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Abstract. The temperature dependence of secondary organipressure temperature dependencies. We suggest that the elu-
aerosol (SOA) formation from ozonolysis gfpinene was cidation and modelling of SOA formation need to take into
studied in a flow reactor at 263 K-303 K and 1007 hPa un-account the effects of temperature and humidity on the path-
der dry and humid conditions (0% and 26%-68% relativeways and kinetics of the involved chemical reactions as well
humidity, respectively). The observed SOA yields reachedas on the gas-particle partitioning of the reaction products.
maximum values of 0.18-0.39 at high particle mass concen-
trations (M,). Under dry conditions, the measurement data
showed an overall increase in SOA yield with inverse tem-
perature, but significant oscillatory deviations from the pre-

dicted linear increase with inverse temperature (up to 50% . . .
at high M,) was observed. Under humid conditions the Atmospheric aerosol particles affect the atmosphere and cli-

SOA yield exhibited a linear decrease with inverse temper—mate by absorption and scattering of radiation, by influenc-

ature. For the atmospherically relevant concentration level"9 the formation and properties of clouds and precipita-

of M,=10.gm~23 and temperature range 263 K-293K, the Eon, gnd bly hzegggg'\i nE.O us chemiclal ;%%céi.o\i(i‘scﬁl, Izoggo 6
results from humid experiments in this study indicate that the uzzietal, » McFiggans et al,, » Yuetal, )-

SOA yield of 8-pinene ozonolysis may be well represented In this study we investigate the for.mation Of. secqndary pr-
by an average value of 0.15 with an uncertainty estimatedanic aerosol (SOA) from ozonolysis of the biogenic volatile

of £0.05. When fitting the measurement data with a two- 0rganic compound (BVOCp_Z-plnene, becausg-pinene is :

product model, both the partitioning coefficients,f, ;) and very abundapt and simulations have ShOW” that SQA parti-
the stoichiometric yieldsa() of the low-volatile and semi- cles may be important as cloud condensat|on_nucle| (Tunved
volatile model species were found to vary with temperature.et al., 2006). Forests and other vegetation emit large amounts

The results indicate that not only the reaction product vapourOf BVOC's (50(.)_18.00 Tg@™"), which are OX'.d'Sed n -the
pressures but also the relative contributions of different gasgtmpsphere primarily by § OH and NQ r?‘d'cf"'s- Bio-
phase or multiphase reaction channels are strongly dependeﬂfmC SOA are formed when IO.W 'volat|le oxidation product's
on temperature and the presence of water vapour. In fact, th@ BVOC condense on pre-exlstlng or newly formed parti-
oscillatory positive temperature dependence observed und es (_Fry et al., 2009; Hallquist et al., 2009 and references
dry conditions and the negative temperature dependence OB_erem). _

served under humid conditions indicate that the SOA yield S&cond to isoprene, monoterpenes are the most abundant
is governed much more by the temperature and humidity deBYVOCS and they are usually assumed to account for most

pendence of the involved chemical reactions than by vapouif not all SOA formation in current state-of-the-art models
of global atmospheric chemistry (Kanakidou et al., 2005).

With an emission rate of 10-50 Tg C} g-pinene is the sec-

Correspondence taC. von Hessberg ond most important monoterpene (Wiedinmyer et al., 2004),
BY (chste@mst.dk) and several laboratory studies demonstrated the ability of

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

3584 C. von Hessberg et al.: Temperature and humidity dependence of secondary organic aerosol yield

SOA from monoterpenes to act as cloud condensation nu- f
clei (Hartz et al., 2005; VanReken et al., 2005; Engelhart et 55 + Mo, R
al., 2008; Asa-Awuku et al., 2009). o +ho o

0 + A opinone

ozonolysis has been modelled by Sheehan and Bow-
man (2001), and their parameterization has been incor- o2 n
porated into some advanced global atmospheric chemistry ¢,-Cl, +R$« o><R
models (Chung and Seinfeld, 2002; Tsigaridis and Kanaki- R3b
dou, 2003). Nevertheless, these models appear to underes-

timate the organic aerosol particle mass in the free tropo-

sphere, which may be due to shortcomings in the charac- Water vapour has been found to reduce the particle vol-

terization and representation of the temperature dependent:deme concentration from ozonolysis pfpinene (Bonn et al
of SOA formation (Heald et al., 2005). To our knowledge 2002). The water vapour effect on SOA yield from otﬁer

only few experimental study has addressed this' issue up ttﬂwonoterpenes varies (Cocker et al., 2001; Jonsson et al.,
now: Takekawa et al. (2003) reported a twofold increase o 2006, 2008b; Shilling et al., 2009). Jonsson et al. (2008a)

the SOA yield from ozon_olysis_o&-pinene at 283K com- have shown that the presence of an OH scavenger (and the
pared to 303 K, but they investigated no other temperaturefype of the scavenger) can influence the water vapour de-

or n&onoterpfegeosA fOnIy very frecently, thf tfamp;erature debendence of the number and mass of particles from terpene
psn herlm(ce °| zoosormatlon ro(;nl.ozono y5||sa,®hp|rllene | ozonolysis. The decrease in particle volume concentration
(Pathak et al., ¥-pinene and limonene (Pathak et al., ¢, g ninene has been attributed to the reaction of water

2007; Jonsson et al., 2008b; Saathoff et al., 2009) h_as be_GVrhpour (Reaction R3a) with the stabilize@-GCriegee In-
addressed experimentally. Burkholder et al. (2007) investi- oo diate (6—Clsp which increases the production of

ggted particle nucleation following ozonolysis®f and §- nopinone and hydrogenperoxide none of them condensing
pinene over the temperature range 278-320K. In a mOdeEWinterhaIter et al., 2000). For comparison, recent stud-

stqu.Jenkin (2004) proyided a highly detgiled chemical de'ies have investigated ozonolysis of condensed phase alkenes
scription of SOA formation froms:- and g-pinene ozonoly- e.g. Chen et al., 2008; Vesna et al., 2008) and it has been

sis including aerosol yields at _three different temperatures,suggested that humidity may affect ozonolysis products due
Svendby et al. (2008) has provided a temperature depende% reaction of water molecules with Criegee intermediates on

parametgrization of SOA yield usipg a two-product model. the particles (Vesna et al., 2008). Reaction (R3a) competes
Reactions (R1-R3) show steps in the gas phase ozonolyswith the reaction of G—Clsgp with carbonyl compounds

The temperature dependence of SOA formation from ¢

Secondary ozonide

of g-pinene: (aldehydes or ketones) producing secondary ozonides (Reac-
o tion R3b), that may be important for new particle formation
. (Bonn et al., 2002).
00 + -CH00 For the elucidation, development, and evaluation of SOA
5 Rla el C,-Cl formation mechanisms and model parameterizations we have
+0, — b s experimentally investigated the temperature dependence of
0 the SOA yield from the gas phase ozonolysisgepinene
, , , ﬁ* /@ under both dry and humid conditions.
B-pinene Primary ozonide + HCHO
CoCl 2 Methods
0% 2.1 Preparation of the reactants
1
o° v /65 R2a Ozone was generated by irradiation of a flow of synthetic
— air (79.5% N and 20.5% @, Air Liquide or Westfalen)
/éj CoCliay mixed with nitrogen (99.999% M Air Liquide or Westfalen)
e . Unimolecular o) with thg pV Iight from a mercury Pen-Ray Iamp.. The vol-
decomposition ume mixing ratio of ozone was controlled by varying the ra-

tio of synthetic air to nitrogen. The concentration of ozone
was monitored by UV absorption a£254 nm and calibrated
with a commercial ozone monitor (Model 202, 2B Technolo-
gies, Inc.) mounted at the outlet of the flow reactor to account
for wall loss of ozone.
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B—Pinene (99.5%) was obtained from Sigma-Aldrich m M

Chemical Co and used as received. Itis aliquid with a vapou
! a:u Lj%

pressure of 313 Pa at 293 K. The gas miggfinene in nitro- Elggl;f m T

gen was prepared by evaporating parpinene into an evac- —— (g g .~ 0 v T
uated steel vesseVE14.67 1) and adding nitrogen to a pres-
sure of about 6000 hPa. Experiments were performed twc
hours or more after the mixture was prepared. The concen
tration was measured with long-path FTIR spectroscopy. The
concentration was determined from the area of two distinct

Synthetic air Movable mixing plunger

Flow reactor
Exhaust Differential mobility

Meutralizer  analyser (DMA)

peaks at ca. 3000 cm and 1650 cm. The reference spec- Thermostat
trum was calibrated by standard volumetric methods (Win- Thermostatted Perticle filter
terhalter et al., 2000). For each measurement 128 scans we jackets

made, and for each of the peaks nine measurements we 0, srutber

performed alternating in groups of three measurements. Th
relative standard deviation of the measured values was les
than 3%. The concentration was obtained as the mean valu
of all measured values. Ultrafine condensation
particle counter (UCEC)

2.2 Aerosol formation

. ) . . . Fig. 1. Schematic drawing of the experimental set-up.
Figure 1 displays a schematic drawing of the experimental
set-up applied in this study (described in detail by Bonn et

al., 2002). The SOA formation experiments were performedozone over the range of 0.6 ppmv—10.9 ppmv and 0.2 ppmv—
ina vertical flow tube reactor (120 cm length, 10 cminner di- 2.4 ppmv, respectively. The amount reacted was 0.4%-3.9%

ameter, Pyrex glass walls), operated with a laminar gas flow31 ,,gm—3—-1273,,gm3) for B-pinene and 0.5%-14.6%
of 51min~1 and a center velocity of 2cmt$ (Bonn et al.,  for ozone.

2002). All flows were controlled by MKS mass flow con-

trollers. The temperature was taken into account when con2.3  Aerosol analysis

verting the volume flow to the mass flow of the flow con-

trollers. The flow of ozone in synthetic air and nitrogen Number size distributions of the particles formed in the flow
from the Pen-Ray lamp (0.2 I mi) was mixed with nitro-  reactor were measured with a scanning mobility particle sizer
gen to 2.0Imint and introduced through the center of the (SMPS) system (Model 3936, TSI Inc.) with a long differen-
inlet mixing plunger. g-pinene from the pressurized steel tial mobility analyzer (LDMA, Model 3081, TSI Inc.) and ul-
vessel was mixed with synthetic air to a flow of 3Imin  trafine condensation particle counter (UCPC, Model 3025A,
and introduced at the top of the flow reactor. For the ex-TSI Inc.). The sampling flow rate was 0.31mih and the
periments under humid conditions the synthetic air was hu-position of the sampling orifice with a radius of 1.1 cm was
midified by passage over liquid water in a thermostatted vesradially centered about 3 cm above the bottom of the flow re-
sel, before mixing with thgg-pinene flow. The temperature actor. Compared to the reaction time in the flow tube (40 s),
of the vessel was adjusted in the range 293 K-323 K to esthe additional time in the neutralizer was negligiblel(s).
tablish 26%—68% relative humidity (RH) in the flow reac- The DMA sheath air flow rate was varied between 3 and
tor, which was measured by a dew-point meter (Panametric€9.7 Imin—! (see Table 1) to optimize the relation between
Moisture Monitor Series 35) at the excess flow outlet. Tothe detectable size range and the diffusional loss of the small
avoid damage of the dew-point meter, RH was only mea-particles. A few tests showed that the yield was not affected
sured in the beginning and end of each experiment, when théy the change in sheath air flow rate. The sheath air flow
air was free of particles. In the dry experiments test mea-was regulated with a mass flow controller, and the temper-
surements showed that RH.03%. The two flows contain- ature used for conversion of mass to volume flow rate was
ing ozone and8-pinene were mixed under turbulent con- measured where the sheath air enters the DMA. To minimize
ditions in the movable inlet mixing plunger. The reaction ozonolysis inside the DMA, an ozone scrubber consisting of
time (At) was controlled by adjusting the distance betweena glass tube filled with silver wool was installed in the sheath
plunger and outlet. In the experiments reported here, the disair loop, reducing the ozone concentration to less than the
tance was kept at 80 cm, to assure that the reactants reachénhit of detection (2 ppbv). Due to the ten-fold or higher di-
the temperature of the flow reactor before being mixed, whilelution of the sample flow with ozone-free sheath air and short
having a maximized reaction time allowing minimal reactant residence time (1.5 s), ozonolysis reactions in the DMA were
concentrations. The amount of reacfgginene was varied negligible. The silver wool may also have scrubbed reaction
by varying the initial volume mixing ratios @#-pinene and  products from the gas phase, but we assume that equilibrium
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Table 1. Conditions and results of individual dry experimemsA[B-pinene]=decrease ¢ -pinene mass concentratioN=total particle
number concentrationy/,=total particle mass concentratian,,=standard deviation af7,, Y=SOA yield, sy=standard deviation of,
n=number of measured number size distributions in each experiment, Sheath=sheath air flow in the DMA, reactitor)+ifides(

T [B-pinenep [ozonel, —A[B-pinene] N M, SMo Y sy n  Sheath
K ppbv ppbv pgm3  #cm 3 pugm3 ugm3 Imin—1

bp2401066 263 601 1031 495 55E+05 9.3 048 019 002 5 3.0
bp2401065 263 601 1362 65.2 7.5E+05 12.6 0.74 019 0.02 11 3.0
bp2401064 263 754 1937 116.2 1.3E+06 27.2 159 0.23 0.02 12 3.0
bp1001063 263 2893 623 142.6 1.9E+06 30.9 217 022 0.02 11 9.7
bp2401063 263 3024 1934 462.6 3.3E+06 123.9 580 027 002 5 3.0
bp2401061 263 3031 1964 470.8 3.1E+06 120.8 6.44 026 0.02 23 3.0
bp1001062 263 5705 1126 501.7 3.4E+06 121.0 827 024 0.02 15 9.7
bp2401062 263 5977 1991 928.5 4.4E+06 245.6 735 026 002 9 3.0
bp1701063 273 754 669 44.9 3.4E+05 10.1 056 0.23 0.02 13 9.7
bp1701064 273 754 1190 79.6 9.7E+05 23.8 1.74 030 0.03 13 6.0
bp0401062 273 5991 376 194.6 2.5E+06 60.6 311 031 002 9 9.7
bp1701065 273 3151 1182 326.7 3.9E+06 120.7 848 0.37 0.03 12 6.0
bp1701062 273 6204 1188 635.8 4.2E+06 241.3 781 038 0.03 11 9.7
bp2205065 278 599 545 30.5 4.2E+05 6.0 051 020 002 7 9.7

bp2205062 278 783 721 52.7 7.5E+05 10.6 1.13 0.20 0.02 22 9.7

bp2205061 278 1375 1249 159.6 2.3E+06 44.1 475 0.28 0.03 24 9.7
bp2205064 278 2003 1815 336.9 4.1E+06 114.6 1190 0.34 0.04 15 9.7
bp2205063 278 2782 2380 611.0 5.1E+06 238.9 1849 0.39 0.04 20 9.7
bp2701061 283 1565 437 66.6 4.5E+05 2.0 0.04 0.03 0.00 10 3.0

bp1503061 283 1500 651 95.1 1.2E+06 7.2 0.06 0.08 0.00 12 9.7

bp1503062a 283 1506 797 116.8 1.9E+06 11.5 0.07 0.10 0.01 11 9.7
bp160306la 283 1363 1266 168.2 2.7E+06 25.2 029 015 0.01 17 9.7
bp2701062 283 1565 1262 192.3 2.4E+06 21.7 0.38 0.11 0.01 16 3.0
bp2301066 283 1630 2086 329.9 3.6E+06 52.7 0.70 0.16 0.01 12 3.0
bp2301065 283 3253 2073 649.3 5.2E+06 124.4 0.80 0.19 0.01 10 3.0
bp2301061 283 6431 1233 748.8 4.8E+06 124.6 138 0.17 0.01 13 9.7
bp2301063 283 6430 1254 761.5 5.5E+06 143.7 156 0.19 0.01 8 3.0
bp2301062 283 6432 1288 782.3 5.1E+06 147.8 201 019 001 11 9.7
bp2301064 283 6430 2097 1273.1 6.6E+06 280.1 176 022 001 9 3.0
bp1401063 293 774 1280 105.3 2.2E+06 15.9 054 015 001 4 9.7

bp1912054 293 5444 199 1119 2.4E+06 20.5 0.26 0.18 0.01 10 5.0
bp1301061 293 1611 658 112.4 2.6E+06 23.6 0.17 021 0.01 11 9.7
bp1401061 293 1611 1255 214.4 3.7E+06 56.9 0.79 0.27 0.02 10 9.7
bp1912051 293 5443 415 233.1 3.5E+06 53.8 0.78 0.23 0.01 10 5.0
bp1912052 293 5453 793 446.1 4.7E+06 131.3 165 029 0.02 10 5.0
bp1401062 293 6364 1269 828.4 5.8E+06 283.6 323 034 002 4 9.7
bp1912053 293 10863 790 853.2 5.7E+06 274.9 345 032 002 8 5.0
bp2103062 303 851 1309 128.0 1.1E+06 7.4 0.16 0.06 0.00 17 9.7

bp2012052 303 6682 215 158.0 1.6E+06 15.9 050 0.10 001 8 9.7

bp2103061 303 1361 1261 197.1 2.7E+06 37.0 0.82 019 0.01 16 9.7
bp2012053 303 6671 431 316.8 3.4E+06 64.0 0.82 020 0.01 22 9.7
bp2012051 303 6677 846 622.2 4.3E+06 135.3 254 022 001 8 9.7
bp2012054 303 10014 842 905.9 5.0E+06 205.2 421 023 001 10 9.7
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Table 2. Conditions and results of individual humid experimentg\[ 8-pinene]=decrease @gfpinene mass concentratia¥M=total particle
number concentratior/,, hymid= total particle mass concentration not corrected for hygroscopic greyythaumid = standard deviation of
M, humia» Y=SOA yield corrected for hygroscopic growtty;=standard deviation df, n=number of measured number size distributions in
each experiment, RH=relative humidity,F=growth factor, sheath air flow in the DMA=9.7 | mif}, reaction time A7)=40s.

T [B-pinenep [ozonelh, —A[B-pinene] N M, humid  SMo,humid Y sy n RH GF

K ppbv ppbv pgim®)  (#en®)  (ug/m®)  (ugim®) %
0206063 263 669 614 329 1.6E+05 35 0.18 0.10 0.009 13 34 1.01
0206062 263 966 900 69.4 4.5E+05 2.9 0.44 0.14 0.010 17 43 1.01
0206061 263 1997 1747 277.4 1.8E+06 49.3 177 017 0.013 12 37 1.01
0206064 263 3760 3022 895.9 3.5E+06 164.2 526 0.18 0.012 13 34 1.01
0706061 273 561 490 21.6 9.8E+04 1.9 0.12 0.08 0.007 10 26 1.01
2405063 273 817 657 47.7 3.2E+05 8.7 0.44 0.17 0.043 14 55 1.02
2405061 273 1460 1249 161.5 4.6E+05 26.8 213 0.16 0.042 13 35 1.01
2405062 273 2116 1734 323.8 2.0E+06 85.9 339 025 0.063 18 46 1.02
0706062 273 2571 2583 584.7 1.9E+06 145.6 272 024 0016 9 28 101
0606062 283 1363 1266 168.2 1.8E+06 52.3 353 029 0.027 13 50 1.02
0606061 283 2550 2654 654.6 3.0E+06 257.8 1454 0.37 0031 22 57 1.02
2305064 293 524 805 449 2.4E+05 21 030 0.04 0012 9 64 1.03
2305062 293 785 1293 107.8 1.0E+06 32.9 055 028 0068 9 61 1.03
2305065 293 1019 807 87.6 8.2E+05 25.3 053 026 0063 9 68 104
2305061 293 1759 1256 234.0 1.6E+06 70.1 139 0.27 0.066 23 63 1.03
2305063 293 2114 1835 409.9 2.8E+06 176.8 384 040 0.095 10 63 1.03

was re-established when the sheath air was flowing through M, was calculated from the average of the measured mo-

the filter collecting the SOA particles. For the humid ex- bility equivalent aerosol number size distributions, assum-

periments the sheath air was pre-conditioned for a couple oing compact spherical particles with an effective density of

hours to ensure stable conditions throughout the system. 1.2 g cnm2 (Bahreini et al., 2005)M, obtained under humid
For each experiment the flow reactor and the SMPS systensonditions M, humid) was corrected as follows to exclude the

were kept at a common temperature (witkifl K), by circu- influence of water vapour uptake on particle size:

lating ethanol/water through glass/steel jackets and through

a hose wrapped around the DMA as illustrated in Fig. 1. AM(, _ Mo, humid @)

Julabo F20 cryostat combined with a Julabo FT 401 cooler GF83

was used for the flow reactor and the aerosol neutraliser, and

a MGW Lauda RM6 cryostat for the DMA and its sheath air ; r _ Dp.wet

loop. Note that warm and humid conditions in the labora- D dry

tory can lead to water condensation and short circuiting of

the cooled DMA, which can be avoided by using only low GF is the growth factor and, is the particle diameter.

voltages of the DMA. Varutbangkul et al. (2006) have reported the dependency of
In every SOA formation experiment, the number size dis-G ¥ on relative humidity (RH) for SOA particles from-

tribution measurements were repeated 4—-24 times. CondiPinene ozonolysis in the presence of seed aerosol in a cham-

tions and results of the individual experiments are summaber setting:

rized in Table 1 for the dry experiments and Table 2 for the

-0.5108 15177
humid experiments. RH RH
GF =1 1-—— 0.0367{ —— 4

- +[( 100% ) 0% P
2.4 Data analysis

®)

We assume that the hygroscopicity and growth factoF}
SOA formation yields X') were calculated as the ratio of the did not significantly vary with temperature, particle age, the

mass concentration of secondary organic particulate mattetise of seed aerosols and related changes of SOA yield and

(M,) to the decrease @-pinene mass concentrationf[8-  composition. Although the experimental conditions used by
pinene]): Varutbangkul et al. (2006) were different from the conditions

M, applied in this study the results were taken as the best avail-
Y= m (1) able approximation of; F for SOA particles fromB-pinene

www.atmos-chem-phys.net/9/3583/2009/ Atmos. Chem. Phys., 9, 35892009
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ozonolysis. Since the corrections for hygroscopic growth un-umped into low-volatile and semi-volatile species, and a
der our experimental conditions were relatively minor (5%— two-product model is used to simulate the SOA yield from
11% v/v), influence of potential errors 6fF appear negligi- smog chamber data (Odum et al., 1996):
ble.

For the determination of-A[B-pinene] we calculated Y = M, <R al]igm’l 7 + R azligm,z 7 )
the decrease of ozone concentratienA(O3]) assuming 5.1 Kom 1Mo 5.2 Kom,2Mo
pseudo-first order reaction kinetics based on a near-constar{on,; stands for the gas-particle partitioning coefficients,

excess concentration ofdfpinene]) (B-pinene]: is the stoichiometric yield an®; ; is the mass fraction of
particulate matter that remains suspended in the gas. The

— A[O3] =[Os]o x (1 — explko, [ — pineng, Ar)) (5)  counting variable designates low volatile species (1) and

) semi-volatile species (2), respectively. During the short res-
— A[B —pinend = 1.35(-A[Os]) (6)  idence time in the flow reactor, the sampled aerosol does
Practically not interact with the walls, and thus we assume
R, ;=1. For any wall loss to occur the particles in the sample
flow would have to migrate by Brownian diffusion over a dis-

(10)

The factor of 1.35 was applied, because the ozonolysis 0
B-pinene produces OH radicals with a stoichiometric yield

(o) 0f 0.35 at 296 K (Atkinson et al,, 1992). We assumed tance of 3.9 cm from the radially centered sampling orifice to

th;tsgr?; Zg)?nsrr:zgiig?ig?we%g é) t?rr]r; F:Ecz)ratl\i\:gs(iﬁ.stp\e g(('jnsgtg’t éhe walls. For the smallest detected particles with a diameter
(pk —7 89 10-1L e moiecul€£5—1>>k —1 5x10-17 y of 8 nm, the probability for displacement larger than 0.4 cm
OH=/. o;=1.

o i . . )
onfmolecle s | at 208K, Akinson, 1594) ana wat {01 10% 5 90 0% o convast e parcle esence
all OH radicals reacted witl#-pinene, which is supported g P ypically

by the large excess of-pinene compared to its reaction of hours, which leads to significant wall losses atd <1.
products ¢A[B-pinene]/B-pinenep<4%), even for exper- 2 6 Fitting procedures

iments with excess ozone. For the few experiments where

[O3]o was higher than 4-pinene}, —A[B-pinene] was 2.6.1 “B fit”

calculated from Eq. (5) interchangimgypinene and ozone.

Temperature-dependent reaction rate coefficidgs) (vere ~ Non-linear robust fits (Huber, 1981) of Eq. (10) to the ex-

calculated from the Arrhenius equation: perimental data pairs d¥f, andY were performed. The in-
put parameterk,,, 1,303k and K2 303k were varied from
ko, = A exp(_E’l> (7)  0.001nfug~t to 0.2nP g™t in steps of 0.001rhug?

RT with the premise thak ;1,303 k> Kom. 2. 303k The temper-
where A=1.2x10-1544.6x 10~ 17 cné molecule L 52, ature dependenc_e @i WaS derived from the Clausius-
E,/R=1300+75 K (Khamaganov and Hites, 2001; Atkinson Clayperon equation describing the temperature dependence
and Arey, 2003). of the vapour pressure (Sheehan and Bowman, 2001):

Standard deviations di,, (sas,) were calculated from re- T 1 1

peated measurements of the SOA number size distribution{(”m’i’T = Kom.i.303 Km exp[B,- (F B mﬂ (11)

The number of measured size distribution$ iy each ex- AcH:  AoaS: X T -

periment is given in Tables 1 and 2. The standard deviationg, — —Y2P 7! , ZVap> = Tbi (12)

of the yield ¢y) was calculated by propagatirg, and the R

standard deviation of A[8-pinene] §_g—pinend: Pinalic-3-acid and pinic acid were chosen as representatives

for the low volatile species (1) and nopinone was chosen to

sM, 2 S A[p—pinend 2 represent the semi-volatile species (2). B values for the three

sy =Y x (E) (m) (8)  species were calculated with the valuesiafyS; and Ty ;

reported by Jenkin (2004). The two acids were lumped using
S_ap—pineneWas calculated from the standard deviations of the method of Bian and Bowman (2002) wittand K values
aoH, [Os3lo, [B-pinene}, At andko,: from Jenkin (2004). This led t8,=6153 K andB,=5032 K.
Start values ofr; anda (Table 3) were determined by test

S—A[p-pineng= (—Alp — pinend) x ©) calculations, and for each temperatareand o, were op-
\/(yaOH>2+ <s[0310)2+<s&)2+<sﬂ)2+< S[B—pinend )2 timized with a Nelder-Mead algorithm (Nelder and Mead,
aoH [Oslo ko, At [8 — pinendy 1965) to minimize the residual paramesar:
2.5 Two-product model s Z |YdataT - YmodelT’i (13)
T =
: Sy,dataT,i

The ozonolysis ofg-pinene generates a large variety of !

reaction products (Winterhalter et al., 2000). Commonly Best fit values 0K, 1,303k and Kom 2,303k were taken at
the products of this and other SOA formation reactions arethe minimum of the sum of residual paramet&rs; .
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Table 3. Start values for the two-product model fit to the mea- 14410775 — 303K
surgment dgta f.rom dry and humid gxperimem§anda? are thg 124107 [ — 203K
stoichiometric yields of the low volatile and semi volatile species. ’ —283K
7z 1.0110° _ggﬁ
dry humid § g10° A 263 K
o
TK) o oo a1 a2 % 6107 k
263 0.10 0.17 0.15 0.04 §
273 0.09 0.29 0.25 0.04 S 4110° B
278 010 0.30 . ;[
283 003 018 026 0.13 2110 i\&‘
293 0.01 0.33 040 0.04 0 e \.;;
303 008 0.16 1 100 1000
Dp (nm)
* 11
18 1011 b) —303K
2.6.2 “Freefit” 1'2*1211 \ — oK
o 278 K
To investigate how the fit values change without con- § 1.2410" —273K
straints on the temperature dependence the data sets obtained "€ ;- 3 263 K
at different temperatures have been fitted independently e \
. ; Q 8*10
by varying the input parameter&,, 1 and K,, 2 from g
0.001n% £g~ to 0.8 n? g~ with steps of 0.001 Ryxg2. 2 610" BV
For the data from experiments at 263K (dry and humid) 410" P ‘ﬁ——ﬁm—
and 278K (dry) it was necessary to raise the upper limit to 2%1010 7A J by
100000 3 g1 (steps of 10 Aug™1), 300 n? g~ (steps 0 é/ \ | wk\!“
of 1m®ug~1) and 3.150 rAg ! (steps of 0.001 rug™1), ] 10 100 1000
respectively. Start values afi anda» were identical to those Dp (nm)

used for the “B-fit” (Table 3). For both the “B-fit" and the ) _ _
“free-fit” the ; best-fit values were not correlated with the Fig- 2. Average (arithmetic mean of 6-24 scans) particle num-

start values, confirming that fitting results were not biased byP€ () and volume(b) size distributions from dry experiments
the start values. with [B-pinenep=1.28 ppmv-1.38 ppmv (except for 293 KB

pinenep=1.61 ppmv) and [@]o~1.25 ppmv at different tempera-

2.7 Earlier investigations tures (263 K-303K).

2.7.1 Experimental studies No OH scavenger was applied in this study. This might
complicate comparison to other experimental results from
Six experimental studies on the aerosol yieldfepinene  studies using OH scavengers since the influence of scavenger
OZOI"IOlySiS have to our knoWledge been publIShed They haV%n the aerosol y|e|d depend on the type of alkene and OH
been conducted in static smog chambers under different exscavenger (Docherty and ziemann, 2003; Keywood et al.,
perimental conditions. Five of them are summarised in Ta-2004). Griffin et al. (1999) and Yu et al. (1999) applied 2-
ble 4, but none of them covered a temperature and humidityyytanol as an OH scavenger, which has been found to reduce
range wider than a few K and few % RH, respectively. Thethe SOA yield froms-pinene ozonolysis substantially (Key-
sixth study (Pathak et al., 2008) was published during thewood et al., 2004). Lee et al. (2006) applied cyclohexane
course of this work. It covered the temperature range fromsgr OH scavenging, which has been found not to affect the
273-313K and will be discussed separately. SOA yield fromB-pinene ozonolysis significantly (Docherty
Most of the previous studies used seed aerosols, which argng ziemann, 2003). Jaoui and Kamens (2003) used rural
assumed to affect measurements of SOA yield only at veryhackground air containing natural OH scavengers.
low particle number and mass concentrations (kinetic limi-  Most of the earlier studies assumed a particle density of
tations of particle nucleation and growth). The lowest parti-lgcm—Sy only Lee et al. (2006) assume 1.25gTh We
cle number and mass concentrations measured in our expefissume a particle density of 1.2 gcfnbased on Bahreini
ments were 3.410° cm~% and 1.9.g m~3, which should be et al. (2005). Two of the previous studies reported fit-
SUfﬁCiently hlgh to avoid kinetic limitations and ensure com- parameters for a one- or tWO_product model of SOA forma-
parability with earlier studies using seed aerosols. tion (Hoffmann et al., 1997; Griffin et al., 1999).
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Table 4. Experimental conditions for studies regarding yield fr8rmpinene ozonolysis.

T (K) Seed aerosol RH (%) OH scavenger
Hoffmann et al. (1997) 292 + — —
Griffin et al. (1999) 307-308 + 5 2-butanol
Yu et al. (1999) 306-308 + - 2-butanol
Jaoui and Kamens (2003) 285-290- 40-50 —
Lee et al. (2006) 293 + 6.3 cyclohexane
This study 263-303 — <0.03; 26-68 —
2.7.2 Model studies amounts of reactefl-pinene as detailed in Sect. 2. The con-

ditions and results of the individual experiments are listed in
In a number of models developed to predict SOA Yyields, Tables 1 and 2.
a wide variety of gas-phase reaction products are lumped
on the basis of their vapour pressures, and representativ@.1 Particle concentrations and size distributions
ai, Komi and B; values are calculated for each lumped
species (Cocker et al., 2001; Kamens and Jaoui, 2001; Biafigure 2 displays average (arithmetic mean) particle num-
and Bowman, 2002). The stoichiometric yielelsare usu-  ber and volume size distributions of dry experiments per-
ally assumed to be independent of temperature, whereafrmed with about 1.25 ppmv ozone and 1.28-1.37 pgnv
the gas-particle partitioning coefficienss,,; are assumed pinene, except for the measurement at 293 K performed with
to have a Clausius-Clapeyron-type temperature dependence61 ppmvB-pinene. The number of scans conducted to ob-
(Sect. 2.6), implying proportionality between SOA yield and tain the average size distributions is shown in Table 1. The
inverse temperature. modal diameter of the number size distributions was fairly
Svendby et al. (2008) have fitted the two-product modelconstant (20 nm—30 nm), and the integrated number concen-
to the data of Griffin et al. (1999) and Yu et al. (1999) and trations exhibited a trend to decrease with decreasing temper-
presented the temperature dependence of the paramgters ature. In contrast, the modal diameter of the volume size dis-
Kom.i- tributions is 30 nm at 283 K—303 K but increases over 38 nm
Jenkin (2004) has presented a comprehensive modelingt 278 Kto 60 nm at 263 K and 273 K. The integrated volume
study of SOA formation fromg-pinene ozonolysis: gas concentrations exhibited an increasing trend with decreas-
phase chemistry is described using the Master Chemicaing temperature (albeit oscillatory rather than monotonous,
Mechanism (version 3), coupled with a representation ofas discussed below).
gas-to-aerosol transfer of ca. 200 semivolatile and involatile Figure 3 displays average (arithmetic mean) particle num-
oxygenated products. Jenkin (2004) illustrates the depenber and volume size distributions of humid experiments
dence of the simulated yield of aerosol mass versus mas6%—68% RH) with about 1.25ppmv ozone and 0.97-
of organic aerosol for three temperatures. He assumed &.76 ppmvg-pinene. The number of scans conducted to ob-
particle density of 1 gcm?, which is expected to lower the tain the average size distributions is shown in Table 2. Under
yield compared to our assumption of 1.2g¢h Also the  humid conditions, both the modal diameter of the number
simulation contains enough water vapour to scavenge stasize distributions (20 nm—40nm) and the integrated particle
bilised Criegee intermediates. Even though our experimennumber concentrations decreased with decreasing tempera-
tal reaction conditions are not identical to those assumed byure. The integrated volume concentration also exhibited
Jenkin (2004) we choose to compare to Jenkin’s results, sinca clear decrease with decreasing temperature, whereas the
it is the most comprehensive theoretical studyBgbinene  modal diameters of the volume size distributions increased
ozonolysis available. (40nm-60nm). The 273 K volume size distribution shown
in Fig. 3b exhibits two modes of similar intensity (one at
~50nm and one at~90nm). This is not typical though;
3 Results and discussion the average volume size distributions obtained at the other
concentrations of ozone arfidpinene applied at 273K (not
SOA formation experiments have been performed at six dif-shown) were monomodal. The reason for the occurrence
ferent temperatures in the range of 263 K—-303 K under dryof the second mode at 273K is unclear; it should be noted
and humid conditions and SOA yields have been determinedhat it does not substantially change the observed decrease
from the measured number size distributions and calculatedf aerosol particle volume with decreasing temperature. The
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6*10° 3 o whereas the yield of condensing species was reduced at low
293K temperatures (263K and 273K) and increased at high tem-
5106 — 283K peratures (283 K and 293 K).
. 23K Bonn et al. (2002) reported a decrease in particle number
”g 4*10° 263K and volume upon addition of water vapour at 295 K. Bonn et
® l al. (2002) used cyclohexane as an OH scavenger, which has
5; 3*10° I been shown to affect SOA yield (Jonsson et al., 2008a).
]
% 2*10° 3.2 Concentration dependence of SOA yield
10° o \ Figure 4 summarises the results of all dry experiments
‘A ‘ in a plot of SOA vyield versusM,. At all temperatures,
0 = TR the yield exhibits a steep near-linear increase with for
1 10 Dp () 100 1000 M,<10pug m—3 and reac_hes a ne_ar-constant r_naximL_Jm level
for M,>100ug m~3. This behaviour can be fitted with the
210" 1 two-product model outlined in Sect. 2.5 and 2.6; the parame-
1.8*10™ _;gg E 0 ters of the shown fit lines are summarized in Table 5 and will
161011 —273K be discussed below.
" 1.4%10"] 263 K The error bars depict the standard deviationsM&rand
m‘\g 1210 SOA yield, calculated as described in Sect. 2.4. They illus-
£ 1611 N trate that the relative standard deviations of repeated mea-
éc; g10' surements within one experiment were mostly 10% or less.
2 The standard deviations between the mean values of SOA
3 610" yield obtained in different experiments repeated under near-
410" Ja \ identical conditions (similaf” and A[B-pinene]) were gen-
2*10" )14 mw\ erally <0.05, corresponding to relative standard deviations
0 St up 10 15%.
1 10 oy (nm) 190 1000 The standard deviation of the ozonolysis reaction rate co-

efficient ko, (skOe,) was not included in the error bars of
Fig. 3. Average (arithmetic mean of 13—-23 scans) particle numberFig. 4, i.e.si,, was excluded from their calculation through
(a) and volumgb) size distributions from humid experiments with Eq. (9). Skog varies only little over the investigated tempera-
[B-pinenep=0.97 ppmv-1.76 ppmv and Eh~1.25 ppmv (except  ture range and does not affect the statistical uncertainty of our
for 263K: [03]0=0.9ppmv) at different temperatures (263K- experimental data. It should, however, be taken into account
293K). when comparing the results to other studies and extrapolat-

ing to the atmosphere. Whefygb3 is included in EqQ. (9)sy

is a factor of 2 to 3 larger than the error bars displayed in
293K volume size distribution shown in Fig. 3b displays a Fig. 4. The same applies to the SOA yields and uncertainties
shoulder at~100 nm. This was also observed for the aver- of the humid experiments presented below (Sect. 2.4, Fig. 5).
age volume size distributions at two other concentrations at|early, a reduction of the uncertainty of the ozonolysis rate
293K (five concentrations were studied in total). The reasorcoefficient is of central importance for reducing uncertainties
for the occurrence of a shoulder is not known, but does nolf SOA formation and mass concentrations in atmospheric
affect the observed decrease of aerosol particle volume witlnodels. If future investigations were to reveal differences
decreasing temperature. between the actual value &, and the value used here, the

Compared to the dry experiments, the particle numbemesults of this study could be scaled accordingly.
concentrations under humid conditions were generally lower, As illustrated in Fig. 4, the maximum yield from the
whereas the particle volume concentrations were higher agtudy by Hoffmann et al. (1997) at 292K (open diamonds)
283K and 293K and lower at 263K and 273 K. agrees quite well with the maximum yield from our study
Overall, the measured particle concentrations and size disat 293K (filled diamonds). A, <150.gm~2, however,

tributions indicate that the yield of nucleating species responthe yields of Hoffmann et al. (1997) were about 20% higher,
sible for new particle formation decreased with decreasingeven though they had assumed lower particle density (1.0
temperature, both under dry and humid conditions. Undews. 1.2gcnm3, Sect. 2.7). A possible explanation for the
humid conditions also the yield of condensing species re-differences is that Hoffmann et al. (1997) measured the
sponsible for particle growth decreased with decreasing temedenominator in the calculation of the SOA yield,A[S-
perature. For all temperatures the addition of water vapoupinene], whereas it has been calculated in this study, subject
resulted in a reduction of the yield of nucleating species,to the large uncertainty ofo, outlined above. Hoffmann
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040 Table 5. Best-fit values of the two-product model “B fits” (Sect. 2.6)

to the dry data from our study and the fit parameters from Hoffmann
etal. (1997% (one-product model, Fig. 4X,,,,, ;=partitioning coef-
ficient, o; =stoichiometric yield,S7=optimised residual parameter,
n=number of data points (experiments).

0.40 1

0.35 1

0.30 1
0.25 1

Yield

0.20 ¢!

0.15 1

010 4 T (K) Kom,l K0m,2 a1 a2 St n
. mug™h  (miug™h
000 1 ‘ ‘ S ofmam eta, 1997 (292) 263 0.724 0.011 0207 0080 275 8
0 50 100 150 200 250 300 273 0.319 0.006 0.284 0.173 1.73 5
Mo (ug m™) 278 0.217 0.004 0274 0248 211 5
283 0.149 0.003 0.139 0.184 9.30 11
293 0.073 0.002 0297 0136 322 8
303 0.038 0.001 0.264 0 487 6
292 0.11 - 035 -

Yield

Figure 5 illustrates the SOA mass concentration depen-
dence of SOA yields observed under humid conditions. It
is qualitatively similar to the concentration dependence ex-
0 s w0 15 20 23 m hibited by the dry experiments and can also be fitted with the

M (g m) two-product model outlined in Sect. 2.5 and 2.6; the parame-
ters of the shown fit lines are summarized in Table 6 and will

Fig. 4. Secondary organic aerosol yiel#)(plotted against mass

) : : be discussed below.
concentration of organic particulate matté{) from dry exper- C d to the d . ts. th . ield
iments performed at different temperatures (263 K-303K)alll ompared {o the ary expenments, the maximum ylelds

data from this study (Table 1), and Hoffmann et al. (199Db); decreased by-35% at 263K and 273K and mgreased by
blow-up of low M, range from Fig. 4a. Symbols and error bars ~80% and~30% at 283K and 293K, respectively. The
represent the arithmetic mean and standard deviations of 4-24 replyields reported by Griffin et al. (1999) fa¥/, <30ugm—3
cate measurements performed in each experiment. Lines represeat 307 K-308 K (Fig. 5, open triangles) are by more than a
two-product model “B fits” (Table 5). factor of 5 lower than the ones observed in our experiments
at 293 K, but their two-product model fit predicts a maximum
yield comparable to our study (0.511 vs. 0.436). The differ-
et al. (1997) have only measured yields ff, up to ca.  ence might be due to the use of an OH scavenger (2-butanol)
100g m~3. In this range the ratio of the yields of Hoffmann in the experiments of Griffin et al. (1999).
et al. (1997) to our results is roughly 1.25. At 293K we  |n contrast to the irregular and weak increase of SOA yield
used ako,-value of 1.4<10~"cm® molecules™*; using  with decreasing temperature observed under dry conditions,
a ko, of 1.1x10 " cm®molecules™! instead would  the humid experiments exhibited a pronounced monotonous

make our yields agree with the results from Hoffmann decrease of yield with decreasing temperature as detailed be-
et al. (1997). This value is within the uncertainty range |ow.

of ko, (1.06x1071"-1.90x10~%"cm®moleculels™t)

(Khamaganov and Hites, 2001; Atkinson and Arey, 2003).3.3 Temperature dependence of SOA yield

Moreover, the SOA patrticles in our flow tube experiments

were freshly formed, whereas chemical aging over multipleFigure 6 illustrates the temperature dependence of SOA

hours may have played a role in the chamber experiments ofields at M,=10ugm2 (a) and M,=250ugm=2 (b) as

Hoffmann et al. (1997). observed and modelled in our study and other investi-
Unexpectedly, the SOA yields measured under dry congations of SOA formation from ozonolysis ¢f-pinene.

ditions did not exhibit a monotonous increase with decreas-M,=10ugm—3 was chosen as an exemplary atmospheric

ing temperature. Even when the statistical uncertainties oparticle mass concentration leveM,=250.gm 3 is well

the measurement results are taken into account, the yieldabove typical atmospheric aerosol loadings, but it was cho-

observed at 263 K were generally lower than those at 273 Ksen for robust comparison of measured and modelled maxi-

and 278 K (most evident aif,>30,g/m?; Fig. 4a) and the mum yields, because it is well in the saturation range (near-

yields observed at 283 K were &f,>50.9/m° lower than  constant maximum level of SOA yield). As illustrated in

those at both colder and warmer temperatures (Fig. 4a). Thifigs. 4 and 5, the relations and conclusions obtained by com-

complex, non-linear behaviour will be discussed below. parison of effective maximum SOA yields at 266 m—2 are
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045 T _ Table 6. Best-fit values of the two-product model B fits (Sect. 2.6)

0407 e % T gd%_:: to the humid data from our study and the fit parameters from Grif-
0.35 fin et al. (1999)a (two-product model, Fig. 5K, ;=partitioning
0.30 | kT coefficient,«; =stoichiometric yield Sy =optimised residual param-

0.25 eter,n=number of data points (experiments).

3593

Yield

0201 r
0.15 1

010 - 263 K T (K) 3Komil 3K0mi2 o] o2 St n

sarsk (Mm2ug-)  (M°ug-H)

005 + 283K
0.00 A ‘ ‘ __ AGriffin et al., 1999 (308 K) 263 0.590 0.054 0.148 0.036 041 4

0 50 100 150 200 250 300 273 0.260 0.028 0.229 0.026 467 5
Mo (ug m”) 283 0.122 0.015 0.286 0.115 1.08E-06 2
035 293 0.060 0.009 0.435 0.001 479 5
®) 308 0.195 0.003 0.026 0.485
0.30 - %
0.25 _/;T_%: ST
5 020 _,3':):: e =
2 o1 | R —f— for a temperature decrease of 5K.

' /;.‘f"/‘? During the course of this work Pathak et al. (2008) pub-
0.10 1 %’;/J“ lished a study on the temperature dependence of the sec-
0051 /4 r ondary organic mass fraction from ozonolysisgpinene.

000 g These experiments were carried out in a large smog chamber

- 5 10 5 20 25 30 facility under dry conditions. At 30C and aerosol levels be-

Mo (g m™) low 20.gm~23 our results are in reasonable agreement. At

0°C we observe higher yields than Pathak et al. (2008). Also
Pathak et al. (2008) do not observe an oscillatory behaviour.
This may be related to difference in the experimental condi-

Fig. 5. Secondary organic aerosol yiel#)(plotted against mass
concentration of organic particulate mattéf, () from humid exper-
iments performed at different temperatures (263 K-293 (&) all

data from this study (Table 2), and Griffin et al. (199@) blow-up  UONS as discussed by Pathak et al. (2008). N
of low M, range from Fig. 5a. Symbols and error bars represent the Jnder humid conditions our measurement data exhibit a

arithmetic mean and standard deviations of 9—23 replicate measurdinear decrease with inverse temperature, which is oppo-
ments performed in each experiment. Lines represent two-producsite to the linear fit to the model results of Jenkin (2004).
model “B fits” (Table 6). The slope of a linear fit to the data is much less steep at
M,=10ug m—3 (—44 K) than atM,=250g m3 (—620 K).
At both concentration levels the fit lines intercept the model

generally also valid for concentration levels at the lower endline of Jenkin (2004) at 273 K.
of the saturation range, i.e. around 309m~3, which are The yield reported by Lee et al. (2006) is 58% lower than
relevant for polluted environments. our measured yield at 250y m—3. M, was only 174.g m—3

Under dry conditions the results of our and other exper-in the experiment of Lee et al. (2006), but according to our re-
iments are consistent with an overall trend of increasingsults this should already be in the saturation range with very
SOA yield with decreasing temperature, consistent with thesimilar yields as at/,=250..gm3.
Clausius-Clapeyron-type temperature dependendg,»f;. The negative dependence on inverse temperature observed

Figure 6 shows a linear fit of our data (yield vs. 1a00/  under humid conditions indicates that the SOA vyield is gov-
We observe a stronger temperature dependence of the yieldgned much more by the temperature and humidity depen-
at lower mass concentrations compared to higher mass corttlence of the involved chemical reactions than by vapour
centrations: the slopes of the linear fits are 277K for pressure temperature dependencies, which are always posi-
M,=10pug m~3 and 108K at,=250g m~3. For compari-  tive. The major differences between the results of dry and hu-
son we also show a linear fit to the results of Jenkin (2004). Itmid experiments (oscillatory positive vs. linear negative de-
should however be noted that the reaction conditions of thigspendence on I7; up to 50% variation of at identicalT’) in-
study differ from those of Jenkin (2004). In Jenkin’s study dicate that the abundance of water vapour may actually have
an OH-scavenger and sufficient water to stabilize Criegee ina stronger influence on SOA formation than temperature. Be-
termediates are included. cause the humid experiments in this study have been con-

The measured yields of this study exhibit substantial oscil-ducted at a fairly uniform level of relative humidity (26%-—
latory deviations from the predicted linear increase with.1/  68%), the absolute water vapour concentrations in the reactor
The largest oscillatory variations occurred between 278 Kwere steeply increasing with temperature (from 0.1% v/v at
and 283 K, where the SOA vyield increased by a factor@f 263K to 1.6% v/v at 293 K). Therefore the apparent positive
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T (K) ments indicates that different results from different studies of
05 303 293 283 273 268 SOA formation (Fig. 6b) may well be due to changes in the
' _a) $ Thisstudy dry involved chemical reactions caused by varying abundances
045 . ggffffmaentri ;e* al, loo7 of water vapour or other chemical components of the reac-
040 X Yuetal 1999 (Most1.2ug m) tion mixture, such as OH scavengers.
036 1 R Moreover, the oscillatory temperature dependence ob-
0301 I EEEEEEE %EL%(%@YOE%M) N served in our dry experiments indicates that under certain
> 025 1 -~ conditions large changes of SOA yield can be caused by
020 A * @, - /é =] small temperature variations.
o514 - ;%jfjv e @ ........ The excited criegee radical formed upon decomposition of
00 ] o 47 . the primary ozonide can either undergo unimolecular decom-
005 I7Eghd position or become stabilized by collision with the bath gas
o o ' ' | (M) (Winterhalter et al., 2000; Hasson et al., 2001). The
" as 34 36 38 4 relative importance of unimolecular decomposition of the
1000T (K ™) excited Criegee-intermediate (Reaction R2b) and stabiliza-
TK) tion (Reaction R2a) followed by reaction with water (Reac-
303 293 283 273 263 tion R3a) is most likely very dependent on temperature. The
080 oy ‘ ‘ ‘ importance of unimolecular decomposition is expected to de-
045 | crease with increasing temperature and this will change the
040 %‘ % % product distribution and thus the yields.
035 % ] For the atmospherically relevant concentration level and
030 1 4 ez temperature range di,=10.g m~3 and 263 K-293 K, the
>0 g ,@, - ’:: - %/ 2 measurement and .mo.del results of this and.earlier §tudies dis-
om0 La T A, played in Fig. 6a indicate that the SOA yield gfpinene
' % R ozonolysis may be well represented by an average value of
015 1 . 0.15 with an uncertainty estimate #0.05. This uncertainty
010 7 range comprises the results of all humid and most dry ex-
005 T \ periments of this and earlier studies in Fig. 6a as well as the
000 , ‘ ‘ model results of Jenkin (2004).
32 34 36 , 38 4
1000T (K )

3.4 Two-product model fit results
Fig. 6. Secondary organic aerosol yield)(plotted against inverse
temperature (1000): (a) M,=10x gm~3; (b): M,=250.gm~3.  Clearly, the two-product model approach is a gross simplifi-
The symbols represent measurement or two-product model resultsation of the complex reaction mechanisms and multiphase
of different studies. The error bars of the yield represent the stanprocesses leading to SOA formation. Nevertheless, this ap-
dard devliations of 4-24 replicat?3 measurement3$ from our experi-proach is routinely used for the modelling of SOA formation
ments with Mo close to 1 gm™ or 250 gm~ respectively. i photh process studies and atmospheric models. Therefore
N %e have fitted our measurement data with the two-product
of the thermo sensors applied in our study and the range of temper- . S . .
atures reported in other studies. Lines are linear fits. model, using t.WO alternatlye fitting procedures as detailed in
Sect. 2.6 (“B fit” and “free fit").

When constraining the temperature dependence of the
temperature dependence may actually be a water vapour compartitioning coefficients by Eq. (11) witl;=6153K and
centration dependence. Thus further experiments will be re82=5032K and fitting the complete data set including all
quired for unambiguous distinction of temperature and hu-temperature levels at once (“B fit”), we obtained the results
midity effects on the reaction pathways of SOA formation. Summarized in Tables 5 and 6.

However, in areas with vegetation (where monoterpenes Under dry conditions (Table 5), the best-fit partitioning
are emitted) the concentration of water vapour is mainly con-coefficients at 303 K wer&,,,. 1. 303x=0.038 n? ug~* and
trolled by temperature. E.g. we experience dew-fall, whenk,,,. 2. 303k=0.001 ntug~1; the Kom.i values at other tem-
the sun sets and the air cools down. For comparison the satyeratures follow the trend prescribed by Eq. (11). The sto-
ration concentration of water vapour changes from 0.28% v/ichiometric yields exhibited temperature dependent oscilla-
at 263 K to 2.32% v/v at 293 K. Thus these first experimentstions comparable to the oscillations of the SOA yield. At
can give a good indication of the effect of temperature on at-all temperatures except 283K, the stoichiometric yield of
mospheric SOA yield under humid conditions. In any case,low volatile products ¢;: 0.14—0.30) was larger than that
the strong influence of water vapour observed in our experi-of semi-volatile productsy>: 0-0.25).
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Table 7. Best-fit values of the two-product model free fits Table 8. Best-fit values of the two-product model free fits (Sect. 2.6)
(Sect. 2.6) to dry data from our studyk,,, ;=partitioning coef-  to the humid data from our study.K,,, ;=partitioning coeffi-
ficient, o; =stoichiometric yield,S7=optimised residual parameter, cient, a;=stoichiometric yield,Sy=optimised residual parameter,

n=number of data points (experiments). n=number of data points (experiments).
T (K) Kom,l K0m,2 o] a2 St n T (K) Kom,1 Kom,2 o o2 St n
miug™hH  (miug™h mug™h  (MmPug™h

263 63950 0.037 0.157 0.119 251 8 263 203 0.184 0.056 0.127 020 4
278 3.017 0009 0193 0290 053 5 283 0.185 0050 0078 0315 80 % 2
283 0.098 0001 0181 0158 707 11 293 0.060 0.059 0.315 0.121 478 5
293 0.067 0.001 0.313 0.119 3.18 8

303 0.041 0.040 0.118 0.139 460 6

other trends and implications of the particle concentration
and size distribution measurements, however, are not directly
Under humid conditions (Table 6), the best fit values of reflected by the two-product model fit parameters. Obvi-
Kom.1 Were by a factor of 0.8 lower and thosek,,, » were ously, the lumped low-volatile products cannot be readily
by a factor of 5 higher than under dry conditions, indicating interpreted as nucleating species that lead to new particle
lower effective volatility of the lumped semi-volatile prod- formation, and the lumped semi-volatile products cannot be
ucts under humid conditions. The stoichiometric yield of readily interpreted as condensing species.
low-volatile products exhibited a steep increase with temper- - Overall, the differences between the results obtained with
ature r1: 0.15-0.44), corresponding to the increase of SOAdifferent fitting procedures and the oscillatory behaviour of
yield. The stoichiometric yield of semi-volatile products ex- the fit parameters indicate that indeed the two-product model
hibited no pronounced trend and was generally lower tharis insufficient for a mechanistic description and reliable ex-
under dry conditionso(z: 0.001-0.1). trapolation of the temperature and humidity dependence of
When fitting the data set obtained at each temperature inSOA formation. In view of the wide use of the two-product
dependently (“free fit”), we obtained the results summarizedmodel and in view of the lack of readily available and effi-
in Tables 7 and 8. cient alternatives, however, possible mechanistic interpreta-
Under dry conditions (Table 7), the best-fit partition- tions and implications of the fit parameters will be discussed
ing coefficient of the lumped low-volatile products ex- below.
hibited oscillatory increase with decreasing temperature
(Kom.1: 0.04 1 1g~1-64 000 ni ug~1), whereas the parti- 3.5 Mechanistic implications of two-product model fit
tioning coefficient of the semi-volatile products exhibited parameters
no pronounced trend and was nearly as high as that of the
low-volatile species at 273K and 303 KK{,, 2: 0.001-  The traditional two-product model exhibits a linear positive
0.13n?ug~1). The stoichiometric yield of low-volatile dependence of SOA vyield on inverse temperature. The lin-
products exhibited temperature dependent oscillations comear dependence is a consequence of assigning a Clausius-
parable to the oscillations of the SOA yield;( 0.12-0.39), Clapeyron-type temperature dependence to the gas-particle
and at most temperatures except 278K and 303K it wagartitioning coefficient«,,, ; (Sect. 2.6, Eqg. 11) and assum-
larger than the stoichiometric yield of semi-volatile products ing no temperature dependence of the stoichiometric yields
(a2: 0.002-0.29), which was inversely correlated to the 0s-«;. To reproduce the oscillations of the SOA yields under dry
cillations ofa1 and SOA yield. conditions and the negative temperature dependence under
Under humid conditions (Table 8), the best fit values of humid conditions with the two-product model, however, it is
K,m.1 exhibited a pronounced monotonous increase with denecessary to allow a temperature dependenaog,afe. vari-
creasing temperature (0.06-203ag~1), whereask,,, » ations of the yields of low-volatile and semi-volatile reaction
exhibited no pronounced trend and was nearly as high agroducts with temperature. This implies a change in prod-
that of the low-volatile species at 273K and 293 K (0.06- uct yields, i.e. the amounts of low-volatile and semi-volatile
0.23n? ug1). a1 exhibited an oscillatory increase with species produced, with temperature.
temperatured1: 0.06—0.32), and:, exhibited inversely cor- The formation of condensable species from volatile pre-
related oscillations of similar magnitudex 0.06-0.32). cursor gases involve numerous reaction steps and intermedi-
The increase oft; with increasing temperature observed ates, and a combination of exothermal and endothermal pro-
under humid conditions is consistent with the increase of thecesses may well lead to complex temperature dependencies
yield of nucleating species inferred above from the measures observed in our dry experiments. Contrary to gas-particle
particle concentrations and size distributions (Sect. 3.1). Thepartitioning, which is expected to decrease the SOA yield
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103 position. From 273K to 263K th&,,, 1/T exhibits a par-
. Egm;gg free fit n ticularly pronounced increase, which is by several orders of
10 7 A Kom 1.dry, B fit magnitude higher than expected from the near-linear depen-
o | x ﬁgmfga{ng f;tree it dence observed at higher temperatures. Itis tempting to spec-
X Kom,2.humid, free fit ulate that this increase might be related to the freezing of

| — Kom,1,humid, B fit

1 T Kom 2 hamid, B fit % water, but it is actually more pronounced under dry condi-

tions and thus most likely due to effects of temperature on
the chemical reaction mechanism and product distribution.

Kom,i [T(m3ug'K-")
S

1021 - In any case, Fig. 7 reconfirms that the two-product model
A is insufficient for a mechanistic description of the tempera-
103 X 4 % ture dependence of SOA formation. It demonstrates a need
. X $ for further systematic investigations and mechanistic eluci-
10 N + * dation of the complex physico-chemical processes involved
10751 in atmospheric particle formation and gas-particle interac-
tions (multiphase chemical reactions, mass transport, and
1070 ‘ ‘ ‘ phase transitions, @chl et al., 2005, 2007; Fuzzi et al.,
3.2 34 316 3.8 2006)
1000/T (K™)

Fig. 7. Tempera_ture-normalized partitioning coefficienk$ 4, ;/T) 4 Conclusions
plotted against inverse temperature.
Our investigations of SOA formation from the ozonolysis of
B-pinene demonstrated that not only the partitioning coeffi-

with increasing temperature (decreas&of, ; with increas-  cients of the reaction products but also the relative contri-
ing T), the chemical reactions leading to second-generatiorbutions of different gas-phase or multiphase reaction path-
products with lower volatility are likely to be accelerated at ways are dependent on temperature and humidity. Under hu-
higher temperatures. mid conditions the SOA yield was actually found to increase

Differences in the temperature dependency of competingather than decrease with increasing temperature, indicating
reaction pathways may lead to changes of the real reacthat the temperature and humidity dependence of chemical
tion product distribution and thus to changes of the effec-reactions is more important than the temperature dependence
tive properties of the lumped low-volatile and semi-volatile of vapour pressures.
model products (Bian and Bowman, 2005). Under these con- Further investigations are needed for mechanistic elu-
ditions, the temperature-normalized gas-particle partitioningcidation and reliable description of the complex physico-
coefficients,K,,, ;/T, are likely to exhibit deviations from chemical processes involved in SOA formation, and the influ-
the exponential dependence on inverse temperature, whicnce of temperature and humidity should be considered both
is expected for constant product composition according tofor gas-particle partitioning of VOC oxidation products and
Eq. (11). In other words, deviations from a linear depen-for the pathways and kinetics of gas phase and multiphase
dence of the logarithm ok ,,, ;/T on 1/I" indicate changes chemical reactions. In the atmosphere, oxidative processing
in the chemical composition of the reaction products. and gas-particle partitioning can proceed at different temper-

In Fig. 7 the temperature-normalized partitioning coeffi- atures, which shOt_JId be taken into eccount in the modelling
cients, K /T, obtained from the different fits (“B fit” and of.S'OA. In the tropics, for example, high temperature and hu-
“free fit") to the dry and humid data set are plotted on a |Oga_m|d|ty at the surface can promote the formatlon of SQA from
rithmic scale against 100D/on a linear scale. The,,, /T  (reshly emitted BVOC, and deep convection can rapidly de-
values obtained from “B fits” exhibit a linear dependence onCrease the temperature and favour further condensation.

LT as prescribed by Eq.. (11)’{”’.”:1” was practically the AcknowledgementsThe authors would like to thank Ger-
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the K, o/T values from the humid data set exhibit a near- Natural Science Research Council.
linear dependence on7l/ indicating fairly constant proper-
ties and composition of semi-volatile products. g, 1/T
values and the dnK,, 2/T exhibit substantial deviations
from linearity, indicating changes of reaction product com-
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