Atmos. Chem. Phys., 7, 2893916 2007 iy —* -

www.atmos-chem-phys.net/7/2893/2007/ Atmospherlc
© Author(s) 2007. This work is licensed Chem |s_try
under a Creative Commons License. and Phys|cs

Ambient sesquiterpene concentration and its link to air ion
measurements

B. Bonn!”, A. Hirsikko 1, H. Hakola?, T. Kurt ént, L. Laakso®, M. Boy3, M. Dal Maso?, J. M. M akela?*, and
M. Kulmala ®

IDepartment of Physical Sciences, University of Helsinki, Helsinki, Finland

2Finnish Meteorological Institute, Helsinki, Finland

3National Center of Atmospheric Research, Boulder, CO, USA

4Tampere University of Technology, Institute of Physics, Tampere, Finland

“now at: Estonian University of Life Sciences, Department of Plant Physiology, Tartu, Estonia

Received: 4 October 2006 — Published in Atmos. Chem. Phys. Discuss.: 15 December 2006
Revised: 16 April 2007 — Accepted: 25 May 2007 — Published: 11 June 2007

Abstract. Ambient air ion size distributions have been 1 Introduction

measured continuously at the Finnish boreal forest site in

Hyytiala since spring 2003. In general, these measurementBoreal forests cover approximately 16% of the Earths’ land
show a maximum of air ions below 1.0 nm in diameter. But surface. They include a mixture of different tree types such
this physical characterization does not provide any informa-as pine and spruce as well as smaller surface vegetation types
tion about the ion’s chemical composition, which is one key on different soils. This vegetation emits various types of
question regarding the explanation of nucleation events obvolatile organic compounds (VOCs) because of stress fac-
served. In this study we propose a link of the observed maxitors such as temperature, draught and hazardous oxidants
mum of negative air ions between 0.56 and 0.75 nm to the so(€.g. 0zone), which affect the vegetation. Recent measure-
called stabilised Criegee biradical, formed in the reaction ofments in boreal environment§oldstein et al.2004 Hakola
biogenic sesquiterpenes with ozone and predominantly deet al, 2003 2006 Hellen et al, 2004 Tarvainen et a).2005
stroyed by its reaction with ambient water vapour. Calcu-Vuorinen et al.2003 with respect to the involved trees have
lations of the electron and proton affinities of 120kJmol  shown that these compounds mainly consist of monoterpenes
(1.24eV) and of 960 kJ mol support this link. Other pos- (CioH16) and carbonyl compounds. Once the VOCs are
sible candidates such as sulphuric acid derived clusters arémitted, they start to react with ambient oxidants (ozone,
unable to explain the observations made. By using this ap©OH and NQ@), resulting in atmospheric lifetimes, their sur-
proach, we are able to calculate the ambient concentratioiival time in the atmosphere respectively, of several hours
of sesquiterpenes at the air ion instrument inlet with a highto days. However, sesquiterpenegd4), a class of com-
time resolution on the daily and seasonal scale. The estipounds, which are highly reactive especially towards ozone,
mated concentration is found to reveal the same seasonal pdtave been detected in notable amounts in emission studies
tern as emission measurements conducted at shoot level. Alakola et al. 2006, when ozone was removed from the
expected for biogenic VOCs, the concentration is obtainedsampling air before entering the glass cuvette enclosing the
highest during summer (maximum values of about 100 pptv)emitting tree branch. But their detection in ambient air is lim-
and smallest during winter (minimum less than 1 pptv). Be-ited by their short atmospheric lifetime of about 1-2 min, al-
cause of the sesquiterpenes high reactivity and its low ammost exclusively caused by the reaction with ambient ozone
bient concentrations, this approach can be a first step in unand the resulting lower ambient concentration. Currently,
derstanding their emission and their impact on atmospheri@mbient sesquiterpene concentration measurements are only
chemistry in more detail. The findings presented are highlyPossible if their concentration exceeds about 20 parts per tril-
relevant for emission budgets too, since boreal forests are exXion (pptv), which might be only achieved close to the emit-
tended over large areas of the globe. ting needles but nowhere else in boreal forests, except during
summer time.

In these forests new particle formation is known to oc-
cur, first reported by F. W. Went in his article on blue
Correspondence td3. Bonn haze Went 1960. He linked the appearance of blue haze
(boris.bonn@helsinki.fi) or visible new particle formation to biogenic monoterpenes
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(C10H15) emitted by the forest subsequently reacting with drag. The drag is represented by the friction coefficfesft
ozone. Similar particle formation events have been observedn idealized spherical object with a so-called mobility diam-
rather frequently at the Finnish boreal forest site in Hifgti  eter Eriedlander2000):

(61°51' N, 2417 E, 180 m a.s.l.) with about 60-120 events v e

per year Dal Maso et al. 2005. However, compared to Zel = T 7 (2)
monoterpenes the larger sesquiterpenes and their oxidation ) ] ] ) ) ]
products are believed to play an even stronger role in nu_F(_)r _analy3|s the ions are mtrod.uge(.j into the electrical field
cleation, but have not been able to study at Hifiitiyet. The within a large sample flow to minimize any waI.I _Iosses and
knowledge of their emission and concentration on a high timer€ detected by capacitor pulses for both polarities. Because

resolution as well as of the oxidation products involved are©f the electro neutrality of ambient air both polarities are ex-
some of the missing key information. pected in similar quantities, i.e. the number of negative air

In order to understand the biosphere-atmosphere exiONSNions— equals the one of positive air iohons +:
c_hange, various parameters are measured continuouslyo,s — = Nions + )
since 1996 at the Station for Measuring forest Ecosystem- . . ;
Atmosphere Relations (SMEAR) Il in Hygt. These fo- These ions are distributed over a huge size range between
cus on the biogenic interaction (fluxes, growth, respiration)less _than a nanometer and several microns. The |nd|V|_duaI
with the atmospheric conditions (meteorological parametergracnon of the pre;ent neutral_molecules, clusters or particles
and trace gases) and on the onset of new particle formatigé”amed neur':ra!s n th_(ﬁnglOWlng)dth at beé:%mes chargke dblun—
particle number concentrations and size distributions). Fro er atr;losp e”t% equhll rlurln c%n |rt]|on§ : ers reTar af t)r/;
spring 2003 on the size distributions of air ions are measured€Pending on the p ysical and chemical properties ot the
with two different devices too. In these measurements a Cleapeutrals. These _F’F‘?pe”'es are the size, the atrr_10_sphenc life-
maximum of ambient negative air ions at sizes between 0.561me and the affinities (electron and proton affinity) of the

0.75 nm (electrical mobility range at standard conditions, i'e'_neutrals to accept positive or negative charges. The charg-

T=273.15K anch=101 325 Pa): 1.96-1.48 @ ~1s1yand N9 Process itself occurs via collisions of neutrals with am-

of positive charged ones between 0.75 and 1.0 nm (electrica{?ient airions, i.e. already charged particles or newly formed
mobility range: 1.48—1.04 ¢/~ 1s-1) in mobility derived electrons and positive complements. For the size range of in-

diameter are apparent. In order to improve our understandin%erﬁs?’ W?'Ch IS Iess. thzr.' a few nanom_etfe rl‘; th% sFt’ead)_/-state
of the biosphere-atmosphere interactions, the origin of nucle- ggls,{on requencyp; - A is given as $einfeld and Pandis
ation and the whole nucleation process, the chemical naturé 9:

of these air ions is essential to know in order to draw fur- B; = 27(d,,; + dion)(D1 + Dion)Bum 3
ther conclusions about their detailed role or function in the Kn+1

rocesses involved. Bm = 4)
P 0.377Kn+1+ 2Kn?+ 2 Kn

2 air
2 Atmospheric air ions kn = dion ®)
N . . 2

Atmospheric air ions describe molecules, clusters or particles 4 _ 1 4 1 7q (6)
carrying one or more electric charges. The charge originates dweq 4D kT

either from radioactive decay of Radon and the release of
radiation from soil sources or from cosmic rays. Next, the
tiny formed electrons and positively charged ions will attach
rapidly to the next molecule, cluster or particle reached first
with the capability to accept the offered charge, i.e. with suf-
ficiently large electron or proton affinities.

In here the collision rate of neutral and ion is been splitted
into a “neutral” (collision frequency of a neutrg) and an
ion-part (enhancement facté)), which can be found for in-
stance in Eq. (3) oTammet(2005. The indexi represents
the size section of interest. Furthermadg; anddijon denote

h N o the diameters of the neutral (in size section i) and the air ion,
_ At the samp!mg site in Finland, air ions larger than 0.4 nm andD; andDion the corresponding diffusion coefficientéy

In “Tammet” d|ame.ter'(amme‘t‘ 1995 2905 are measured i the transitional correction factor for the transition between
continuously. Ip this context mgblllty refers tq the Mea- the free molecular regimel{; < mean free path.) and
surementtfchnlque: The dynamic movement within an eleCiha continuum regimed,; >> mean free path;) given by
trical field E of a capacitor in the instrument is detected. Be- Fuchs and Sutugifll971). For its calculation, the Knudsen
cause of the lack of knowledge about the real structure, aiumber Kn and the sticking probability are used. The re-
spherical shape is applied for the air ions. Their movement irmaining factorA is the so-called enhancement factor, due to
the electrical field applied is commonly expressed as electrithe impact of the Coulomb forces of the air iortdoppel

cal mobility Z¢j. This electrical mobility describes the speed and Frick 1986 Laakso et a].2002. The enhancement fac-
Ve|, caused by the interaction of the total ion charge with tor considers the affinity of a neutral to polarize in the pres-
the applied external electrical field, which is balanced by theence of an external charge causing the neutral to attract or
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repulse the ion of opposite charge. Hence, negative ions wilb0 km northeast of Tampere and about 100 km southwest
be attracted by the positively charged part and repelled by thef Jyvaskyk and represents boreal forest background con-
negatively charged oney stands for the elementary charge ditions inside a 44-year-old homogeneous pine forest, which
of 1.6x1071° C ande is the vacuum permittivity. For fur- is extending several kilometers to the north and northeast.
ther details see for examplgiedlandel(2000, Seinfeld and  About 1 km to the southwest is a small lake with the station
Pandis(1998 or Laakso et al(2002. buildings closed byKulmala et al, 2001).

It is well known that the collision frequency is highest  For air ion measurements two instruments have been
for molecules, clusters or particles with remarkably differ- used: (i) the Balanced Scanning Mobility Analyzer (BSMA)
ent sizes on the contrary to the ones of similar sizes. ThgSect4.1) and (ii) the Air lon Spectrometer (AIS) (Sedt2).
collision rates are spanning several orders of magnitude foBoth instruments measured the ion mobility distribution for
the collision of a single molecule with an object of a diam- positive and for negative ions simultaneously. In this study
eter between 1 nm and 1 pum. This causes newly formed aiwe focus predominantly on the measurements of the BSMA
ions, i.e. electrons and singly charged molecules, to collidebecause of the higher flow rates and smaller losses inside the
most efficiently with larger aerosol particles, depending oninstrument. The datasets obtained with the AIS are used for
the aerosols surface chemical properties (charge affinitiesintercomparison only.
already adsorbed charges and concentrations.

4.1 BSMA

3 Focus of this study and hypothesis The BSMA instrument from Airel Ltd. (Estonia) consists of
In study we aim to understand the chemical composition oftWO plain paraliel aspiration-type condensers. The voltage

air ions measured at the Finnish boreal forest field station inand thus the electrical field applied inside the condensers are

- . . o changed continuously. To measure the air ion size distribu-
Hyytiala (Sect4) in the smallest size rang®g<1nm in di- . 1 . . S
. o . on 22 L s+ are introduced into each condenser to minimize
ameter) with a specific focus on the size range between 0.5 : : ; A
N . . . -~ Sampling losses. With this set-up the mobility distribution of

and 0.75 nm in diameter, in which the maximum of negative”. . . L .-

o . . —air ions was measured in 16 logarithmically equidistant sec-
air ions is located. In order to do so, we start by deducing

: . ions between 0.032-3.16 én 1 s~1 within three minutes.
the charged fraction of compounds, clusters or particles a . o T :
. ) : he obtained mobility distribution was averaged over 15 min
the very smallest sizes and investigate the parameters affect- .
. . : : and converted afterwards to the size range of 0.42—7.5 nm by
ing this (Sect5.2). Next, we are focussing on the possible . : ; :
: . . applying the algorithm given byammet(1995 1998. This
mass ranges and related compounds in the size section be; ™ 7. .
T algorithm takes the influence of temperature and pressure
tween 0.56 and 0.75nm in diameter (SexB) and calcu- . : SR
I .. into account and calculates the size distribution in 10 loga-
late the electron and proton affinities for the most promising ...~ - -~ : : L
. . . rithmically equidistant sections. The operational principle of
compounds (Secb.4). By intercomparison with observa- ; . : ;
. . . . . the BSMA is described in more detail elsewhefarimet
tions as for instance concentration and the ratio of negativ

and positive air ions, we formulate requirements the possiblez004 Hirsikko et al, 2009. In the middle of August 2005

X . . S0 he measuring cycle of the BSMA were changed according
candidates have to fulfil in order to explain the observatlons.tO Tammet(200§ and because of that we concentrated the

T_h|5 'e?‘d_s to our hypothe_5|s, pre_sented in this paper, that aMsresent study on the time before that in order to exclude arti-
bient air ions measured in the size range between 0.56 anB

0.75nm mainly consist of a specific biradical, i.e. the sta- acts caused by the change.

bilised Criegee intermediate, which is formed by the highly4 > AIS

reactive biogenic sesquiterpenes with ozone. '
In this case we can use the air ion concentration measure

for an approximation of ambient sesquiterpene concentra

tions (Sect6) even below a concentration of 1 pptv, a range

not able to be studied before. Finally, we examine the ef-, "\ 1o aoch  Each DMA was used for a single po-

feCtt.Of the m?X|?11:rrE)_lassdugptlon t.h&;t all %Ir |tons 'nt:]hlsd larity. The sample flow rate for each DMA was 0.5t1s
section consist of stabiised Lriegee Intermediates on the der | 1 4, total) and the sheath flow inside the DMA was

rived se_sqw_terpene concent_ranon and discuss the assumpti Wice as large. With this set-up the entire mobility range be-
of treating single molecules instead of molecular clusters.

tween 0.0013-2.4 ¢V ~1s~1 was measured within 5 min.

Similar to the BSMA the background signal was recorded

4 Experimental and subtracted from the measurement signal for ambient air.
Afterwards the algorithm ocfammet(1995 was applied here

Ambient air ion mobility (size) distributions have been mea- too in order to obtain the corresponding size range.

sured continuously since spring 2003 at the SMEAR Il of Because of the much smaller sample flow rate of AIS com-

the Helsinki University in Hyy@la. It is located about pared tothe BSMA, larger air ion losses need to be taken into

[r{he Air lon Spectrometer (AIS) is manufactured as well by
Airel Ltd. By contrast to the BSMA it consists of two cylin-
drical differential mobility analysers (DMA) with 21 collec-
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account during the calculation of the size distribution and ofin diameter might consist of thermodynamically stable sul-
the actual air ion concentration from AIS datasets. There-phuric acid-water-ammonia clusters. Since the size range in-
fore, we focussed our analysis mainly on the datasets gainedestigated is close by, this might apply here as well.

by BSMA measurements, but used the results obtained by

AIS measurements for intercomparison in order to check for5.1  Air ion measurements on the annual scale

artifacts.

In this context it should be noted that all results shown in|f we take a look on the seasonal behaviour of negative
the following are apparent for both instruments, indicating@nd positive air ions in the second size section measured
that there are none of these kind of artifacts and the results 0fY BSMA (spherical diameter between 0.56 and 0.75nm),
both instruments support the results presented. a clear seasonal pattern is apparent. For both polarities the

For further analysis we increased the averaging time scaléoncentration is found maximum during winter00 cr>
to 30min to make the ion measurements intercomparabl@n average) (Fig2). The minimum occurs during summer

) ) B A ~ 3 . . o .
with available trace gas and meteorological observationd200cnT~), which is more pronounced for positive ions
made at the station. than for negative ones. In order to explain this behaviour

the sources and sinks need to be considered. Let's simply
4.3 Trace gas and meteorological parameter measuremen@sume the air ion to have a density between 100014 m
(water,CRC handbook1998 and 1830.5 kg m® (sulphuric

Continuous observations of trace gases and meteorologic&cid,CRC handbookl99§. Thus, the air ion must consist of
parameters have been measured simultaneously at a towértotal mass between3ilx10-2° and 478x 10-*°kg. This
of 72m in height at six heights, distributed logarithmically corresponds to a molar mass between 79 and 288g'mol
with altitude: 4.2m, 8.4m, 16.8m, 33.6 m, 50.4m, 67.2m. Consequently, the air ion consists most likely of a single
These include e.g. solar radiation, temperature, pressure, sumolecule only. Chemical compounds referring to this range
phur dioxide, ozone and water vapour concentration. Moreare multiple: sulphuric acid, various organics from anthro-
details on the measurements methods of the individual trac@0genic and biogenic sources. In SegB of this article
gases can be found idari and Kulmala(2005 and refer-  we will treat the required molar mass in more detail, us-
ences therein. ing the mobility relationship with the molar mass given by

Emission measurements of selected organic compoundilpatrick (1971). The latter more detailed approach yields
have been conducted at the shoot level inside the canopy. Blgrger molar masses, approximately twice as large as given
purging purified air through the sampling cuvette enclosing aln here, and thus excluding single sulphuric acid molecules.
branch the VOCs were trapped on Cartridges for usua”y 2 rponsequently, additional information such as the annual be-
to gain sufficient material. The analysis itself was carried outhaviour of the air ion concentration and the charged fraction
in the |ab0ratory several days later. For more details on th|gn the section of interest is requirEd for information about the
seeHakola et al(2008. chemical composition, when assuming the major source to

For this study we used trace gas from the tower at 4.2 mPe similar throughout the year. This information can then be
in height, which corresponds best to the height of the inletintércompared to the annual concentration variation of any
of the air ion measurements. Sesquiterpene emission me&0ssible air ion precursors.
surements were only available at shoot level and thus taken o )
therefrom (ca. 12 m in altitudéjakola et al. 2008. 5.2 Derivation of charged fraction

A crucial piece of information, when investigating charged
5 Results molecules, clusters or particles and neutral ones, is the

charged fraction. This one is for example used in particle
Since spring 2003 ambient air ion size distributions haveSize distribution measurements to conclude from the detected

been obtained, always displaying a maximum at small Sizes(,:harged particles to the total, neutral and charged respec-
i.e. at about 0.7 nm in diameter for negative air ions and atively, particle size distribution. In our case we investigated
about 0.95 nm for positive ions. This is exemplarily shown the size range from 0.56 to 0.75 nm in mobility derived diam-
in Fig. 1 for negative air ions at the top and for the positive eter fammet 1993, which is in the free molecular regime
ones in the lower plot on three consecutive days. Since thigVith both neutrals and ions either being or behaving like sin-
measurement technique is physical only, no information ondl€ molecules. Starting with the budgeting equation for the
the chemical compounds of these air ions is directly avail-&if ion concentratiom.. i in that size range, we obtain:

able. However, when aiming to understand the onset of nu-

cleation and the compounds involved in, the chemical na-—-—" = ZﬂjANionsto )
ture of the air ions in this size range is a key information J
needed. Based of thermodynamical consideratiuimala _ Z,BjANions,jN:t,i

et al. (2000 suggested that the air ions between 1 and 3nm 7

Atmos. Chem. Phys., 7, 2893916 2007 www.atmos-chem-phys.net/7/2893/2007/
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AlS: negative air ion size dlstrlbutlon at Hyytiala (27 —-29.3.2004)
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Fig. 1. Displayed are AIS size distribution measurements between 27 and 29 March 2004. In the upper panel the size distribution of negative
air ions and in the lower one the size distribution of the positive ions is shown. A clear maximum is visible in the third size section in the
upper plot). Because of different section limits this corresponds to the second size section of BSMA.

—KchemN+,i — CS - N+ ;i — KrorestNV+ i responds to one or two molecules and an increase in size
can be described by the collision of an air ion with a neu-

In here, the first term on the right is the production by col- tra] molecule. Additionally, any larger air ion, sticking to
lisions of the neutrals, matching the size range of interesthe previously neutral, will cause the resulting air ion to be
(No) with present ambient air ion®ions), including charged  |arger than the size section upper limit and thus does not con-
aerosol particles as well. The indiceandj, used inEQ.T),  tribute to the air ion concentration of the section investigated.
refer to the size section:represents the budgeting size sec- Fyrthermore, it is assumed that the radioactive decay-or
tion of the air ions anglis used for summation over all sizes radiation causes electrons to be separated and subsequently

measured. A separate growth term of even smaller ions igttached to either a neutral or and ion of opposite charge.
excluded here, since for most compounds this size range cor-

www.atmos-chem-phys.net/7/2893/2007/ Atmos. Chem. Phys., 7, 28982007
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BSMA measurements during 2004 Depending on the compound and the prevailing conditions
T these individual terms of Eq10Q) on the right are of dif-
ferent strength: The charging of these small neutrals can be
calculated with collision rates of 18(1 nm)-10%cm?s1
(1 pm) Seinfeld and Pandid998 and ambient air ion con-
centrations of about 1000 crd. Ambient CSvalues range
from 9.0x10 4s 1to 1L.0x102s ! (Dal Maso et al.2005.
Finally the chemical destruction differs strongly between dif-
ferent compounds and will be the major term for very short
lived (few seconds or less) compounds.

The integration over the lifetime of the compounds to be
ionized is:

250

negative ions (daily mean
positive ions (daily mean)

200

-3

[
o
o

[

o

o
T

[all’ IOHS]OYSB—OJS nm’ cm

50

e N " (11)
01732 61 2 122 153 183 214 245 275 306 336 367 N (0) > BjANionsjNo— S - N+ ; )
J

day of the year (DOY)

For easier handling, we abbreviated the sink tefhis the
Fig. 2. Air ion concentrations between 0.56 and 0.75 nm for both denominator:
polarities measured with the BSMA during 2004.

S = Kchem~+ CS + Kiorest+ ZjﬂjANionsj (12)

. . . However note that the recombination term
They cannot be detected directly due to their small size. Th ) . . .
sam)(/a applies for the positive fra{;ment. Thus, any new ion iriReC_Z AiANonsjNx.,)) for the size range investigated
the investigated size section (0.56 adiametex0.75nm)is  was found byTammet et al.(200§ to be <13%, with
formed by a collision of a neutral with an ambient air ion and the largest value at the surface, which is about half of the
a subsequent charge transfgr< A abbreviates the collision forest sink and its value is decreasing above. It will mainly
frequency of neutral and ion, now including the enhance-affect long-lived air ions. It has been omitted for ambient
ment termA, which takes into account the electrical forces. conditions in the following, but can be included here as well.
The second term refers to the loss by recombination of twoin the general case we get
ions of different polarities. The third term is the sink by any

chemical reactions. For a single loss reactioiNgfi+X with
the rate constark this results inKchen=k-[X] . Note that for =5 Nyi(t) + Z BjANions j No
more than one compound this represents the average sink for—in d =7 (13)
N+ j. The next term is the loss on a pre-existing aerosol sur-—
’ . . - i —S-Ny;(O i A Nions, i N
face described by the condensation siGi§((Pirjola et al, 1O+ ;ﬂ’ lons.j 10

1999 leading to a removal out of the mobility or size section.
This is actually the reciprocal time (lifetimg of the neutral <_S “Nx,i(t) + 3 BjANions jNO)
J

before being captured. The final sink term on the right de-

scribes the forest sink as given Bgmmet et al(2006. For In =-S5t (14)
the measurement height of 2m Tammet et al. give a value <—S - N4 (0) + ZﬂjANionx,ch))

of 1.5x10 351 for Ksoress Which is close to th€Svalues J

found at the site. Thus, the total lifetime of an air ion is given
as: =S+ Nxi(t) + 3 BjANions j No
d =e %" (15)
= N_j:,i (8) <—S'N:|:,i(0)+Z.3jANionstO)
sink j
N .
_ el ©  —S-Nii(t)+ ) BjANionsjNo=
KchemN+,i + CS - N+ i + KrorestV+,i + ... K
Ny
ot Z ,BjANionq Ny (—S . Nj:’,'(O) + Z ,B.jANionsto> . 675T (16)
J J
r = ! (10) 2 B ANions i No
Kchem+ CS+Kforest+%:,3jNionsj Ny i(7) + ]——S =

Atmos. Chem. Phys., 7, 2893916 2007 www.atmos-chem-phys.net/7/2893/2007/
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o ; BjANions j No » - =27 D1iBu.jdp N, (24)
+i+———F— ] ¢ J
’ )
= BN, (25)
Nii(t) = N1 i(O)e—(Kcherrﬁ‘CS'Q‘Kforesﬁ'Reof J
’ ’ N
%:ﬁiANionstO cs =) <ﬂij A ’;}"f”) (26)
+ J J
Kchem+ CS + Kiorest+ Rec N
~ . . tons,J . 27)
. (1 _ e—(Kchem+CS+Kforesr|‘ReQT> (18) Z ﬂ] N] N; A (
J

Now we consider the charged fractifargeqi Of molecules, Nions

clusters or particles in that size section. It is obtained by
dividing the charged number concentration by the neutralsthe relation ofCSand CS depends on the distribution of
one in the corresponding size or mobility section. Assumingthe air ions with size and the polarization of the neutral,

CS*~CSxA-

(28)

that there are no charges in size sectiantime 0 (N+,i=0),  j.e. if it displays a dipole behaviour or a totally neutral one.

the charged fractiofghargediis given by Particles are known to be charged most efficiently at larger
Ni.i(1) sizes (@,>20 nm,Seinfeld and Pandid998 and much less

Jeharged: = No+ N, (19) at smaller size ranges. Despite this, there is a second maxi-

mum of air ions at molecular level competing, when taking

~ Nei(®) (20) into account the number concentration of charged molecules
No and particles. In their study on air ion sinkammet et al.
>_BjANions (2006 found that the highest sink (65-69%) is caused by am-
fchargedi & ! bient aerosol particles. Thus, the present air ions are mainly
Kehem+ €S + Ktorest+ Rec attached to aerosol particles. The maximum of the particle
- (1 — e*(’(chemJ“CS*KfOfesﬁR“‘)’) (21)  size distribution at Hyy#la is usually located between 50

. . i . and 150 nm in diameter, in whicls40% of the aerosol par-
This equation relates the charged fraction to the collision ratg;g|eg carry one and about 20% two charges. For the rea-
of the neutrals with ambient air ions, to the neutrals life- 55napje assumption that for collisions with a singly charged
time as well as to the source strength of the neutrals. Sincgerssol particle the colliding molecule will stick to the sur-
the fraction of charged molecules, clusters or particles besyce py electrostatic forces, we take into account the doubly
low 1 nm in diameter is fairly low, we can approximate the charged particles only. In that case the polarity of both, the
sum of neutrals and air ions in the section by the concenyglecule and the particle is similar after “stealing” one of
tration of the neutrals only. For the special case of unipolaryip charges by the colliding molecule. Hence, it is repul-
charging inside a ch_arger (high ion concentrations) the sinksie and easier for the newly charged molecule to “escape”.
term can be approxmatei By “Rec” only and EBL)(be-  powever, if the ionized molecule is of very low volatility,

2 FiANons T it will most likely stick to the surface and probably undergo

comes e Rett=1_¢ 1| as given e.g. irFried- : : 4
lander(2000) for unipolar charging of nano-particles. chemical reactions. Only non saturated compounds will al-

In case of the “real” atmosphere, the recombination termlOW this process to occur. _
was neglected (see above) and thus the equation simplifies "€ OPposite is true for a non-saturated compound, which
is accepting (“steeling”) one charge of the doubly charged

to:
" B, ANions aerosol particles and departs afterwards because of the re-
atmos j SRS pulsive force between both charges. In this case, the col-
= (22)  lision rate of neutrals between 0.56 and 0.75nm with am-

charged: = Kchem~+ CS + Korest

. (1 B e—(Kchem+CS+Kforesr)r) bient air ions CS) can be approximated by 0@S (dou-

ble charged aerosols), if the neutral has no polatyl),
since (a) the maximum of both, the condensation sink of
neutral particles and the condensation sink of charged par-
ticles occurs at the same size. Hence, depending on the
different sink term strengths either ti@&S or the chemical
destruction are the major processes determining the charged
fraction: If the compound is very short lived €15s), the
chemical destruction dominates the charging process. For
long-lived compoundst(>100) the charging state of the pre-

o0 existing aerosol particles and the forest sink do. For medium-
CS=2rn /0 DadpBu(dp)n(dp)dd, (23) lived compounds all processes contribute and will affect the

Next, we can consider the charged fraction for conditions
found at the measurement site in H@J#i. The collision fre-
guenciesg; at different sizes can be obtained from EB8). (
In analogy to the CS approach for non-volatile trace gases
we can formulate an ionic condensation sg®" for air ions
at sizei by taking into account the enhancement fa&@and

the fractionNi&—'fi:
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Ratio of negative to positive air ions (0.56-0.75 nm, Hyytiala 2004) there is a need to distinguish between both possible candidate
T groups: long-lived, i.e. thermodynamically stable clusters or
unreactive molecules, and short-lived compounds. For this
221 1 purpose we focus on the ratio of negative to positive ions in
the size section between 0.56 and 0.75 nm in diameter. If the
compounds are long lived such as sulphuric acid and the sink
18f 1 can be approximated by S*, the ratio of negative to posi-
tive charged air ions in a section is independent of time and
season, ifCSis similar, sinceCSimpacts on both polarities

16

[BSMAL 4 56-0.75nm/BSMAL, 6 56-0.75nm

14} 1 in a similar way. Even the difference in electron and pro-
ton affinities will have a smaller impact, if both allow attach-
2 ;‘M " ment of the charge. By contrast, if the ionized compounds are
1f 1 short lived and the slightly higher mobility of negative ions is
taken into account, the change in lifetime due to an increased
08 ™3 61 92 122 153 183 214 245 275 306 336 367 concentration of a destroying agent will affect the ratio sig-
day of the year (DOY) nificantly. In this context it should be noted that we assumed

the source of the air ions in the size section between 0.56 and
Fig. 3. Daily averaged ratio of negative to positive air ions mea- _0'75 nm_ in dla_meter to be similar throughout the year. This
sured in the second section with the BSMA between 0.56 andSSU€ will bg discussed later on. . .
0.75nm mobility diameter as a function of the day of the year. A  |f @ long-lived neutral has the same affinity for accepting

maximum of about 1.8 can be observed during summer and a miniboth charges, this ratio is expected to be unity for equilib-
mum close to unity during winter. rium conditions. In detail, if any neutral molecule, cluster

or particle is sufficiently long present in the atmosphere, it
will achieve its steady-state charged fraction, which depends
charging state. A typicaCSvalue in the absence of polluted on the neutrals size and its ability to accept charges (electron
air masses is 26103 s~1 and thus about 1.5 times the for- and proton affinity). Now we investigate the ratio of negative
est sink term. to positively charged molecules, clusters or particles in the
CS* section of maximum air ion concentrations between 0.56 and
(29) 0.75nm in “Tammet” diameteifammet 1995 (second size
section considered) using BSMA data. The ratio can be de-

atmos  _
charged = ~g¢ Kchem+ Korest

: (1 - e*(C5+K°hem+Kf°feS‘)f) duced from the equations beforehand. In the following this
atmos (CS+Kenemt-Krores© is shown for a single type of neutrald{), but it can be done
chargedong ~ 0-13- (1 —e chenrr Rores ) (30)  for the sum of all types as well:

0.2-CS S )

t ~ N No -
(?hg:gsthort"’ = (31) ions,i,neg _ 0 fchargedz,neg (32)
chem Nionsi,pos N0 * fchargedi,pos

’ (1 - e_KChemr) > BjA;jNions j.neg

J
02-CS = (33)
A -0.63 >_BjAjNions j.pos
chem Jj
Although an expression for the charged fraction is now ob- =~ ZﬂjNionsj,neg
tained, one problem remains: We need to know the iden-_°"S.n€g  / (34)

tity of the ambient ions, their ambient lifetimes and their Nionsi.pos ZﬁjNionsj,pos
polarity. For thermodynamically stable clusters (chemically /
long-lived) and small particles this is given by the recipro- The ratio obtained from measurements is shown in Big.
cal condensation sinkS and the forest sinKrorest as the  Interestingly, the equilibrium is not achieved in here, but a
major sink processes. For single molecules this becomeslear maximum close to 2 can be observed during summer
different, depending on their chemical reactivity. For long time, when chemical oxidation and reactivity is highest. By
lived compoundshems>CS 1) such as acids (organic and contrast, the equilibrium between negatively and positively
inorganic), aldehydes, alcohols, the situation is similar tocharged ions is close to be reached during winter with 1.1.
clusters and particles. However, for short lived compounds One cause for the higher abundance of negative air ions is
(TchemkCS™1), e.g. radicals this becomes essentially depen-the on average 30-40% higher mobility of negative air ions
dent on the chemical lifetime. (Israél, 1970. This causes a higher collision frequency of
For the aim of this study to figure out the chemical na- negatively charged ions with the neutral compared to the pos-
ture of the air ions in the size distribution maximum section itive ions and thus, causing a higher abundance of negative
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air ions in the case of short lived compounds, clusters ands based on experimental data iypatrick (1971). The mo-

particles, i.e. the maximum ratio in E@4) to be expectedis lar mass of interest can be calculated using

between 1.3-1.4. For longer lived ones, the effect vanishes, L

in case they are able to accept both charges. Hence, the be- (1200i ) 3 0.2 cn?
el = — Y

mol

haviour of the ratio shown cannot be explained by the varia- £ T on Vs (35)
tion of CS and the higher mobility of negative ions only. Al-

thoughCSis on average slightly higher during summer, sim- 12005,

ilar values are obtained occasionally during the other seasorf§ion = m (36)

all well. Therefore, the ratio cannot be caused predominantly
by long-lived compounds. Otherwise, the ratio should scatteiFor this purpose we used the lower and upper mobility of the
similar throughout the year. second mobility section. Since the section mobility limits
The unexpected behaviour must originate by a short life-were adjusted to fit the fixed mobility diameter range with
time t of the major neutrals to be charged in this size range variations in temperature and pressure, the lower limit mo-
This is obvious from the description of the charged fraction bility varied between 1.42 and 1.58 évM~'s™1. The cor-
and of the ratio in Eqs2Q) and @4). It can be explained this responding upper limit mobility changed ranged from 1.9
way: The longer any neutral resides in the atmosphere, théwinter) to 2.1cndV~1s™! (summer). The relationship of
longer is the collision time with ambient ions and the more mass and mobility (EgB6) results in: 244 to 660 g mot in
this effect decreases, finally reaching the steady-state condiwinter and 174 to 457 gmot during summer. These mass
tions. On the contrary, for quite short lived compounds, i.e.ranges are significantly larger as calculated by the simple ap-
of some seconds or less, this effect becomes evident. Thproach above and as single sulphuric acid molecules. How-
shorter the lifetime of the neutrals for example caused byever it might include clusters of several molecules contain-
subsequent chemical reactions, the more the elevated colling sulphuric acid hydrates. These clusters can include for
sion rate of negative ions becomes obvious. Hence, we ari#stance five water molecules as well as sulphuric acid hy-
looking for a rather short lived compoundfem of a few  drates and ammonia, which is highest during summer. On the
seconds or less) in order to achieve the measured ratio afther hand sulphuric acid might already stick to the charged
charges. Otherwise, the neutrals must display a rather strongerosol particle because of its low volatility when ’stealing’
dipolar behaviour, which is not considered in here. the charge. Additionally, these compounds or clusters are
Finally, the assumption of similar sources of air ions in the long-lived, contradicting the observations made before. This
size section studied needs to be discussed, since this could ifeore accurate mass range is mainly occupied by single or-
a mixture of several sources, i.e. more than the proposed onganic molecules or further molecular clusters (see for exam-
with different characteristics throughout the year. However,ple Perkins et al. 1984 and Eisele and Tanner1990. It
the major change in the chemical composition of the atmo-has to be taken into account that the larger the compound or
sphere at the site is caused by increased biogenic VOC an@luster the less volatile it will be and the less will get or stay
water vapour concentration during the warm summer periodn the gas-phase. The most likely organic molecules at the
as well as by the increased pollution of the air masses, transsite are of biogenic origin. Because of its necessary short
ported towards the station. By contrast,;3Md NG, species lifetime of a few seconds or less, its molar mass and the sea-
are elevated during winter because of the reduced solar radsonal pattern of the charging ratio of negative and positive air
ation and the related photochemistry. As mentioned beforeions, we suggest that the major source for air ions in maxi-
the stronger the pollution, the higher the aerosol burden ofmum section is the stabilised Criegee intermediate or biradi-
the atmosphere gets, causing the reduction of air ions due teal (Criegee 1975 formed in the ozone reaction of biogenic
the strong aerosol sink at larger sizes. We will investigate thesesquiterpenes.

impact of sulphuric and nitric acid in Se&.6.2 Its molecular mass is 252 g mdi, which is situated inside
the boundaries throughout the entire year. However, similar
5.3 Mass of the compound structured Criegee intermediates, derived from monoterpene

ozone reactions, are of smaller size (mass=184 g#obut
The compound, which we are looking for, needs to fulfil cer- could contribute during the warm period in summer as well.
tain criteria: (i) its molecular mass should be located within Their effect will be investigated in Se&.6.1 Other suitable
the expected range and (ii) it should have a sufficiently highcandidates such as carboxylic acids, carbonyl compounds,
affinity to accept electric charges offered by ambient ions.organic nitrates and hydroperoxides are expected to have a
Although we did rough estimates on the possible mass ofifetime much too long for causing the observations. Even
the compounds previously, there is an experimental semithe lifetime of reactive organic peroxy radicals (B@tay in
empirical relationship between the molar mass and the iorthe gas-phase for tenths of seconds. Their effect could arise
mobility, which has the benefit of being independent on thedue to a pronounced affinity for electrons only.
density, which is critical to define for a couple of molecules  Thus, we need to investigate the electron and proton affini-
or less. This relationship is given @ammet(1998, which ties of possible compounds to contribute to ion formation in
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Table 1. List of different organic organic compound classes in-
vestigated in earlier studies and their proton and electron affinities

(Kauppila et al.2002. ° O_O.
Compound/coumpound Proton affinity  Electron affinity
class [kJ mol1] [eV] \
acids (e.g. acetic acid) 783.7 n.a. / O
alcohols (methanol) 754.3 n.a.
aldehydes (e.g. HCHO) n.a. 0.65
alkenes (e.g. toluene) 784.0 0.55-0.7
ketones (e.g. 2,3-butanedione) n.a. a:69 Fig. 4.  Structure of one stabilised Criegee biradical from
water 691.0 na. B—caryophyllene.
HO» n.a. 1.078
benzyl radical 831.4 0.912

son et al(1977) for the nitrate radical (Ng) of 4.01 eV. Sim-
ilar values were given for the corresponding clusters formed
with sulphuric or nitric acidDavidson et al.1977 Ferguson

that section in order to seek for support or contradiction forand Arnold 1981).

the suggestion of stabilised Criegee biradicals. Besides this, we have calculated the electron and proton
affinities of the most stable Criegee intermedidizi¢gee
5.4 Electron and proton affinity 1979 (Fig. 4) formed in the ozonolysis g8-caryophyllene

using the Gaussian 03 program suikgigch et al. 2004).

As mentioned already in Se@there is a need not only fora First, we optimized the geometry of the two possible Criegee
collision of neutrals with ambient air ions to become chargedbiradicals formed in the ozonolysis process (labelled pri-
but also to have a certain electron or proton affinity to takemary and secondary depending on the location of the -
over the accepted charge by the collision partner. When ther€0OO- group) using the UB3LYP quantum chemical method
is a molecule aiming to receive a charge and an aerosol pafBecke 1993 Lee et al, 198§ with the 6-31+G(d,p) basis
ticle carrying it, the electron or proton affinity of both com- set (Please find a glossary about all used quantum chemistry
pounds or compound mixtures determines, if a charge transabbreviations in the Appendix A). The secondary isomer was
fer is plausible. If the required energy for separating chargefound to be more stable by 21.8 kJ mé] probably due to a
and aerosol particle is larger than the one gained by attachPetter stabilization of the COO moiety by the adjacent alkyl
ment to the molecule (affinity), the transfer will not occur. ~ groups. Hence, all following computations were carried out

In detail, the electron and proton affinity describes the en-on the secondary isomer only.
ergy change in case of adding an electron or a positive charge Next, the geometries of the doublet anion and the proto-
to a neutral. A switch of the charge from the aerosol to thenated singlet cation (with the proton added to the -COO-
gaseous molecule only occurs, if the affinity of the moleculegroup to form a peroxide structure) were optimized at the
to get the charge is higher than the one of the aerosol mixturéJB3LYP/6-31+G(d,p) level, and the harmonic vibrational
to which it is attached. High electron affinities (release of frequencies were computed for the neutral structure and both
energies) are found for the atomic groups VIA (oxygen andthe ions. The convergence limits for the neutral molecule and
sulfur) and VIIA (fluorine, chlorine, bromine and sulphur) the protonated cation werex3a0 4, 4.5x10°4, 1.2x10°3
with the highest for fluorine and oxygen. This behaviour and 1.8<10~3 atomic units (a.u.) for the root-mean-square
changes remarkably for different molecules and moleculafRMS) force, maximum force, RMS displacement and max-
configurations. For example some species with hydrogenmum displacement, respectively. The potential surface for
atoms strongly favor positive charges (e.g. water), while oth-the anion was extremely flat, and the above convergence cri-
ers favor negative charges (e.g. OMKins and de Paula teria for the atomic displacements could not be met within
2002. Therefore, it is essential to know, which compound is 250 optimization steps (starting from the neutral geome-
able to fulfill the requirements outlined above. try). Nevertheless, the anionic structure used in the subse-

For this purpose selected organic compound classegjuent calculations was converged to within 210-° and
which are available in literature, are given in TatileThe  3.2x107% a.u. for the RMS and maximum forces, respec-
higher the oxidation degree (inclusion of oxygen atoms in thetively. The convergence criteria with respect to the electronic
structure) the larger the adiabatic electron affinity. Further-energy in the SCF step was 10a.u. in all calculations.
more, radicals are preferred because of their electron config- Next, single-point energy calculations were performed at
uration over stable compounds. This has been found for inthe UB3LYP/6-31+G(d,p) geometries using the UB3LYP
organic compounds as weNiggiano et al.(1980 reported = method with the larger aug-cc-pVDZ and 6-311++G(d,p) ba-
very high electron affinities for HSfof 4.5 eV andDavid- sis sets. The electron and proton affinities could now be
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Table 2. Electron affinities calculated for the secondary sCI formed in the ozonolygiscafyophyllene using a variety of methods. All
geometries have been optimized at the UB3LYP/6-31+G(d,p) level.

Level of electronic energy calculation  vertical electron adiabatic electron ~ Zero-pointenergy ~ Thermal enthalpy

affinity affinity correction correction at 298 K
(kI mol1] (eV]) [kImol 1], (lev]) [kJmorl], (evl) [kJ mol1], ((eV])
UB3LYP/6-31+G(d,p) 15.15 (0.16) 38.43 (0.40) 12.39(0.13) —1.63(-0.017)
UB3LYP/6-311++G(d,p) 24.95 (0.26) 41.94 (0.43) - -
UB3LYP/aug-cc-pvVDZ 22.56 (0.23) 40.60 (0.42) - -
OVGF(Frozen-Core)/6—-31+G(d,p) 92.39 (0.96) - - -

calculated simply as the energy difference between the ionic Adding the OVGF/6-31+G(d,p) vertical electron affinity,
and neutral species, with the sign convention chosen so thahe UB3LYP/6-31+G(d,p) zero-point and thermal enthalpy
positive values correspond to favourable electron or protorcorrections and the UB3LYP/aug-cc-pVDZ or UB3LYP/6—
addition reactions. Both the vertical electron affinity, which 311++G(d,p) relaxation energy, we obtain a rough estimate
corresponds to the energy difference between the anion andf ca 120.1 kJ mait (1.24 eV) for the “best-guess” adiabatic
the neutral molecule calculated at the geometry of the lat-electron affinity.

ter, and the adiabatic electron affinity, which contain also the The electronic energy component of the proton affin-

relaxation energy of the anion, was calculated. Note that exity was calculated to be 984.6 kJmélat the UB3LYP/6—
perimentally measured electron affinities are adiabatic. 31+G(d,p) level, with a zero-point energy correction of
Since the reliability of density functional methods such as—31.4kJmot! and a thermal enthaply correction of
UBBLYP for treating biradical and radical species is ques-+4.6 kJmof? at 298K (including both the thermal enthalpy
tionable, we also calculated the vertical electron affinity of difference of the cation and neutral molecule and the factor of
the sCI using the advanced OVGF (Outer Valence Green’%RT). Single-point energy calculations at the UB3LYP/aug-
Function) methodZakrzewski and Ortiz1995 von Niessen  cc-pVDZ and UB3LYP/6-311++G(d,p) levels both yielded
et al, 1984 with the 6-31+G(d,p) basis set and the frozenthe slightly higher value of 986.6kJmdl. Combin-
core approximation. The UB3LYP electron affinities corre- ing the UB3LYP/6-31+G(d,p) zero-point and thermal en-
spond to energy differences, and are therefore prone to errotgiaply corrections with with the UB3LYP/6-311++G(d,p) or
arising from the differences in the quality of description of UB3LYP/aug-cc-pVDZ electronic energy changes, we ob-
the electronic structure of the radical anion and the biradi-tain a "best-guess” value of 960.0 kJ mblfor the proton
cal neutral molecule. In contrast, the OVGF electron affinity affinity.
is calculated using direct electron propagator methods which To conclude, the stabilised Criegee biradical frgin
are not vulnerable to differences in the quality of the neu-caryophyllene ozonolysis is likely to participate in the charg-
tral and ionic wave functions. For full details on the theory ing process as suggested. Both, its electron affinity as well as
behind the OVGF calculations see the corresponding referits proton affinity, are sufficiently high because of its biradi-
ences. The results of the electron affinity calculations arecal character. This allows both charge types to attach to the
given in Table2. neutral.

From the results shown in the table it can be seen that the Furtheron, take into account the major constituents of the
electron addition reaction is energetically favourable at allambient aerosol particles between 50 and 150 nm in diame-
levels of theory used, and that the more advanced method®r. They are expected to be mainly organics. Minor contri-
yield larger electron affinities than the original UB3LYP/6— butions are expected of sulphuric acid (more contribution at
31+G(d,p) calculation. In particular, the OVGF vertical elec- smaller sizes) and of nitrate compounds, depending on the
tron affinity (which should be considered inherently more re-impact of pollution. This results in a competition among
liable as described above) is almost four times larger tharthe organics and nitrate compounds for the charge. Charge
the corresponding UB3LYP/aug-cc-pVDZ and UB3LYP/6- affinities of different organic compounds (organic acids, car-
311++G(d,p) values. It should be noted that the UB3LYP bonyl compounds, alcohols, alkanes and alkenes) to be ex-
anion relaxation energies (i.e. the difference between adiapected in the ambient aerosol phase (Tdblare lower than
batic and vertical electron affinities) obtained using differentthe ones of the stabilised Criegee intermediates. Nitric acid
basis sets differ less than the electron affinities themselvesynly has an electron affinity of 0.57 eV and a proton affinity
and that the especially the relaxation energies obtained usingf 751.4% (CRC handbook1998 and is not able to com-
the larger basis sets aug-cc-pVDZ and 6-311++G(d,p) arg@ete with the Criegee biradical too. A similar situation can
almost identical. be found for other nitrogen containing compounds. Radical
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and further reactive species such as OH (electron affinity =An annual plot of this lifetime is shown in Fi§¢. For inter-
1.827eV), NQ and ozone (electron affinity = 2.1eV) can comparison the ratio of negative to positive air ions is dis-
compete. However, these are not within the mass range caplayed as well. An anticorrellation of ratio and lifetime is
culated. The only competitive partners for ambient ions areclearly visible.

clusters, including radicals (see above). Consequently, if

there is a stabilised Criegee intermediate colliding and com5.6  Other possible candidates

peting with doubly charged aerosol particle constituents it , )
will most likely take over the charge in case it is not a cluster But are there any further candidates to contribute to notable

with radical species. charging in this size section (0.56-0.75nm) too? Two pos-
Because of the seasonal behaviour in Bignd because sible or suggested candidates would be (1) the stabilised
Criegee biradical from ozone reactions with monoterpenes,

of the required short ambient lifetime we assume that the™ . o
charged compounds in the second section mainly consist o?m'tted by the vegetation as well, and (2) sulphuric acid clus-
rs Kulmala et al, 200Q Eisele et al.20086.

the stabilised Criegee intermediate (sCl) of the atmospheri(‘.:e
oxidation of sesquiterpenes by ozoi@iegee 1975 with a
molar mass of 252 g mot.

Biogenic VOCs are known to be emitted as a response ofvionoterpenes are less reactive with respect to the atmo-
the vegetation to stress factors such as temperature, draugkipheric oxidants OH, N§and G and the preferred one of
sun light and hazardous chemical species like oz@we(-  these depends highly on the individual monoterpene struc-
ther et al, 1995 Hakola et al. 2006 Loreto et al. 2001).  tyre. The most abundant ones at the forest site in Hizytire
Their emission is highest during summer because of the ely —pinene,A3—carene angg—pinene Hakola et al. 2003.

evated temperatures and the high water fluxes. In Winterrhey have atmospheric chemical lifetimes given as:
their emission is rather tiny, although terpenes have been

5.6.1 Monoterpenes

found even in the winter time at Hyga in significant o, — 1 (38)
amounts Kakola et al, 2003. While monoterpenes are ox- Ko, + KoH + Knos

idized by OH, NGQ andQ; with lifetimes of several hours, _ 1 (39)
sesquiterpenes are much more reactive especially towards ko,[03] + koH[OH] + knoy[NO3]

ozone §hu and Atkinson1995. The most abundant one o _ , .

is —caryophyllene with an ozone reaction rate constant ofBecause of their dlffe.r.e"nt reactivities, ambient Ilfet|mes_of
1.16x 104 cm? molecule s~1 (Shu and Atkinson1994). monoterpenes at Hyystla_i are calculate_d between 50 min
This results in an atmospheric lifetime of about 80-90 s, de_(llmongne) and 3 h A—pinene), assumlngmggcutl)é_one mix-
pending on the ambient ozone concentration. Because df'9 ratio of 35ppbv, an [OH] of Dx10° M and a
their ambient concentration and the reaction speed, OH anéNOz] concentration of Dx10% MleGes(Tabje3). An ex-

NOg3 do not contribute to more than 5% to the degradation ofception in here is camphene with a lifetime of a few days

sesquiterpenes at the conditions investigated. because of its extremely low reaction rate constant with
ozone. Excluding camphene, the lifetime of the monoter-
5.5 Sesquiterpene-ozone reaction pene mixture is thus about%@n. This chemical lifetime is

significantly longer and the stabilisation ratios of the con-
In the reaction of sesquiterpenes, Becaryophyllene (most sidered monoterpenes within the ozone reaction are dras-
predominant one in Hyyaia), with ozone the latter adds to tically smaller 30%) than for sesquiterpene-ozone reac-
the internal carbon double bond, forming a primary ozonide.tions. Therefore, the production of the monoterpene sta-
Next, this decomposes instantaneously to form the Criegedilised Criegee biradicals is significantly lower. Neverthe-
biradical. Most of this biradical stabilises, because the majordess the destruction by the reaction of the stabilised Criegee
alternative pathway, which forms OH, is found to be of minor biradicals with water vapour is similar in speed, resulting in
importance (yield = 6%). This stabilised Criegee biradical identical lifetimes as calculated for the sesquiterpenes.
reacts mainly with water vapour due to the higsHconcen- For calculating the contribution of monoterpenes to the
tration in the atmosphere (see scheme in B)g.Assuming  charged air ions we considered the monoterpene mixture (Ta-
a reasonable reaction rate 001017 cm® moleculels~1  ble 3) obtained by field measurementsHdikola et al (2003
(GroRmann1999, ambient chemical lifetimes of this birad- and used monoterpene emission simulations performed with
ical is varying between 0.3 and 1.5 s throughout the year withthe optimal stomata controlled mod@&#ck et al, 2009 al-
a minimum at highest water vapour concentrations duringready used ifBoy et al.(2005. From the same work we used
summer. This allows the deposition and condensation to be€alculated OH concentrations and boundary layer heights,

neglected in Eq.10). obtained by sounding measurements at a site with a simi-
lar surface profile near byx(100 km). Within this boundary
1 37) height the emitted monoterpenes are assumed to be instan-

T ~ Tchem= 0 1~ . . . .
k& - [H20] taneously diluted because of their long lifetime. Although it
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possible structures shown)
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Fig. 5. Simplified oxidation scheme for the sesquiterpgnrecaryophyllene with ozone. For simplicity one of both biradicals is shown only.
However, both behave similar. In here the minor pathwa$d%) forming an ester is omitted because of its usually minor importance.
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Fig. 6. Three years plots of the half hour averaged ratio of negative to positive air ions in the 2nd section compared to the lifetime of
stabilised Criegee intermediates from sesquiterpene — ozone reactions. A clear anticorrellation between both is visible.

could be argued that local monoterpene concentrations casured ozone and water vapour concentrations with a time res-
be significantly higher, the long lifetime compared to the olution of 30 min. For the charging ratio we applied E§.
shorter mixing time needs to be considered. Next, we carThe results are shown in Fig. Because of its slow reactiv-
calculate the amount of air ions formed by stabilised Criegeety and the low stabilisation ratio, the contribution is only
intermediates in monoterpene ozone reactions using the meaisible in summer, when emissions are highest, but never
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Table 3. Individual monoterpene constituents, reaction rafgkiGson et al, 2006, stabilisation ratesAtkinson et al, 2006 Geigeret al.,
2002 and ambient monoterpene fraction at Hijdiextrapolated frorilakola et al(2003.

Monoterpene 3 koH KnOj, stabilsation ambient lifetime
[cm®moleculels™1]  [em®moleculels™1]  [ecmdmoleculels1]  fraction fraction [h]

a—pinene 8.66&10-17 5.37x10711 6.16x10712 12.5% 50% 2.1
A3—carene 3.%x10°17 8.8x1011 9.1x10712 0-6% 27% 2.3
B—pinene 1.510°17 7.89x10°11 2.51x10°12 24.9% 11% 3.0
camphene 0.0010~ 17 5.3x10711 0.66x10-12 n.a. 5% 358.0
limonene 261017 17.1x10°11 12.2x10712 23-57% 4% 0.9
sabinene 8.610°17 11.7x10711 10x 1012 33-75% 3% 1.5

exceeds 5%. Therefore, they cannot be assumed to be thty derived diameter. Otherwise they would determine the
predominant origin of the detected air ions. However, theypattern of negative to positive air ions, yielding a constant
can contribute to a minor extent and thus should be includedatio during late spring and early autumn. Consequently, the

if possible. observations made like the minimum concentration during
summer time between 0.56 and 0.75 nm seem to be explained
5.6.2 Sulphuric acid and nitric acid clusters best by the stabilised Criegee biradicals, which are destroyed

most intense by the water vapour during summer, but not by
The second possibility includes (i) sulphuric acid clusterssulphuric acid type clusters or something similar.
formed from sulphuric acid (atmospheric oxidation of SO
by OH), water vapour and ammonia and (ii) nitric acid
(mainly oxidation of NQ by OH) clusters formed in a simi-
lar way. (SQ and NG are of anthropogenic origin and high-
est during the winter time, while the OH concentration is cal-
culated to be highest during summertime. This is caused b
the most intense sunlighBoy et al, 2005, but is balanced
by the high abundance of VOCs during that time, causing

6 Ambient sesquiterpene concentration estimate

If we assume the ambient air ions in the section between
0.56 and 0.75nm in diameter of both polarities to consist
%f stabilised Criegee intermediates from sesquiterpenes only
(maximum approach), we gain the possibility to estimate the

i : 4 ambient concentration of sesquiterpenes. Applying steady-
a rather steady OH daily maximum during the whole SUM- ate conditions, which is reasonable for a compound with a

mertime. Sulp_hupc amd—_and nitric acid-ion clusters have 3ifetime of about one second, it follows:
atmospheric lifetime, which can be related to the conden-

sation sink on particles and the sink of the forest canopysource= sink (40)
surfaces. The latter was found to be about 18-26% of th O3 -

) . _ 1-Yon) -k - | sesquiterpend O 41
total sink compared to the major loss by aerosol parUcIeg OH) - Ksesqui [sesquiterperj¢Og] (41)
of 65-69% Tammet et a].2006. The corresponding value = k:ﬂg? [sCI1[H20]

of several hundred seconds disagrees with the results shown o
above, which require a sufficiently short lifetime of the neu- 0.94- 1.16 x 10‘14—5[sesquiterper]e[03] (42)
) : molecule

trals to be charged. Also the seasonal concentration maxima o3

of the acids only are expected to be rather constant from the _— 10*17C—S[sC1] [H20]

start of May on until the end of August, disagreeing with the molecule

seasonal behaviour of the charging ratio in Fg.In this ) 1017

case only the impact of ammonia could cause the seasonalSesauiterpenje=

ity. However, these clusters are assumed to be thermodynam-

ically stable and consequently long-lived. For detailed inves-In this set of Eqs.41-43) Yoy is the OH yield, represent-

tigations ammonia data would be required within the sameing the second important reaction pathway (hydroperoxide

time period, which is not available here. channel) besides the stabilisation. Since the ester channel is
For nitric acid with a smaller molar mass a cluster hasusually of minor importance, we treat the stabilisation as the

to contain at least one nitric acid molecule and seven watefraction is not progressing through the hydroperoxide chan-

molecules to exceed the lower mass limit. nel. H are the different reaction rate constants of compound
These facts and especially the long lifetime of both acidi with j. In this context the source is the reaction of the

derived clusters seem to contradict a dominant source of aisesquiterpene with ozone and the major sink, the reaction of

ions in the size range between 0.56 and 0.75nm in mobilthe stabilised Criegee intermediate (sCI) with water vapour.

mo?gfule s[SCI] [ HZO]
m3
0.94-1.16 x 10~ 14 [Og]

(43)
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Fig. 7. Annual effect of monoterpenes on the calculated sesquiterpene derived stabilised Criegee biradicals. Shown on the left is in red the
results neglecting the contribution of monoterpenes, in blue taking them into account. The right plot gives the relative effect of monoterpene
consideration throughout the year. The relative contribution is always found to be less than 5%.

When the charged fraction is known (see Rj.the sCl
concentration can be replaced by the concentration of air ions detailed equation 4
of both polarities in the maximum negative air ion section short-lived compound equatio
(0.56-0.75nm) divided by the charged fraction. Consec-
utively, the maximum ambient sesquiterpene concentration
at the inlet of the ion instrument can be calculated (maxi-
mum approach). The results for 2003—2005 are shown in
Fig. 9 (left) and a detailed annual behaviour for 2004 on the
right. Since the exact value of the reaction rate constant of
the sCI with water vapour is not known yet, but estimated
to be 1x10~1"cm® molecule 1 s~ from laboratory studies
(GroBmann1999, we can estimate the impact of a differ-
ent rate constant than used: Literature values are available ir
the range of 210 1°~1x10->cm® molecule* s~1. From
Eq. @3) it is apparent that the estimated sesquiterpene con- ) ) ) ) ) )
centration depends linearly on rate constant. Hence, the esti 91 182 274 366 92 183 275 367 9l
mated values could be 50 times lower or 100 times higher. day of the year (DOY)

However, both extremes seems to be rather unlikely and

are .not qble to explain the hy(:!rogen peroxide formation be'Fig. 8. Calculated charged fraction of stabilised Criegee interme-
haviour in the laboratory studies. The value®@foimann giates between 2003 and 2005. For this both equations, i.e. the de-
(1999 is rather centered in the literature range and seems t@ajled Eq. 29) and the reduced Eg3{) for short lived compounds
explain the formation and destruction of the formeg are used. A clear seasonality is apparent.
rather well. A value close within a factor of 3 of the one used
might be reasonable. In this context detailed laboratory stud-
ies would be required for sesquiterpenes. Therefore, we aranits ng g(dry weighty: h—1. A good agreement is visible.
confident to use the value of 1& cm® molecule 1 s~ here.  With this an annual maximum of about 100 pptv is found dur-
Note that two exceptional days (15th and 29th were ex-ing summer 2004 (Fig® (right)), when biogenic VOC emis-
cluded from Fig.9, because of the estimated high sesqter-sions are expected to be highest. By contrast the calculated
pene concentrations probably caused by wood burning closeoncentration is minimum during winter as seen for ambi-
by. But these will be discussed briefly afterwards (Séel. ent monoterpene concentrations Hgkola et al.(2003 If
For intercomparison we included emission measurementsve would assume the emitted sesquiterpene molecules mea-
at shoot level during 2004Téarvainen et aJ.2005 Hakola  sured to be instantaneously mixed within the boundary layer,
et al, 2009 in this plot. These emissions are given in the we would obtain on average values of about a third of the
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Fig. 9. (left) Calculated sesquiterpene concentrations for two years of data using both, the BSMA and the AIS dataset. For detailed
intercomparison, the annual behaviour is shown for 2004 on the right. Available spot like shoot emission measurdiakuis et al.
(2006 are included in here in the units ng g(dwhh—1.

calculated values, depending on the boundary layer heightative to positive ions equals unity, see F8), no sCls are
However, during the mixing process a significant fraction theapparent. sCls are only assumed to cause the excess of nega-
short lived sesquiterpenes is destroyed already, so that thetyve air ions (“overcharging”, unreasonable because of the bi-
cannot be assumed to be well mixed but highest at the canopsadical structure). Furthermore, we assumed the “baseline”
level. of “no contribution” of sCls to ambient air ions to be at a
Please note in this context that the sampling of air ionscharging ratio of negative to positive ions at 1.2, only above
took place about 2 m above the surface and not at the canopl.2. Finally, the maximum difference in charging ratio to be
level, where the maximum concentration is to be expectedexplained by the different mobility of negative and positive
Therefore, the emitted sesquiterpenes must have been tranens is 1.4. In case (iii) we assume that the higher concentra-
ported previously, during which a notable fraction has beention of negative ions can be explained up to 1.4 by the higher
destroyed already. This approach is therefore dependent omobility of these and thus a higher formation rate, without
the boundary layer vertical velocities and mixing to get the taking into account any sCl. The intercomparison results for
sesquiterpene molecules from the emission point towards th&004 are shown in FidLO.
airion instrument inlet. Currently available instruments have Table4 summarizes the range of the different approaches.
lower detection limits, i.e. amounts of a compound neededAs it is already obvious from Figl0, the maximum and
to exceed the noise level, of about 20 pptv and more. Thusmean values decrease the higher the baseline irBfsgset.
no ambient sesquiterpene concentrations would be detectéd/hile this does not have notable input on the minimum val-
at the sampling point for air ions except in summer. By ues, the mean values drop by a factor of maximum 7.
contrast these currently neglected amounts of sesquiterpenes
will have a significant effect on ozone concentrations in the6.2 Investigated air ions: clusters or single molecules?
canopy, reducing ozone close to the vegetation surfaces and
thus protect trees from harmful ozone stress and destructiof\Pove, we have treated the measured atmospheric air ions as
(Loreto et al, 2007). charged single molecules by contrast to recent suggestions of
ion clustersKulmala et al, 200Q Laakso et a].2002. These
6.1 Sensitivity of the derived sesquiterpene concentratiorfecent studies base on the interaction of sulphuric acid, wa-
on the air ion fraction assumed ter and probably ammonia molecules in order to form new
stable atmospheric clusters as a starting point of atmospheric
Since we have used only the so-called “maximum approach”new particle formation. None of the three molecules is able
assuming all air ions in the second size section to consist ofo fit in the amu range of the second size section investi-
sCls, there is a need to check the impact of this assumptiogated as a single molecule. Our assumption of charged single
on the results obtained. Therefore, we have chosen three atnolecules will be discussed next.
ternative assumptions for the sCI fraction of the air ions in Therefore we investigated the ratio of negative to pos-
the second section: (i) At equilibrium conditions (ratio neg- itive air ions measured within the smallest six size bins.
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Table 4. Minumum, maximum and mean sesquiterpene volume mixing ratio values [pptv] during 2004 obtained for the four different cases
given in the text. The seasons were definec?dﬁarch—May,b June-August® September—November aHdJanuary—February. December

was skipped in here because of the so-called “event-days”, which would have affected the results significantly.

maximum
approach

Season

minimum

maximum mean minimum

baseline
at1.0

maximum mean

spring? 0.1 pptv 33.6pptv 3.3 pptv
summef  0.3pptv  100.1pptv 8.8 pptv
autumi¥ O0.4pptv  82.1pptv 9.9pptv
winterd 0.1 pptv 19.1pptv  1.9pptv

8.2pptv 1.3 pptv

38.1pptv 2.4 pptv
14.4pptv 4.8 pptv

3.7pptv 1.7 pptv

baseline
atl1.4

maximum mean

Season baseline
atl1.2
minimum  maximum mean  minimum
spring® 0.1 pptv 5.7pptv 0.9 pptv
summeP 0.1 pptv 34.1pptv 1.8 pptv
autumr¥ 0.3 pptv 9.9pptv  3.5pptv

winterd 0.3 pptv 29pptv  1.3pptv

3.4pptv  0.5pptv

30.0pptv 1.8 pptv

5.4pptv 2.3 pptv
2.3pptv 0.9 pptv

The corresponding diameter ranges are: (i) 0.4—0.56 nm,
(i) 0.56-0.75 nm, (iii) 0.75-1.00 nm, (iv) 1.00-1.33 nm, (v)
1.33-1.75nm and (vi) 1.75-2.37 nm (Fitd). In order to

120

Hyytiala 2004: sensitivity

T T T T T

maximum approach
baseline 1.0
baseline 1.2
baseline 1.4

understand the plots there are key features to be taken intoac 1907
count. If any stable air ion (cluster) consists of a multitude of
different compounds, e.g. sulphuric acid, organics and water 2 s E
with different charge affinities, the charged fraction is depen-
dent only on the coagulation sink of the clusters to ambient
particles, but not on individual compound lifetimes. The co-

agulation sink however stays rather constant from spring to
autumn and disagrees with the clear seasonal cycle of the raJ, I

tio observed for the investigated second size section. Thus

if there is a notable contribution from sulphuric acid derived 201

clusters, it can be considered as one of the sensitivity case: m l *L

shown in Fig.10. 0

‘estim

caryophyllene]

40

|

1 32 61 92 122 153 183-214 245 275 306 336 367
day of the year (DOY)

Additionally, Fig. 11 shows a clear seasonal pattern for
the lowest four size sections shown, i.e. below about 1.5 nm

n dlamet_er,_ but not aboye. _At _Iarger sizes only a Scatterlng,:ig_ 10. Intercomparison of four different assumptions in order to
of the ratio is apparent, indicating a change from moleculargerive the ambient sesquiterpene concentration during 2004. The
or tiny cluster type (only a couple of molecules) to a rea- major difference is shift in the onset of ambient concentrations and
sonably well mixture of the cluster composition. It is also in the maximum during summer.

apparent that there is a shift from excess negative charges at

small sizes to excess positive charges at larger sizes, indicat-

ing a clear change in composition. Therefore we conclude

that at least below the third size section there are charged

single molecules detected as air ions.

Finally, if we have to assume single molecules or clus-and nitrogen compounds indicated a relationship with the air
ters with either a sufficiently short ambient lifetime, i.e. rad- ion concentration of the second size section in a scatter plot.
icals, or with a preference for negative charging, we canOnly the already mentioned relationship with water vapour
test the concentration measured with gas-phase concentrand ozone is significant. Thus, we assume other compounds
tions of measured and derived inorganic compounds such a® contribute to the investigated air ions to only a minor ex-
SO, SO, HSGs and sulphuric acid. None of the sulphur tend at maximum.
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Fig. 11. Ratio of negative to positive air ions measured by the BSMA instrument for the lowest six size bins in 2004: (i) 0.4—0.56 nm, (ii)
0.56—0.75 nm, (iii) 0.75-1.00 nm, (iv) 1.00-1.33nm, (v) 1.33-1.75nm and (vi) 1.75-2.37 nm in mobility derived diameter.

6.3 Comparison of estimated concentrations to ambienemitted of 0.83 at 2 m in height. Additionally, the emitted ter-
emission measurements pene is distributed on its way downward within 11 m, which
gives 5=0.091. Next, we use this at the inlet of the BSMA:
The assumption of all air ions to consist of sCls (maximum The emission fluxKsesqu) from above is in balance with the
approach, see before) was checked the following way: In or/najor sink, i.e. the reaction with ozone.

der to obtain a reasonable sesquiterpene mixing ratio at the 1928%”’ 10798 . Ny
gldw)- ng

inlet of the air ion spectrometer m in height), we use Esesqui= 36005 - . - (44)
the emission measurements at shoot level (height = 13 m) h - Tsesqul

and assume a logarithmic vertical wind profile at noon be- Fsesqui= Esesqui- 0.83- biomass 0.091 (45)
low the canopy and constant vertical velocity within. The = ksoea’s 03l [sesqu] (46)

maximum emission rate measured Hgkola et al.(2006
was 198.2ng@w)~1h~1 at noon of 3 August 2004 at Fsesqui 1CTGCm—"f -0.83- biomass 0.091

shoot level. During the time needed to transport the emit_[sesqu] - © 03 103] (47)

ted sesquiterpene molecules from the shoot level towards sesqui. '3

the instruments inlet at 2m, a fraction of the sesquiterpeneN, abbreviates the Avogadro number of 6.&212)23%S
molecules is destroyed by ambient ozone molecules. Th@&ndMsesquithe molar mass of sesquiterpenes (’ﬂ%@. The
concentration of ozone was 42 ppbv at that time. The timebiomass at Hyy#la is approximately 30%%. By doing so
available for reacting is given by the local vertical wind pro- we calculated maximum sesquiterpene mixing ratio at noon
file inside the canopy and below. Assuming a mean velocityon 3 August of 12.3 pptv, which corresponds nicely to the
w of 0.7%1 (0.9%‘ within the canopy (7—13m in height) and 12.6 pptv obtained by our maximum approach given above.
on average 0.4% below (between 2 and 7 m)) this results in Therefore, we are confident in the present results and the tool
aAtof 15.7 s and yields a reduced fraction of sesquiterpenesieveloped.
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6.4 “Eventdays in December 2004” 5 Hyytiala: 15.12.2004

-3
During analysis of the data two “exceptional” days in De- 4sf (BSMAlo 63-0.70nm /5 Cm_3 ]
cember 2004 became apparent. Most predominant is the , {251""’?;%3370.7%”1&/50' o
15th. No change in S£or water vapour concentration could [H%]Y opthv
be observed, but in the ozone concentration. The latter de- 35 7(:;&04 o1 ]
clined to extremely low values close to a few ppbv. Simulta- 5, [g-caryéphynene]esﬁm_/so, ppty ]

neously, the air ion concentration between 0.56 and 0.75 nm
increased to 1000 cnd, not observed throughout the entire
year elsewhere (average = 300cHh Once the ozone con-
centration increased, the air ions declined. This is demon-
strated in Fig12. The cause for ozone to decline is found
clearly by an increase of NOconcentrations measured as
well. But if there was a high amount of a reactive VOC it
might contribute somewhat in this case too. Temperature was

measured below the frost point. During this episode the wind % 3 6 o 12 15 18 21 24

was coming from the station buildings and it was evening. time of the day. h
The latter caused a stable boundary layer preventing mixing
with air from above. Probably a sauna was prepared by burn-_.

. . . . _Fig. 12. “Event” day of extremely high air ion concentration be-
ing fresh wood, which contained stored VOCs like mono tween 0.56 and 0.75 nm: 15 December 2004. Significant correlation

and sesquiterpenes beneath the bark. A similar but less pro; only found with declining ozone
nounced “event” was observed during the 29th and much less '
on the 22th because of different wind pattern. This observa-

tion might have been linked to regular sauna times at the stageems to be a pool or storage of sesquiterpenes present within
tion. Unfortunately, there_ is no mformapon about the scht—_zd—the needles that is emptied during the morning due to the high
ules and the usage of different materials (woods, electricabmjssjon rates. The formation or otherwise the transport (not
heating) available anymore. But there is no other procesgea|ly water-soluble) via the water cycle in the tree is fairly
likely for this. Aromatic VOCs e.g. are much less reactive smal| and represents the limit of the emission here. Once the
with ozone and wouldn’t have caused such a large effect, nopmjssion declines during the evening the pool is getting re-

any other reaction plausible at that time. Nor is the 8G1-  fjjled and the emission potential increases again during the
centration changing as well as no significant OH productioncggler temperature.

calculated at that time, which is needed for sulphuric acid
production. Similarly, NQ is not in the expected ion mass 6.6 Intercomparison to ambient emission measurements of
range and nitric acid clusters would not have had sufficient sesquiterpenes
OH to form (darkness). However there is a possible contribu-
tion of any NQ, derivative to the air ions measured and thus, When calculating chemical compound concentrations in am-
the data was excluded from the seasonal estimate. bient air from indirect measurements any intercomparison to
direct measurements is needed. However, no direct ambi-
6.5 Daily pattern of ambient sesquiterpene concentrationsent concentration measurements are available for the site of
interest, but spotlike emission measurements as were used
But how does the daily pattern of the ambient sesquiterpenén the Sect6.1 These emission measurements have been
concentration look like during different seasons when apply-included in Fig.9 (right) (Tarvainen et aJ.2005 Hakola et
ing this approach? In order to briefly investigate this we haveal., 2006. They indicate, as expected, a maximum of emis-
selected one day per season. The individual pattern can bsions during summer, when the stress on the forest ecosys-
seen in Figl3. tem is most intense, rising already during the end of March
When taking a look on this figure there are some issuer beginning of April. By intercomparing the results Tdr-
of interest: First, the volume mixing ratio is rather different vainen et al.(2005 and Hakola et al.(200§ with the ob-
during the different season as expected. Second, the maxtained sesquiterpene annual profile both have the same pat-
mum concentration is achieved in the afternoon during win-tern and seasonal trend. Nevertheless, boundary layer mi-
ter and spring, which makes sense since the temperature armometeorology needs to be taken into account to move the
stress effects are most intense on the vegetation. Third, anemitted molecules to the inlet of the air ion instruments. A
this is the most interesting aspect, this is not found for sum-strong mixing should favour the increase in air ions of the
mer and autumn. During this time the mixing ratio and thussize section between 0.56 and 0.75nm in diameter, which
concentration is highest throughout the year and peaks in theeems to be apparent during spring. Additionally, the good
morning but declines during the afternoon. Why that? Therecorrelation of sesquiterpene emissions with the emission of
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Fig. 13. Displayed is the daily behaviour of the calculated sesquiterpene concentration at the air ion instruments inlet (BSMA) on four
exemplary days in spring, summer, autumn and winter of 2004.

water-soluble monoterpenoids (linalool and cineol) but not7 Conclusions
with monoterpenes during that time is a key information:
The higher the water flux of the trees (forest) towards theln this study we have investigated the origin of the air ion
gas-phase, the higher are the sesquiterpene emissions. Thisaximum at mobility diameters of 0.56—0.75 nm. By using
is apparent in Eq.43), when air ion concentrations do not further information such as the ratio of negative and posi-
decrease as much as during summer in the section of the aiiive air ions in that section, about its seasonality and about
ion maximum concentration. In this context, the obvious dif- trace gas concentrations, we linked this to an intermediate
ference between the individual years is most likely related toformed in the reaction of biogenic sesquiterpenes and ozone.
ambient meteorological conditions. 2003 was a significantlyElectron and proton affinities, calculated for these interme-
warmer year than 2004, in which the summer was affected bydiates, are reasonably high and support this link. Further
enhanced rainfall. The more humid conditions and the lowemossible candidates such as sulphuric acid clusters or other
temperature caused less stress for the vegetation and slowerganic compounds were not capable in explaining the ob-
respiration, reducing the water vapour and VOC fluxes fromserved behaviour of the air ions, since their charging state
the biosphere to the atmosphere. depends mainly on the condensation sink which causes a too
Nevertheless, all the presented results remain indicationtong ambient lifetime to explain the nearly twice as large
for the molecular composition of air ions only, but need to negative to positive air ion concentration ratio during sum-
be proven once these compounds can be detected by instrmer. Moreover, the seasonality of this ratio is not captured
ments in the ambient gas-phase reasonably well too. Thudyy other candidates with ambient lifetimes longer than a few
the presented hypothesis with respect to stabilised Criegeseconds. The stabilised Criegee intermediate however with
intermediates and the related maximum sesquiterpene coran ambient lifetime between about 0.5 (summer) and 1.5s
centration estimation require a detailed intercomparison with(winter), which is destroyed by the present water vapour
field data of sesquiterpene measurements where possible amgrees fairly well. By assuming the air ions to be these inter-
future studies to confirm this. mediates we can calculate the ambient sesquiterpene concen-
trations with a high time resolution and for a very long time
period (2 years) for the first time. These estimated concentra-
tions agree nicely with the pattern of spotwise done emission
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measurements at trees closed by. The estimated ambient con-
centrations vary quite strong: fairly high concentrations of
sesquiterpenes are obtained especially during summer time
(>100 pptv) and tiny concentrations of less than a pptv or
even a tenth of it during winter. The presence of these VOCs
will certainly affect the canopies ozone concentration and
protect the plants from harmful stress.

However, it should be noted that the results are only rep- —

resentative for the situation in the boreal forest studied, since
the air ion measurement is only a physical but not a chemi-
cal detection method. They might certainly be valid in other
environments. Nevertheless, for the identification of the air
ions further information such as of trace gases is essential to
know. Therefore, air ions at different sites such as at urban
or remote sites or in the free troposphere will most probably
consist of different species. Note as well that we considereff
the major source of the air ions in the size section studied to
be formed by the same reaction throughout the year, whic
remains an issue to be studied in the future, but this seems to
be reasonable for the conditions found at Hii

Since the information about ambient sesquiterpenes and
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in turn are expressed as linear combinations of basis
functions obtained from some basis set.

Electron correlation is treated approximately (or some-
times not at all), either by the use of an exchange-
correlation electron density functional, or by the use of
excitation operators.

If considered, thermal corrections to enthalpies and free
energies are normally calculated using rigid rotor and
harmonic oscillator approximations.

. For further details see e.gensen (2007 or Foresman and
Frisch (1996 and references therein.

For standard quantum chemistry calculations, the typical
notation is: method/basis set, where the “method” is the set
f approximations and techniques used to calculate e.g. elec-
ronic energies and gradients (or in some cases other prop-
erties such as electron affinities) from the Satinger equa-

ion.

Al Methods

their emission behaviour is currently scarce and the globaln this study two methods have been used:

emission in global models is assumed to be identical to
monoterpenes, a notable gap of knowledge needs to be in-
vestigated and explaineddakola et al.(2006 showed that

this link between mono- and sesquiterpenes is not valid for
boreal forest environments. By taking into account the area
of interest, this issue might be a key to understand the large
ozone sink detected in the forests and boundary layer chem-
istry. Moreover, the results will definitely impact on local
aerosol formation and growth. Nevertheless, this remains a
further topic to be investigated. Therefore it is essential to
know about the chemical properties of the neutrals and the air
ions gained. This complicates the usual approach of steady-
state charging assumption when doing measurements and a
change in the chemical composition of neutrals will affect
the charging ratio or overcharging significantly.

Appendix A

Quantum chemistry glossary

Quantum chemistry is the numerical solving of the electronic
Schiddinger equation for a system of atoms and molecules
in order to calculate properties of chemical interest. For sys-
tems containing multiple atoms, a variety of approximations
must be made for the calculations to be computationally fea-
sible. These usually include the following:

— Atomic nuclei are assumed to move according to classi-
cal mechanics.

— Relativistic effects are normally ignored.

— The electronic wave function is expressed as a antisym-
metrized product of one-electron wave functions, which

www.atmos-chem-phys.net/7/2893/2007/

— UBS3LYP, the spin-unrestricted form of the B3LYP den-

sity functional, which is composed of Becke's 3 —
parameter electron exchange functional and the Lee-
Young-Parr electron correlation functional. The term
“spin — unrestricted” implies that the spatial orbitals of
alpha and beta-spin electrons are not constrained to be
identical. The B3LYP functional has been hugely suc-
cessful in predicting chemical properties of a large va-
riety of compounds. However, like almost all density
functional methods, it performs poorly for e.g. weakly
bound systems. Chemical properties calculated for radi-
cal and biradical species — such as Criegee Intermediate
investigated in this study — should also be considered to
be of a qualitative nature only.

OVGF(Frozen-Core), the Outer Valence Green’s Func-
tion electron propagator method for calculation of cor-
related electron affinities and ionization potentials. Un-
like B3LYP, OVGF is not a general-purpose method: it
does not calculate e.g. total electronic energies or op-
timize molecular geometries, but only computes elec-
tron affinities and ionization potentials. These are ob-
tained as the poles of electron propagator operators cor-
responding to the addition or removal of electrons. The
term “Frozen-Core” implies that the correlation of core
electrons is ignored. This is expected to have only
a small effect on the chemical properties as they are
largely determined by the interactions of valence elec-
trons only. In principle the OVGF method should yield
more accurate results than e.g. density functional meth-
ods, but there is very little data on the performance
of the OVGF method for biradical species such as the
Criegee Intermediate.
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