddition when omitting the data
obtained in the experiments with the two highest J{©
for the regression analysis. Within the error limits, the same
mass yields were determined with and without,Ngddition.

In high [NO]o experiments, the OH production rates For the experiments with the two highest [N@(103.5 and
69 ppb, BNR=1.1 and 1.8, respectively) significant deple-
tion of SOA mass formation was found (yieldsl %).

To analyze SOA mass formation as a function of BNR, the
periments, [OH] was much higher than during the firstimpacts of variable [BVOG] had to be separated from im-
pacts of [NQ]o. This was achieved by normalizing [BVO&]
[NOy]o. This is demonstrated by the red square in Fig. 6to 65 ugnT3. Normalization was conducted using the results
from the linear regression analysis of data obtained with-
out NG addition, which resulted in a mass yield of 0.117
(11.7 % see above). Considering that more than 95 % of the
BVOC:s introduced into the reaction chamber were oxidized

Atmos. Chem. Phys., 14, 27854 2014
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Fig. 7. PMmax normalized to [BVOC) =65 ug n3 in depen-
dence of BNR assuming incremental mass vyield of 0.117. Solid
circles show data from experiments with N@ddition; open cir-
cles are from experiments without NCaddition. The error in

Fig. 6. OH concentrations measured during the first hour af-
ter switching on the TUV lamp in dependence of [{@ (note
logarithmic scale ofx axis). The error in OH concentrations
is estimated to bet20%. Brown circles represent OH mea-

. PM ,norm is mainly due to the extra- and interpolations to
sured at [BVOC) <55ugnt3, blue circles those measured at MAX 3 _ )
55 <[BVOC]p<65ug n3 and black circles those measured at [BVOClo =65pugnT and estimated ta:12%. The black lines

[BVOC]g>65pug n 3. The red square shows the OH concentra- show the a_lveragetlo sta_mdard deviation (upper/lov_ver line) of
tion measured for the highest N@ddition ([NG]g = 103.5 ppb), tl;? data without NQF‘,”‘dd't"O:n' For c?n;panson_P(@ is shown
5 h after ignition of the TUV lamp. After that time new particle for- (blue squares) as in Fig. 5. For one of the experiments (BMES,

mation was observed, gPhad increased to 85 ppb and [NJthad LNOXJC%: 23. pE.b) I;wAlxdwas n?t avzahilab!e.FTheEr)efore the num-
decreased to 26 ppb. er of data in Fig. 7 include one less than in Fig. 5.

PMwmax ,norm was calculated as pinene were introduced into the reaction chamber. Particle
formation was measured far-pinene without NQ@ addition
PMwax,norm= PMuax , meas+0.117-(65-[BVOCJo). (2)  and for [NQ ]o set to 3.3 or 7.0 ppb. Measurements were per-

. . . _ —1 .
In Eq. (2), PMnaxmeas is the maximum particle mass mea- f0rmed either without UVA light “NOZ)B_?lS ) or with
sured during individual experiments and RMnorm is the ~ YVA light providing J(NO2) = 4.3x 107>s™~. In the first

particle mass that would have been obtained if [BveC] a@se all NQ was converted to Nowhile in the latter a sig-
would have been 65pugm during each of these experi- nificant fraction of NO was present in the reaction system.

ments. PMyax_norm is shown in Fig. 7 as a function of  Without NGO addition ([NG]o<300ppt) we observed
BNR. The normalized data show still some scatter. How-that the UVAlight suppressed NPF as well as SOA mass for-
ever, as long as BNR > 10, RMxnorm was independent of mation. J7 decreased from 373 to 139 crhs! and PMunax
NOy within the error margins of the datd; was affected  dropped from 6 to 2pg m. To remove the effect of the

at BNR < 30 (see Fig. 5 and compare rafid PMmax in Ta- suppressions induced by UVA light, we normalized the data
ble 1). for the two different light conditions separately. As refer-
For a better overview, data obtained during the experi-€NC€ points we choosé; and PMnax as measur_eld with-
ments using BVOC emissions from plants as SOA precur-0Ut NG addition with UVA light Oﬁg(JleOZ)_ZOS ) and
UVA light on (J(NO2) =4.3x 107°s™ ). Since the data

sors are listed in Table 1. As shown in Table 1, the ra- k , -
tio J7/PMnax increased by about two orders of magnitude were normalized separately for the two light conditions the

when BNR increased from 3 to 30 ppb C ppbAt BNR > 30 impact of UVA light on NPF and SOA mass cancelled
J71 PMmay leveled out. out. Figure 8 shows that the suppressionJefwith NOy

addition was stronger al(NO») =4.3x 103571 than at

4.4 Experiments with«-pinene J(NO,) =0s1. This suggests that NO is the N@ompo-
nent most responsible for suppression of new particle forma-

UVA light and the ratio [NO]/[NQ] controlled byJ(NO3) tion. The OH concentrations were not systematically affected

can influence NPF and SOA yields. Experiments were con-by the addition of NQ.

ducted to test whether the observed impacts of; N@se After eliminating NPF suppression by UVA light, the

from NO or from NQ or from the UVA light (. >350nm)  residual relative suppression of Rk with increasing

in general. The experiments were conducted withinene  [NOx] was small (max. 50 %) and showed no systematic vari-

from a diffusion source in order to be independent of the day-ation with [NO]o. The suppression of Plykx was within the

to-day fluctuations of [BVOG] observed for the real plant uncertainty of the data and small compared to the suppres-

emissions. Details of the diffusion source are given in Mentelsion of J7. The lack of significant suppression of mass for-

et al. (2009) and in Heiden et al. (2003). About 11 ppleof  mation was consistent with the results obtained with the plant
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: . . . . ' ' . served that the particles formed in their experiments com-

4 8 o L prised mostly oxidation products of organic nitrates. The ob-
g 7 o servation of Lim and Ziemann is in line with observations on
o the sesquiterpene—NQystem by Ng et al. (2007b). Mecha-
T e nisms of SOA formation from molecules with structures and
§ 2 % chemical behavior different from that of monoterpenes may
< favor the RONQ route and may differ from those discussed
= 014 5 F here for monoterpenes.
- g O data obta?ned at J(NO,) =4.3 10 [s]

5] O ceacbeinedat NG, =01s ] 5.1.2 Working hypothesis on the mechanism of NQ

0 1 2 3 4 5 6 7 impacts on NPF
INOJo [ppb]

Only when OH was produced from ozone photolysis we ob-

as a function of [NQJo. Red circles: data points measured served.formation of new particles with diameters above 7 nm,

at J(NOp) =4.3x 10351, black squares: data measured at Otherwise NPF was insignificant. We conclude that OH is

J(NOy) ~0s~1. In the presence of UVA light, suppression gf @ necessary oxidant for NPF in the range of [BV@@p-

by NOx addition was more pronounced than in the absence of UVAplied here (see also Mentel et al., 2009; Kiendler-Scharr et

light. As J7 for [NOx] ~ 0.3 ppb (reference points) was forced to al., 2009, 2012; Lang-Yona et al., 2010).

be 1, no error limits are given for both reference points. Other er- At high [NOy]o conditions, NPF was not observed dur-

rors are determined from error propagation setting the error for theng the first hours of the experiments (as long as {NO

reference points to zero. Note the logarithmic scale/for was high), although OH concentrations reached about
2.6x 10° cm~3 (see Table 1). Under atmospheric conditions,

. . o NPF is observed at comparable OH concentrations and even
emitted BVOC mix. As all measurements withpinene 1o yer BVOC concentrations than those used here. We at-
were conducted at BNR >15; suppression of SOA mass foryjp, 1 the suppression of NPF to the presence of highNO
mation should thus not occur. It is therefore not possible t02nd not to a lack of [OH]. As a consequence, in the presence
_deC|de Whether_ NO or Nfxaused the suppression of R of NOx, NPF must be suppressed by a mechanism other than
in the BVOC mix at BNR <10. the OH effect proposed for isoprene (Kiendler-Scharr et al.,
2009).

This assumption is further supported by the observations
of [OH] at the onset of NPF. At high [N&Qo the chemical

Fig. 8. J7 normalized to J7; measured at [N¢Jo ~Oppb

5 Discussion

5.1 Impact of NO on J system developed on a timescale of hours and [OH] steadily
increased in this time period (see Fig. 4). OH concentrations
5.1.1 Comparison with literature data reached high levels of 2.2-2:610" cm~2 when NPF was

observed (compare red square in Fig. 6). The threshold OH
We found a strong suppression of NPF with increasingiNO concentration was clearly higher than that measured at the
for the BVOC mix emitted from Mediterranean species andonset of NPF at low to medium [N(y (Table 1) but/7 was
dominated by monoterpenes. With BNR decreasing from 30orders of magnitude lower. The enhanced OH threshold for
to 1.1 J7 decreased by more than two orders of magnitude. NPF in presence of NOmplies that the mechanism respon-

Limited data exist in the literature with respect to im- sible for the suppression of NPF by N@ superimposed to
pacts of NQ on NPF. Pandis et al. (1991) found nucleation impacts of [OH].
thresholds forg-pinene in the range of 300 to 500 ppb C, Results of the experiment with-pinene as SOA precursor
which is quite high. According to Kroll et al. (2006) the high were also consistent with this conclusion. In this experiment
threshold found by Pandis et al. (1991) can be explained byOH] was not systematically affected by the addition of NO
high background NO concentrations. These high backgroundbecause the reactivity of the total mix increased by less than
NO concentrations might have suppressed R@mation. 20 %. ButJ7 decreased by an order of magnitude confirming
Hence formation of PRP is also suppressed. From this Kroltthat there must have been another process suppressing
et al. (2006) concluded that hydroperoxides formed in Reacthe addition of NQ.
tion (R3a) are important for NPF. If so, NPF should be totally The experiment witlw-pinene further confirmed that NO
suppressed at high N@onditions as found in this study. is mainly responsible for suppression&f This is in accor-

In contrast, Lim and Ziemann (2005) measured particledance with the hypothesis that PRP are precursors in NPF:
formation from OH initiated oxidation of long chain alka- reactions of NO with peroxy radicals (Reaction R2) sup-
nes even at [VOG)/[NOx]o < 0.05. This would not be eas- press the formation of PRP and therewith NPF. The same
ily explained if PRP would be the only compounds involved arguments apply for suppression of NPF as assumed for the
in early particle formation. But Lim and Ziemann also ob- suppression of SOA mass formation by N(@.g., Pandis et
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(Figs. 9, 4). Higher [OH] led to higher ROpbroduction rates,
P(RG). In parallel, RQ losses in Reaction (R2) became less
efficient with time because of decreasing [NO]. Similar as
in the case of OH, increasing source strength and decreas-

(O] [ppb] /3

g ,§ ing losses for R@ caused the increases in [Rver time
5@ ) for the experiments starting at high [N[9. In summary, the
2 = chemical system switched from high N©onditions to low
5 NOy conditions. NPF was not observed when [NO] was high.
5 NPF was only observed when [NO] was low and fR®e-

came high.

Time relative to starting photolytic OH production [h]

: i ; . - 5.1.4 New particle formation in relation to
Fig. 9. Estimated RO, | (= )_ RO, |) using deviation from PSS - -
[RC2] ; [ ] photochemical ozone production
and an average rate constant=9 x 1012cm3s~1 for Reac-
tion (RZ.)' The open bl".’mk squares _show the original calculation,ppqinchemical ozone formation was insignificant for
the red line shows the five point moving average of the JRiata BNR > 10. However, P(6) increased when BNR decreased
both right-handy scales). The brown line shows the NO concen- ) ! . .
( g & ) |jrom 10 to 1.1. In BVOC rich systems with BNR>10 the

trations measured during the experiment, the blue bars indicate O . . :
concentrations divided by $for clarity, and the blue line shows Main RQ losses proceeded via Reaction (R3), becausg RO

the ozone concentrations divided by 3 for clarity (left-haratale). ~ consumption by NO via Reactions (R2) could not compete.

New particle formation started 5 h after the TUV lamp was switched At low BNR P(QO3) became significant, indicating that Re-

on. Then [NO] had decreased o1 ppb and [RQ] had increased  actions (R2) proceeded with considerable rates. This behav-

to ~ 300 ppt. Errors in [NQ] (£8%), [O3] (£2ppb), and [OH]  ior is known from the classic empirical kinetic modeling ap-

(10 %), are estimated as before but not shown for clarity. Errors inproach’s (EKMA) ozone isopleth diagram (e.g., Finlayson-

absolute values of [Rg) are not shown because they are unknown. pijtts and Pitts, 1986).

These errors depend on the error of the average rate constant for the NpE exhibited an opposite behavior to B{Onamely, J7

mix, which is unknown. decreased with decreasing BNR. dropped by more than
two orders of magnitude when BNR decreased from 30 to
1.1. Obviously, increasing [Ndp had caused a switch of the

al., 1991; Presto et al., 2005b; Kroll et al., 2006; Ng et al. chemical system from Reaction (R3) to Reaction (R2) (from

2007D). the red to the blue arrows in Fig. 1).
_ Using BNR ([BVOChH/[NOx]o) as a parameter is not the
5.1.3 Temporal development of the photochemical best choice but justified when comparing to literature using
system this terminology. However, in those experiments in which

) i NPF was delayed substantially, the consumption of [NO
As suggested above, peroxy radicals play a crucial role foly OH led to a different regime with lower [N@and higher
NPF. Their concentrations are difficult to measure, how-|ByoC]/[NO,]. Thus, NPF observed after long lag times is
ever, they can be estimated using the deviatio e not related to [NQJo, but to the actual [NGJ. The approx-
from the photo stationary steady state, PSS (for details segately squared dependenceJsfon BNR in Fig. 5 may be
Supplement, Sect. 4). Figure 9 shows the estimated ROfortitous at least for BNR < 10 with lag times exceeding sev-

concentrations for the experiment with the highest {NO  era| minutes. We therefore made use of Eq. (1), which relates
(BNR=1.1, first row in Table 1). At the early phase of the [R0,] and P(Q).

OH induced photochemistry, deviation %2] from PSS From the overall increase of P§Dfor 10>BNR>1.1

was insignificant but with progressing photochemis’;&%l in Fig. 5, we conclude that P is NOx-limited in that

deviated more and more from PSS. BNR range. Moreover, P($) increases approximately lin-
Becausek; is uncertain absolute numbers on [RQ@re early with decreasing BNR, indicating that the rate of Reac-

also uncertain. Nevertheless, the systematic chan tion (R2a) must also increase approximately linearly. (O

is obvious and implies that [Rincreased with time during  is thus a linear measure of Reaction (R2) and therefore also a

the high [NQ]o experiments. measure of the [Rg) that is withdrawn from the PRP chan-

The increase of [Rg} is expected considering basic pho- nels. According to our working hypothesis P(Qs there-
tochemistry: photochemical Oproduction increased [£§) fore also a measure of the R@vithdrawn from NPF and
and hence OH production rateg(Q'D) and [HO] were ~ SOA mass formation. P() as measured at the onset of NPF
constant). In parallel, [N decreased due to higher loss should therefore provide hints on the impacts of,R@ J7.
rates by the N@+ OH reaction. With increasing production Figure 10 shows a plot of ld¢) vs. In(P(Q)). Lin-
rates and decreasing loss rates, OH concentrations increasedr regression analysis resulted in a slope-Gf6+ 0.27
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(R?2 =0.87). This slope indicates that and P(Q) are non- . ' '

linearly connected. 4 5 ki.g,‘ L
The observed relationship betweénand P(Q) indicated

a mechanistic inverse coupling betwegnand P(Q). Con- i ° —— |

sidering the competition of reaction pathways Reactions (R2) ~ &

and (R3), the simplest way of explaining the coupling would z ¢

be a direct involvement of PRP in NPF. Since B(@ a

linear measure of [Rg) and P(PRP) is proportional to the

square of [R@], P(PRP) should decrease in a squared man- 2

ner with respect to increases of B(OThis would suggest

power law dependence with a slope-e2, which is some- 2 ¥ 0 1 2 3 4

what steeper than the measured slope. Nevertheless, losst. In(P(Q3))

of intermed_iate particlg precursors apart f_rom the pa}thwayFig_ 10. Double logarithmic plot of /7 (cm=3s-1) vs. P(Qy)

of new particle formation can easily explain attenuation of (ppb fr1). Open circles are data obtained at B(®2.5 ppb L,

slopes for power law dependence. From the substantial nonejosed circles are data obtained at B(©2.5 ppb . Data pairs

linearity indicated by the relationship betweénand P(Q) with P(O3)<2.5ppb ! were regarded as error prone because

as well as from the substantial nonlinearity of the relationshipP(Oz;) was calculated to-0.15+ 2.5 ppbtrl when no NQ was

between/7 and BNR we conclude that PRP are involved in added although P(§) was essentially zero. Therefore linear regres-

NPF. sion analysis was restricted to data points with (©2.5 ppb hl
However, there is an inconsistency in this analysis. Con-The slope of the linear regression line-isl.6+0.27, R =0.9.

sidering Eq. (1), it is obvious that an inverse squared depenData points with formally negative PgD are not included in the

dence of P(PRP) on PgDcan only be obtained if [RE) is E)IotF.)Error bars adﬁed (t)r?ly t'o q?ta poinlts uTetc:]for the fitf. t’;:OtF that
more or less constant. If so, constant [R@ill certainly ~ oF ~(G3) approaching the significance level, the error of the loga-

. . rith hes infinitycp).
cause constant P(PRP). If P(PRP) would determine NPF jn " approaches iniini ¥ee)

a simplistic fashionJ7 should also be constant in the range
1.1 <BNR<10. However/; changed by about two orders of
magnitude. Hence P(PRP) artgare not directly coupled. cates that rates of Reaction (R2) are low and PRP production
To confirm the consequence of strictly applying Eq. (1) remain high. Suppression df by 90 % without significant
we calculated the peroxy radical concentrations at the onsahcreases in rates of Reaction (R2) can only be explained by
of NPF for all experiments relative to the experiment with the compounds that are involved in NPF but do not significantly
highest NQ addition (BNR=1.1). Details of these calcula- contribute to photochemical ozone formation.
tions are given in the Supplement and we here summarize The higher generation molecules produced by PRP oxida-
the basic result: at the onset of NPF, [R@as indeed quite  tion may be a comprehensible explanation for the observed
constant in all experiments (see Supplement Table S1 anduppression of/; without photochemical ozone formation.
Sects. S4 and S5). Within the uncertainties of such calculaThese RQ@-like molecules must be abundant at much lower
tions [RQy] did not vary by more than a factor of two and concentrations than first-generation RBut capable of re-
there were no systematic variations of [lJ@ith variations  acting with NO even faster than first-generationRO
of BNR. The assumption that higher generationRiRe molecules
Invariable [RQ] at high variability of J; suggested that are produced from further oxidation is supported by another
J7 was not determined by P(PRP). We therefore concluddinding: as shown by Kiendler-Scharr et al. (2009), NPF de-
that Reaction (R3) as depicted in Fig. 1 is not the rate lim-pendence on [OH] exhibits power law dependence with an
iting step for new particle formation (see also Supplementexponent of~ 4. This power law dependence indicates that
Sect. S6). PRP formed from first-generation peroxy radicalsat least four OH radicals are consumed until new particles
are not the vapors that directly aid NPF, probably becauseare formed from the oxidation of monoterpenes. The chemi-
they do not reach supersaturations required to grow nanomeeal system studied here is similar to that shown by Kiendler-
ter particles. This may be because their vapor pressures ai®charr et al. (2009). Hence, similar numbers of oxidation
too high or their production rates too small. steps with OH are likely also needed here to produce the va-
Evidence that the abundance of first-generation PRP doegors that are able to grow nanometer particles. Formation of
not limit the rates of new particle formation is supported by two first-generation peroxy radicals requires less than 4 OH
the suppression aof; in the range 10 <BNR <30 in absence radicals, at maximum one for each RO’ he requirement of
of significant P(@). Here NPF was still suppressed by an or- more oxidation steps by OH radicals is in accordance with
der of magnitude suggesting that reaction pathways leadinghe requirement of further PRP oxidation to produce the va-
to NPF were substantially affected by NO. The same amounpors directly involved in NPF.
of NO was not efficient enough to generate measurablg)?(O  Further oxidation of first-generation PRP may form the in-
(see Fig. 5 and compare to Fig. 10). Inefficient BY@di- termediate vapors that directly grow smaller particles to 7 nm
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particles. However, these higher generation vapors are not yetnd Wirtz, 2005; Song et al., 2005; Presto et al., 2005b; Ng
identified. Maybe some of the high molecular weight oxida- et al., 2007a, b; Kroll et al., 2006; Zhang et al., 2006). We
tion products shown to be produced durimgpinene oxida-  restrict the comparison of our data with studies on BVOC.
tion (Ehn etal., 2012; Zhao et al., 2013; Kulmala et al., 2013)Table 2 gives examples for results obtained with respect to
are such vapors or precursors of them. mass yields from BVOC oxidation in dependence ofNO
Despite of the unknown identity of these compounds, our The BVOC mix emitted from the set of plants investi-
data hint to some of their chemical properties and to the chargated here predominantly comprised of monoterpenes and
acter of the rate limiting step of NPF: we studied photooxidation without seed aerosol. Appropri-
. .ate comparisons of our results are those to results of Pandis
— Essential gas phase precursors must be produced ig; , (1991), presto et al. (2005b), Ng et al. (2007b), Ed-
a reaction chain induced b_y OH OX'dat'or.] of BVOC: dingsaas et al. (2012), and Kim et al. (2012) (lines below the
NPE was not observgd W|thout.photolyt|c OH gen- table separator in Table 2).
eratpn and from'prgwous gxper|ments we know that Ng et al. (2007b), Eddingsaas et al. (2012), and Kim et
NPF increases with increasing [BVQ{Mentel etal., I. (2012) qualitatively compared SOA mass yields from
.2009)' Th_e \Vapors ther_efore must have been produce onoterpene photooxidation under low and highNfon-
in an OH initiated reaction from the BVOC. ditions (Ng et al.: BNR~ 1 and~ 400; Eddingsaas et al.:
— The vapors capable of condensing on nanometer parwithout NO, addition and at N¢ ~ 800 ppb; Kim et al.:
ticles are produced by precursors with chemical prop-BNR between~ 33 and~ 6). All these studies found that
erties similar to those of peroxy radicals: suppressionSOA yields were lower at low BNR than at high BNR. This

of NPF by NO shows that the concentrations of the i consistent with our results. Pandis et al. (1991) report in-
RO,-like molecules are efficiently suppressed with in- creasing yields with BNR values from 1 to 15. For BNR >15

creasing NO. Affinity to NO and chemical properties they report decreasing yields with increasing BNR. Such a
similar to those of peroxy radicals is the only explana- decrease at high BNR was not found here. But for BNR

tion for the observed behavior. <15, our results are in qualitative agreement with those of
o ] ) Pandis et al. (1991). Our data regarding impacts of @

— Rate limiting step in NPF from monoterpene oxida- oA mass formation are nearly identical to those of Presto
tion is a permutation reacti(_)n: Reaction (R2) consumesgt 5. (2005b). For the BVOC mix investigated here, ;NO
one NO molecule and the inverse squared dependencgqgition had no significant impact on SOA yield as long as
of NPF on P(Q) shows that two molecules are in- BNR was above 10. Only for the two data points obtained at
volved in the rate limiting step. Either two ofthe RO gNR <3 was suppression of SOA yield obvious.
like molecules react among each other or one ke Decrease in SOA mass formation with decreasing BNR
molecule reacts with a first-generation peroxy radical.is attributed to the loss of peroxy radicals and the forma-
However, it is a permutation reaction that limits the tion of organic nitrates (Reaction R2b). In case of monoter-
formation of a 7nm particle and not a simple oxida- pene or isoprene oxidation, organic nitrates produced in Re-
tion by OH or Q. action (R2b) are expected to have higher volatility than prod-

ucts formed in the absence of N(e.g., Presto et al., 2005b;

Kroll et al., 2006). Thus, when more organic nitrates are

5.2.1 Comparison with literature data formed, SOA formation should be lower than at low NO

conditions.

We found SOA mass yields in the range of 12 %, which is In principle the routes via organic nitrates are possible.

substantially higher than the yields observed in Mentel etHowever, the degree of suppression in our experiments was

al. (2009) and in Lang-Yona et al. (2010) (4—6 %). The rea-substantially higher than can be explained by formation of or-
son of this deviation is not clear. The previous determina-ganic nitrates. Of course organic nitrate formation is increas-
tions of SOA mass yields in our system were performed atingly favored over PRP formation with increasing [NO]. But

a larger dynamic range of [BVOglogether with a reliable  this holds only as long ak - [NO] - [RO,] ~ k3 - [RO,]. If

determination of thresholds. In this study we tried to keepkz-[NO]-[RO;] >> k3-[RO,]?, organic nitrate formation is

[BVOC]p as constant as possible to separate the effects dimited by RG,. Adding more NO can then not produce more

NO. [BVOC]p varied less than a factor of two and in partic- organic nitrates and cannot produce more ozone. For a given

ular the threshold was not reliably determinable. We there-BVOC mixture the branching ratio of organic nitrate forma-

fore consider the- 12 % yield not as an exact value but as an tion from reactions of alkylperoxy radicals with NO is fixed.
upper limit. However, impacts of NOon SOA mass forma- Assuming that the data for-pinene 8-pinene and limonene
tion were reliably determinable because the dynamic rangén the master chemical mechanism (MCM3.2) are applica-
of [NOy]o spanned more than two orders of magnitude. ble to our BVOC mix, we expect that about 25 % of the per-
There are several studies on the impact ofyNfD parti-  oxy radicals can form organic nitrates via Reaction (R2b),
cle mass formation (e.g., Pandis et al., 1991; Martin-Reviejathe other 75 % form @via Reaction (R2a). Scavenging of

5.2 Impact of NOy on SOA mass formation
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Table 2. Impacts of N@Q on SOA formation from BVOC. PO, photooxidation;zOozonolysis; S, seed aerosol used. BNR is the ratio
[BVOC]o/[NOx]o in ppb C ppbr L.

Reference SOA precursor Observed effect on mass yield
Presto et al. (2005b) a-pinene/Q Increase with increasing BNR up to
BNR ~ 10. No impact if BNR > 10.
Kroll et al. (2006) Isoprene/PO/S Increase with increasing BNR up to BNIR
For BNR >1 decrease with increasing BNR.
Ng et al. (2007b) Longifolene/PO/S Steady decrease with increasing BNR.
Eddingsaas et al. (2012) a-pinene/PO/S Increase with increasing NO
H. Zhang et al. (2012) Methacrolein/PO/S Higher yield at higher BNR.
Pandis et al. (1991) B-pinene /PO Increase with increasing BNR up-ta5.
For BNR > 15 decrease with increasing BNR.
Presto et al. (2005b) a-pinene /PO Strong suppression when BNR falls below 4.5.
Ng et al. (2007b) a-pinene/PO/S Higher yield at higher BNR
Aromadendrene /PO/S Decrease with increasing BNR.
Eddingsaas et al. (2012) a-pinene/PO Higher yield at higher BNR.
Kim et al. (2012) Limoneney-pinene/PO Higher yield at higher BNR.

about 25 % of the intermediates involved in SOA mass for-cases. Therefore, [Rpand P(PRP) were similar in all cases

mation cannot lead to a drop of SOA mass formation by morewhen particle mass was formed. Again, presuming that par-

than an order of magnitude even if organic nitrates would notticle mass formation is affected by NCOfurther PRP oxida-

at all contribute to particle mass formation. However, an or-tion seems to be required to produce the condensing vapors

der of magnitude reduction in RMx was observed here for aiding SOA mass formation. As in case of NPF, the highly

the highest NQ conditions. The strong drop in BMx must  oxidized compounds detected by Ehn et al. (2012) and Kul-

have other reasons. mala et al. (2013) are candidates of vapors aiding SOA mass
Our measurements were made without seed aerosols arfdrmation.

thus particle mass could not be accumulated without NPF be- As is obvious from the systematic change of/ PMmax

fore. Inhibition of NPF causes limitations in particle number (Table 1), the chemical properties of vapors aiding mass for-

density, particle surface, and particle volume precluding effi-mation is somewhat different from that of intermediates aid-

cient condensation or solution of non-nucleating vapors (e.g.ing NPF. If NO is the compound causing suppression of

Kerminen et al., 2000). The observed suppression o BM  PMpax, Suppression ofi; at constant PMay indicates that

at low BNR (see Fig. 7) may just be a consequence of forethe vapors aiding NPF have higher affinity to NO than va-

going suppression of NPF. Missing NPF could contribute topors aiding mass formation. A higher oxidative stage of the

suppression of SOA mass production by Ni@ our setup, former might be the explanation for this.

but would be in conflict to the results of experiments with

seed aerosol (e.g., Kroll et al., 2006; Ng et al. 2007b). We

therefore suppose that NGilso affects SOA mass forma-

tion.

Summary and conclusion

We found that increasing NO in an otherwise unchanged pho-
tochemical system favors photochemical ozone formation
and suppresses new particle formation, suggesting a mech-

So far we cannot distinguish between NO or N&3 the NQ ﬁms.tlc c?r:\rlwlggtlon be{\tween bolth pfrocess_es. :T'?Nevﬁr’ the ?e-
component causing the reduction of SOA mass yields. In ac- avior o was 100 compiéx for a SImplistic chemica

cordance to most of the other published data we assume thg@echanism that includes first-generation oxidation products
NO is responsible for suppression of R, If o, changes only. Our data indicate that higher-generation intermediates

in SOA mass formation by Ngaddition may be caused by are involveq in NPF. These int'ermediates have similar chem-
impacts of NO on first-generation [RD ical properties as peroxy radlpals. They r_eact W|th NO and
As shown above, [R€) was not very sensitive to [Ngo _they react among each (_)ther in p_ermutatlt_)n reactions form-
suggesting that formation rates of first-generation PRP an%ng IOW vapor pressure |nte.rmed|at.es. This means that the
not rate limiting for NPF. Similarly we can conclude that for- ormation rates of mtermgdlates with vapor pressures low
enough to allow condensation on nanoparticles are controlled

mation rates of first-generation PRP are also not rate Iimitingb " f tati i At least f th
for SOA mass formation as SOA mass formed timely after y rates of permutation reactions. cast one ot the reac-
tants must be a higher-generation Riilke molecule.

NPF appeared, i.e., when [N3< <[NOy]o in the high NQ

5.2.2 Impact of first-generation RQ, on SOA yield
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From previous studies, we know that traces e85, in a
range of 16—1F cm~2 are present in our system and$0y

J. Wildt et al.: Suppression of new particle formation from monoterpene oxidation by N

Finlayson-Pitts, B. J. and Pitts, J. N.: Atmospheric chemistry:

Fundamentals and experimental techniques, 611-618, Wiley-

might have acted as a nucleating agent also in the exper- Interscience, New York, ISBN 0-471-88227-5, 1986. _
iments described here. Nevertheless, volatile organic comtiallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-
pounds were necessary for particles to reach diameters of SOM D.. Claeys, M., Dommen, J., Donahue, N. M., George,

7 nm. As such, basic principles of R@hemistry were suit-

able to explain the dynamic behavior of the chemical system

including NPF.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/14/
2789/2014/acp-14-2789-2014-supplement.pdf
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Appendix A

Table A1l. List of acronyms used in the text.

Acronym Denotation

BNR Ratio [BVOCh/[NOx]o [ppb C ppb 1]

BVOC Biogenic volatile organic compounds; here a mix of monoterpenes and isoprene

J(NOy) Photolysis frequency for N&) here constant 4.3x 1073 [s™1]

J(©o'D) Photolysis frequency for § here constant 9 x 104 [s™1]

NPF New particle formation; here formation rate of 7 nm particledcm—3s1]

PMpmax Maximum particle mass

P(O3) Ozone production rate [ppb#A], (1 ppbh 1 =0.278 ppts1)

P(RO) Production rate of peroxy radicals [ppbH, (1 ppbh 1 =0.278ppts1)

PRP Permutation reaction products as hydroperoxides, alkoxy radicals, alcohols, and carbonyl compounds
PSS Photostationary steady state; relationship between NO apihN®sence of volatile organic compounds and OH
P(PRP) Production rate of permutation reaction products

SOA Secondary organic aerosols

TUV lamp Low pressure mercury lamp, 254 nm, termed according to the denomination of the manufacturer (Phillips)
Y(O3) Yield for ozone formation in R4+ NO reactions; here assumed tob@.75

Y(RONOy) Yield for organic nitrate formation in R&+ NO reactions; here assumed tob®.25
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