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Abstract. Measurements of atmospheric volatile organic drocarbons (NMHC) are estimated to be higher than those
compounds were performed in the Finnish Boreal for-of anthropogenic NMHC (Guenther et al., 1995), and their
est atmosphere during spring 2003, as part of the projecbxidation products may be the greatest natural continental
QUEST (Quantification of Aerosol Nucleation in the Euro- source of fine particles. Hoffman et al. (1997) suggested that
pean Boundary Layer), using a ground-based Chemical lonat night the products from ozonolysis of pinene were of suf-
ization Mass Spectrometer (CIMS) instrument. Based onficiently low vapor pressures to condense freely on existing
the study of their hydrate distribution, methanol, acetonitrile, particles or possibly homogeneously nucleate, which makes
acetaldehyde, dimethyl amine (DMA), ethanol/formic acid, daily variations studies important. Also, high resolution time
acetone, trimethyl amine (TMA), propanol/acetic acid, iso- series of biogenic gases concentrations bring new informa-
prene, methyl vinyl ketone (MVK) and metacrolein (MaCR), tion for the understanding of how NMHC are oxidized in a
monoterpenes and monoterpene oxidation product (MTOPhatural atmosphere and how their ambient concentrations are
are proposed as candidates for masses 32, 41, 44, 45, 4@riven by the dynamic of the boundary layer.

58, 59, 60, 68, 70, 136, and 168 amu, respectively. It would | this paper, we present the results of measurements of at-
be, to our knowledge, the first time DMA, TMA and MTOP  mospheric volatile organic compounds (VOC) in the Finnish
are measured with this method. Most compounds show &oreal forest atmosphere during spring 2003, as part of the
clear diurnal variation with a maximum in the early night, project QUEST (Quantification of Aerosol Nucleation in the
Corresponding to the onset of the noctural inversion and irEuropean Boundary Layer), using a ground_based Chemical
agreement with independant measurements of CO. Biogenifynization Mass Spectrometer (CIMS) instrument. Monoter-
compounds are highly correlated with each other and the rapenes have already been measured at the site by means of
tio monoterpene/oxidation product shows a typical daily pat-adsorbent cartridges and GC-FID (Hakola et al., 2000) or
tern of nightime maxima. However, because isoprene mixingsc-ms (Spirig et al., 2003). The advantages of the CIMS
ratios are also maximum during the early night, it is likely jhstrument over cartridge sampling associated to gas chro-
that |t SuffeI’S Of the interference from anothel’ Unidentiﬁed matographic ana'ysis iS the fast t|me response Of a feW sec-
biogenic compound. Hence mass 68 amu is identified as isognds and the online detection of reactive species that might
prene+compound X. be modified otherwise. If integrated over several minutes,
which still allow for the study of relatively fast changing at-
mospheric concentrations, a low detection limit down to less
than 10 ppt for some trace gases can also be achieved. CIMS
has been previously used for the air-borned measurements of

Vast quantities of biogenic hydrocarbons are emitted to theP'9anic gases (Arnold et al., 1997; Wohifrom et al., 1999;

atmosphere by vegetation, having an impact both on the atochoder et al., 2003). The ground-based adaptatmn of the
mospheric chemistry at local, regional and global scale, and~!MS apparatus for the measurement of organic gases pro-
on atmospheric processes such as new particle formation anides a set of on-line data over extended periods of time, and

growth. The amount of emissions of natural nonmethane hy4nables the study of high time resolution daily variations.
The chemical ionization (Cl) technique involved in the CIMS

Correspondence tK. Sellegri instrument uses ion-molecule reactions which cause much
(K.Sellegri@opgc.univ-bpclemront.fr) less fragmentation than electron impact or photoionization.

1 Introduction
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However, ion identification is still a problem when the ion- uum pumps. Educt ions 40T are produced by a high-
ized molecules are hydrated with several water clusters. Thérequency glow-discharge capillary-tube ion source (CIS)
goal of this paper is mainly to address all atmospheric candiand a 2 sim @ source gas flow: g) ions produced from the
dates for the gases detected during the Quest campaign witBIS rapidly react with the more abundant atmosphel©H
CIMS. Furthermore, daily variation of the measured speciego give H3O'. Hydration of the HO™ reactant ions occurs
are observed, and used as a validation tool for the consisby association with water vapor in the main flow tube, lead-
tency of the data set. Hence, we report mixing ratios timeing to a distribution of HO*(H,0), ions, with n from 0 to
variation of a large variaty of species (some of them being6, of which the ions witmm=3 are most abondant. Then, as
measured for the first time with this technique) as the resula first approximation of the complex chemistry involved, it
of the first ground-based CIMS operated for measurement ofs calculated that atmospheric gases X with proton affinities
organic gases. larger than that of KO (166.5 kcal mot?) react in the flow
tube reactor with educt ionsg®*(H,0), via:

-+ +
2 Site and Instrumental deployment H30™ (H20), + X — HX"(H20), + H20 @)

_ _ ) Thus, also the productions are hydrated with up to 6 water
The SMEAR experimental station (Station for Measur- nojecules. Depending on the number of water ligants and on

ing Forest Ecosystem-Atmosphere Relations) located inpe molecule X proton affinity (PA), also a backward reaction
Hyytiala, southern Finland (651° N, 24°17 E, 181 m above g possible (Viggiano et al., 1988):

sea level) is representative of the boreal coniferous forest.

A complete description of the site can be found elsewherdHX " (H20), + H20 — H30" (H20), + X (2
(Kulmala et al., 2001). Data presented in this paper are .
based on samplings achieved during 2 weeks: from 17 to 29 The lower t_he PA of molecul_e X, the more 'mpofta”t t_he
March 2003. Gas measurements have been sampled from 4gverse reaction. In our experimental set-up, we intention-

adapted measuring container located 50 m south-west of thtgI ylé)o:’nvsrid thfntOt‘ral dg?s {Jhress:Jr\?i in the ﬂOV\f' guobrige?d?r:
SMEAR station, at 2.5 m above the ground. The comparison0 ar (compared to the previous use o . an, :
rder to reduce the occurrence of reverse reactions, which

of water vapor measurements obtained with the CIMS set upo.II ifieallv be add d later. Th 'd i )
with the water vapor measured at the station (4.2m) ShOV\)t/IY]I fslpeci 'Ea y eta _ resseh Ia er. h N rtehm enc?_ |mt_e n
excellent agreement (less than 5% disagreement). This indi- € flow tube reactor 1S much fonger then the reaction ime

cates that the location of the measurement container is suitf-Or a golhsmn rate (2'&10_. cne's ) aI_Iowmg the atmo
able for comparison of the CIMS results with the SMEAR spheric gases to react during traveling in the flow tube reac-

data set. In order to avoid wall effects and sampling of ﬁnetor. Both products and excess educt ions enter the quadrupole

particles, the measuring container was equipped with a Iarggnass spectrometer where th_ey are selected according to their
diameter-high velocity inlet, in which the sampling line was Imatssé ;)neFma_ss scan (f(t)r: |odn Pwats_sesl,_ framflo to 20? amu)
installed perpendicularly to the inlet flux (Hanke et al., 2003). asts 5.2 s. Forimproving the getection fimit of organic trace

The inlet protrudes about 1 m above the roof of the containerd2Se€s, an integration time of 100 to 200 successive scans has

so that the air should not have encountered any surface befor%een chosen, Ieagilng toatime resolutpn of 329 FO 640 >
being drawn into the sampling line. The concentration of the atmospheric gas Xi is obtained

. . .__from the count rate of Xi, the count rate of the educt ion
Measurements were performed using a Chemical lonizas

+ . .
tion Mass Spectrometer (CIMS) instrumental set-up, baseé_ho . anq of the sum of all product lorsX], the measured
, : - reaction timer between the ion source and the detector, and
onion-molecule reaction for the detection of trace gases. Th

. . 9 —1 . _
instrument, which was designed by the MPIK-Heidererg,(?he collision raFe constarkt(z.s’_xl(r cm's) of thg |on.
. ; L . molecule reaction (parallel Acims-formula) according to:
is composed of (a) the high velocity inlet mentionned

above (b) a sampling line equipped with a critical orifice [Xi]=(k * r)_1Xi(H20),,/EXj (Ho0),,*

and thermostatted at30°C, (c) an ion source, generating : +

H3O™ (H»0), educts ions (d) a flow tube reactor, also ther- Inf1 + £Xj(H20),/H30" (H20),] ®)
mostatted at-3C°C, in which educts ions react with the at-  Where Xi(H:0),, Xj(H20), and HO™ (H,0), are the
mospheric gases to be analyzed (e) a quadrupole mass spestsm of count rates of all hydrates fromx1 to n=5 when
trometer for the detection of ionized gas molecules (Fig. 1).possible (see Sect. 3). How many hydrates are taken into ac-
A similar experimental set-up has been used by MPIK-HD count will be discussed for each compound in Sect. 3. This
for previous atmospheric trace gas measurements and is delixing ratio calculation does not take into account diffusion
scribed in detail elsewhere (Hanke et al., 2003). Briefly, at-and sticking of gases onto the sampling tube walls, reverse
mospheric air enters the critical orifice, which assures a confeactions and mass discrimination in the mass spectrometer.
stant flow rate of about 10slpm (also measured with twoln order to take those parameters , as well as uncertainties on
anemometers further in the sampling line) and a pressureeaction rate constants into account, in-situ calibrations were
of 10 mbars, created by using two oil-free SCROLL vac- performed for acetonitrile, acetaldehyde, methanol, isoprene
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Fig. 1. Experimental set up: schematic view of the CIMS instruméaj.high velocity inlet(b) critical orifice and sampling linéc) ion
source, generating40T (H,0), educts iongd) flow tube reactofe) quadrupole mass spectrometer.

and DMA. Calibrations were performed on-line during mea- 01
surements using gas bottle standards (one standard gas bottle s
contained a mixture of acetonitrile, acetaldehyde, methanol, ,
isoprene, while another one contained DMA), both in zero

air and in atmospheric air in order to evaluate the influence
of other atmospheric gases on the calibration. Zero air levels g
are obtained using a commercial zero air generator (Breit- £
fuss GmbH) by passing atmospheric air through a catalyst at

701
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501

abu

401 +

450°C and quenshing the water, with a frequency of aboutan 3
hour per two days. 201
101 4 J
1 — “jﬂw 5 «J»M MMMMMWMMMMM
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mass (amu)
An example of the mass spectra obtained during the cam-
paign is shown Fig. 2. The sensitivity of the instrument wasFi9- 2. Example of the mass spectra obtained during the atmo-
raised to the maximum in order to obtain the best detectiorsPN€ric measurements.
limit within our experimental set up. However, a high sensi-

tivity induced a lower mass resolution. This can be seen O suld not alwavs be reliably separated from the educt ions
Fig. 2 in the proximity of the educt ion peaks (especially 73 Y y sep

(HsO" (H,0)s) and 91 amu (HO* (H,0)a)). Peaks from peaks. This is the case for masses 72, 90, and 108.
ions 1 amu smaller or larger then the educt ions and hydrates
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Table 1. Monitored mass numbers of ions X, sorted by hydrate families in the form of (H%O),. between brackets are the ions which
peaks have not always been correctly separated from the reactant peaks. Underlined are the masses for which the count rate was maximu
within the peak family.

Coreion HX"  HXT (Ho0) HXT (Hy0)y HXT (H0)3 HXT (Ho0); HXT (Hy0)s HXT (H)0)g HXT (H0);  HXT (Ho0)g

18 36 54 72) (90) (108) 126 144 162
19 37 55 73 91 109 127 145 163
33 51 69 87 105 123 141 159 177
42 60 78 9% 114 132 150 168 186
45 63 81 99 117 135 153 171 189
46 64 82 100 118 136 154 172

47 65 83 101 119 137 155 173

49 67 85 103 121 139 157 175

59 77 95 113 131 149 167 185

61 79 97 115 133 151 169 187

71 89 107 125 143 161 179

Table 2. Some chemical and physical properties of measured compounds; sulfuric acid angrdfiérties are also indicated for com-
parison. Ref: Handbook of Chemistry and Physics for proton affinities. Life time order of magnitude, Williams et al. (2000) for acetone,
acetonitrile, acetaldehyde, isoprene, methan, using GH83molecules cr® and Atkinson (1994) for pinene, MVK and MACR using
OH=1x10° molecules cm3 and ozone =40 ppbv.

Compound Molecular Mass  Proton affinity ~ Structure Order magnitude
Number kcal mot Life time (/OH+hv)

acetone 58 188 CtCOCHg 1 month

acetonitrile 41 186 CBCN 3years

acetaldehyde 44 185 GEeHo 1 day

isoprene 68 197 Cy+C(CH3)CH=CH, 6 hours

methanol 32 180 CEDH 1 month

DMA 45 218-225 CH-NH-CH3 -

TMA 59 222-230 CH-N(CH3)-CH3 -

ethanol 46 185.5 CEICH,OH -

formic acid 46 178 H-COOH -

propanol 60 189.4 CECH,-CHoOH -

acetic acid 60 188 CHCOOH -

pinonaldehyde 168 - feH1602 -

methyl vinyl ketone/ 70 199/193 Ci#CH—-CO—CHag/ vsOH=15/8 hours

methacrolein CH=C(CH3)—CH=0  vs(=62/248 hours

a—pinene/ 136 - ¢oH16 vsOH=5/3.5 hours

B-pinene vs@=3/19 hours

We monitored the acquisition of the ion masses summa-number of hydrates associated to the core mass are studied.
rized in Table 1, sorted by peak families: as already men-Distributions obtained are shown Fig. 3 for the driest and the
tioned, core ions XF can be hydrated with several water wettest day of the campaign (20/03/2003 with a water va-
molecules and thus be detected at masses higher by seveiabr mole fraction of 2000—2500 ppm and 23/03/2003 with
multiples of 18 amu than their original core ion mass. Conse-6500 ppm), as well as for the calibration tests when available
quently, at one mass, there can be a contribution of the typef.e. for DMA, acetonitrile, acetaldehyde, methanol and iso-
XHT, Y(H20)HT, or Z(H,O);H™ etc. Therefore, one mass prene). For the reactant iorgB*, the maximum count rate
can be the signature, not only of different compounds havings observed for BO*(H,0), clusters withh=3. Because hy-
the same mass as X (isomeres), but also of compound hawronium ions have hydration enthalpies larger than any other
ing the mass of Y, Z, etc. In order to distinguish one com-ion species (Keesee et al., 1986), angDHexchange reac-
pound from the other, the count rates of clusters versus théions are fast compared to the ion-molecule reactions with
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Fig. 3. Count rates plotted against the increasing hydration states of the core ions, averaged over different times in the day for the driest and
wettest days of the campaign. Red curves are for calibrations with standard bottles when possible.

trace gases of interest (Wohlfrom, 2000), maximum countmasses, candidates are respectively protonated methanol,
rates for other species than® are observed for n equalto acetonitrile, acetaldehyde and DMA, and we did not find any
or lower than 3. This observation is confirmed during calibra- other compound with the required characteristics mentioned
tions of acetonitrile, acetaldehyde, methanol, isoprene anébove that could interfere at the same masses.

DMA, when the count rates show a maximum fe13, 1, 3, Atmospheric hydrate distributions of the peak families
2and1 respec'qvely in a 4000 ppm water content air, and als%orresponding to mass 33 amu show a maximum count rate
for acetone which shows a maximum countratee or 3 yjateau on masses 69, 87 and 105amu. During calibra-
depending on humidity. tion of methanol and isoprene with a ratio of 1:1, we
Because 33amu, 42amu, 45amu, and 46 amu are relalso observed a maximum for masses 87 and 105. These
tively low molecular masses, atmospheric compounds whichmasses would correspond to {(hhethanol(H0O)s 4) or to
are a combination of C, O, N and H with a higher proton H*isoprene(HO); 2. Thus masses 69 and 87 amu are ex-
affinity than the one of water (Table 2), which are candi- pected to be mostly rerpresentative of methanol, and mass
dates for these masses are of limited number. For these four05 amu is expected to be mostly rerpresentative of Isoprene.

www.atmos-chem-phys.org/acp/5/357/ Atmos. Chem. Phys., 533272005
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water dependence of 78, 96 and 114 amu spective mixing ratio, we have, during calibration of ace-
during calibration of acetonitrile tonitrile in zero air (where TMA mixing ratios were less
than 10 ppt), calculated the ratio oft€H3CN(H,0)s (mass
0 . 96) to Ht CH3CN(H20), (mass 78) and HCH3CN(H,0)4
o 78amuss amy . “ .f 0= 00137 (mass 114) for different water vapor contents. We obtain a

®  114.amu/96 amu r2=065 “shape” of clustering hydrate distribution of GEN for dif-
ferent relative humidity. Ratios of mass 96 to masses 114
and 78 amu are proportional to the water content, as shown
Fig. 4. Thus, for calculation of respectively acetonitrile and
TMA mixing ratio in atmospheric air, the shape clustering
RPN hydrate distribution of CEICN for different relative humid-
oo ity is assumed to be the same as for calibrations. Then, the
contribution of acetonitrile to mass 96 amu is calculated from
the count rate ratio mass78/mass96 (Fig. 4) measured dur-
ing calibrations of acetonitrile, 78 amu presumably all due
to acetonitrile. Once calculated, the contribution of acetoni-
_ _ trile to mass 96 is subtracted from the measured count rate
Fig. 4. Ratios of 96/114 and 96/78 amu versus water content of the ¢ 1\ 25 96 in order to obtain the contribution from TMA to
analyzed air mass during calibration of acetonitrile. . . .
this mass. The same procedure is applied for mass 114 amu.
After calculation, we did not find any correlation or anti-
correlation between acetonitrile and TMA or acetonitrile and
Consequently, calculation of the methanol concentration wiIIHzo or TMA and H0, indicating that there was no bias in
be based on masses 51, 69, and 87 amu, while isoprene Cothe calculation and that both compounds are clearly distinct
centrations will be calculated on the basis of masses 105om each other.
123 and 141 (Table 3). In fact, mass 141 is occasionally Atmospheric hydrate distributions of the peak families
also a maximum count rate in this peak family, and it would corresponding to mass 45amu do not show a clear maxi-
stand for Hrisoprene(HO)s, which should be smaller than  mym count rate in atmospheric air, but do show a maximum
H¥isoprene(HO)s. Another candidate in this peak family count rate during calibration of acetaldehyde for 63 amu, cor-
is 2-methyl-3-buten-2-ol (hereafter refered as MBO) which responding to Fiacetaldehyde(yD). Count rates raise again
protonated mass is 87, and that could contribute to the samgfter mass 81 amu (Fig. 3), indicating that a compound dif-
masses as isoprene. MBO is also a biogenic hydrocarbofsrent from acetaldehyde is responsible for these count rates,
that has already been measured in the ambient air of a pingnq only masses 45, 63 and 81 were taken into account in the
forests (Goldan et al., 1993; Spaulding et al., 2003) and i”acetaldehyde mixing ratio calculation.

a subalpine forest by Karl et al. (2002). Measurements of  Atmospheric hydrate distributions of mass 46 amu (DMA)
MBO interfere with measurements of isoprene in the PTRMSghow a maximum count rate for mass 64 amu, which corre-

method as well (Karl et al., 2002). However, the pine speciessponds to (DMA(HO)), in agreement with the hydrate dis-
found in Hyytiala are not MBO-emitting species and MBO tyibutions of calibrated DMA.
will not be considered to contribute to the mass 69 amu mix-  Both protonated ethanol and formic acid are candidates

Ing ratios. for mass 47 amu. Respective proton affinities of ethanol and
Atmospheric hydrate distributions of the peak families formic acid are 185.5 and 178 kcal mél(Table 3), which
corresponding to mass 42 amu (acetonitrile,s3CN) show  are similar. Thus it is difficult to distinguish between the
a maximum count rate at 114 amu, which would correspondwo compounds from their hydration, which shows a maxi-
to (HTacetonitrile(H0)4). During calibration of acetoni- mum count rate at=2. Also Lindinger et al. (1998) found
trile though, a maximum count rate is observed for 96 amu,both compounds with a signature 47 amu. Similarly, proto-
corresponding to Hacetonitrile(3O)s. This would indi-  nated propanol or acetic acid are candidates for mass 61 amu,
cate that a compound with a mass of the type 41+x18 amwvith respective proton affinities of 189.4 and 188 kcal ol
(where x could be 1, 2 or 3) is actually measured in the at-However, Lindinger et al. (1998) found that while acetic
mosphere and overlapping acetonitrile hydrate distribution.acid has a signature at 61amu (in the regular protonated
The protonated compound X which would give a maximum form HX+), Propan-1ol and Propan-2-ol have a signature
count rate at 114 amu in atmospheric air i3 (i.e. in the  at 43 amu, corresponding to the loss of a molecule gdH
form HTX(H,0)3) would have the mass 60 amu. The can- In this study, hydrate distributions in atmospheric air show
didate for this mass is trimethyl amine (TMA). Once respec-a maximum count rate at m=97 amu wich would stand for
tively protonated and hydrated, TMA (59 amu) and acetoni-propanol(iO™), or acetic acid(HO™),.
trile (41 amu) have both a signature at 60 amu, and further- Possible contributors to mass 59amu include acetone,
more at 78 amu and 96 amu. For the calculation of their repropanal and glyoxal. Propanal have been excluded by PIT-

ratio

T T T T T
0 2000 4000 6000 8000 10000 12000

water content (ppm H,0)
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Table 3. Masses taken into account for MR calculation.

acetone acetonitrile acetal TMA DMA methanol ethanol/formic acid
Masses (amu) 59;77;95; 42;60;78 45;63; 81 96-min(96,9% 46;64;82; 51;69;87 47;65;83
113; 131 ;min(96, 96,/¢); 114-min(114,114,;,.) 100 101; 119
min(114, 114,.) 132
propanol/acetic acid isoprene MVK/MACR (70) monoterpenes (136) MTOP (168)
Masses (amu) 61;79; 97; 115 105; 123; 141 71;89; 107 137; 155 169; 187
125; 143 173

MAS studies in aircraft-based atmospheric measurements
(Shioder et al., 2003). Glyoxal has a short atmospheric life-
time due to rapid photolysis, and the variability of the signal
associated to mass 59 amu shows a lifetime close to the life-
time of acetone. Hydrate distribution of the peak serie of
mass59 shows a maximum count raterfe® clusters for the
driest day, and forn=3 clusters for the wettest day. Conse-
quently, count rates of masses 59, 77, 95, 113 and 131 amt
are taken into account to calculate the acetone concentratior 0 100 200 300 400 500 600 700
according to Eq. (3). 69 amu + hydrates (pptv)

Possible contributors to mass 69 include protonated iso-
prene, cyclopentene, and furan. Candidates for mass 71am g
are protonated methyl vinyl ketone and methacrolein, here-
after referred as MVK/MaCR, which are both oxidation
products from isoprene (Williams et al., 2000). Correlation
between mass 69 amu and mass 71amu are highly signifi-
cant during the QUEST campaign (Fig. 5a). Good correla-
tion was also observed between isoprene and MVK+MACR
with an airborne PTR-MS (Warneke et al., 2001). Conse-
quently, at this stage, we propose isoprene as a candidate fas ° H
mass 69 amu, and the sum of MVK and MaCR, as oxidation ~  ° o e oandidate oonoterpey oty
products of isoprene for mass 71 amu.

A maximum count rate is observed for mass 169 amu,Fig. 5. (a) Correlation between the total count rate of mass 69 amu
leading to high mixing ratios for the compound contributing and hydrates (candidate is isoprene) and mass 71 amu and hydrates
to this mass. The contribution to mass 169 amu can be of thécandidates are MVK and MaCRb) Correlation between the to-
types XH+, Y(HO)H+ or Z(H,0);H+, where Z is 132 amu, tal count rate of mass 137 amu and hydrates (candidate is monoter-

Y is 150 amu and X is 168 amu. For each of the compoundspenes) and mass 169 amu and hydrates (candidates are pinonalde-
X Y and Z. a candidate was inv.estigated' hyde and other monoterpene oxidation products MTOP).

600 /
400

71 amu + hydrates (pptv)
@
o
o

200

500

400
yo =40

a=0.205
300 r?=026

200

100 5 3 a
|

u + hydrates (candidate= MTOP) (pp!

— A possible contributor for 132amu is glutaric acid.  _ \we did not find any combination of C, O, N, H which

With a molecular structure containing to carboxyl could be an atmospheric compound of mass 150 amu
groups, glutaric acid has a high potential to form hydro- with a proton affinity larger than water.
gen bonds. However, there is little information on the

proton affinity of this compound. We tested its capacity — One contributor to mass 169amu can be pinonalde-
to be measured with the CIMS instrument by injecting hyde. This compound has been identified as a major
vapours of a 1% aqueous solution of glutaric acid into a oxidation product of pinene (Hakola et al., 1994; Yu
proton transfer instrument (PITMAS). No signature of et al., 1999). Other oxidation products of monoter-
glutaric vapours was found in the PITMAS spectra, in- penes (MTOP) such as 3-carene, limonene and terpino-
dicating that its proton affinity is not high enough to be lene can also contribute to the mass of 169 amu (Hakola
measured with this method. et al.,, 1994). If mass 169 amu is composed of XH+
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with X being pinonaldehyde or another MTOP, it im- known PA of compounds studied in this work, we can elabo-
plies that pinonaldehyde is poorly hydrated, thel rate a scale of reverse reaction rate coefficients relative to the
hydrate (mass 187 amu) being less abundant than theeverse reactions measured for calibrated compounds. Start-
n=0 hydrate (mass 169 amu) (Fig. 3). This is consistenting form isoprene (PA of 197), the water dependence is neg-
with the fact that a similar poor hydration was observed ligible in the range of 3000—6000 ppm of water. Thus also
during the calibrations of the other aldehyde (acetalde-a low reverse reaction is found for DMA (PA of 218-225)
hyde), which maximum count rate was for the clustersand no reverse reaction is expected from compounds such as
containing only one molecule of water, and with previ- TMA and MVK+MaCR. However, for ethanol/formic acid
ous observations of poor hydration of saturated aldehy{respective PAs of 185.5 and 178) and propanol/acetic acid
des (Spanel et al., 2002). (respective PAs of 189.4 and 188), a reverse reaction with

Conseguently. the most likelv candidate compounds c:onyvater can occur and is not taken into account, leading to an
_wonseq Y y P underestimation of the mixing ratios calculated in this work.
tributing to mass 169amu are MTOP. Moreover, a max-

imum count rate is observed for mass 173amu (pea For these compounds, we will only be able to give a lower
P lﬁimit of the concentrations measured in the boreal forest at-

family 47 amu), with a possible contribution of the type . . . .
I ) . mosphere. According to the correction applied on calibrated

Z(H20)H™, with Z being mass 136 amu, representative of . . , -
ecies of equivalent PAs, the uncertainty on the mixing ra-

a-pinene and other mon_oterpenes. Mass 136 has aIreacf}gs measured for ethanol/formic acid, propanol/acetic acid,
been reported to be an indicator for monoterpenes at for-

est sites (Helmig et al., 1998; Wisthaler, 2001). Also, Se_can be estimated to be up to a factor 4 for ethanol and high
. . water contents. The lack of data on the PA of pinonaldehyde,
lected ion flow tube studies have shown that monoterpenes o e
. ; . 3 other MTOP and monoterpenes make it difficult to evaluate
M (a-pinene,S-pinene, limoneneA*-carene, myrcene and

. . the uncertainty on the mixing ratios calculated in this work,
camphene) react with 40T via proton transfer at the col- Y g

lisional rate and result in the protonated MH+ with mass and they have to be considered as lower limits.
m/z=137 amu (Schoon et al., 2003). Correlation between
the proposed candidates monoterpenes and MTOP are fairl

good (Fig. 5b), confirming our hypothesis. ¥ Concentrations and daily variations

Atmospheric trace gas mixing ratios are presented in Table 4,
4 Calibration factors and Reverse reactions (water de- as Well as the detection limits calculated as twice the stan-
pendence) dard deviation on the zero air levels. All compounds but
DMA are above the detection limit, the highest mixing ra-
Calibrations have been performed using standard gases bottt® is found for acetone, closely followed by mass 168 amu
(DMA, acetonitrile, acetaldehyde, isoprene and methanol)(candidate: MTOP). Variability of the daily variation can be
The intensity of reverse reactions (Eq. 2) can be evaluategeen on Fig. 6a, on which all data are plotted according to
from the dependence of calibration factors on the water vapothe time of the day; a smoothing procedure over 9 data points
mixing ratio. For DMA and isoprene, the water dependencehas been applyed to make the features clearer. A median di-
of the calibration factor is less than a factor 1.5 between 200Qurnal variation has been calculated over the two weeks mea-
and 6500 ppm KO (range of water content during the cam- suring period as well (Fig. 6b). Two outstanding days are
paign). For methanol and acetaldehyde though, a clear devarying significantly from the median concentration (27 and
pendence of the calibration factor on the water content is28 March), these days have been highlighted in Fig. 6a.
observed with a high increase up to 25 times less methanol Background mixing ratios of acetone range between
measured than injected at 6000 ppm. For acetonitrile, no wa200 pptv in the southern atmosphere and 500 pptv in the
ter dependence is observed below 6000 ppr@Hhan abrupt  Northern atmosphere (Singh et al., 1995). The average mix-
rise is measured for higher water contents but water contentig ratios measured during the Quest campaign are clearly
were not higher than 6500 ppm during the QUEST campaigrabove background levels, and varied from 1 to 3.5 ppbv. Ace-
These observations are in agreement with the theory alreadipne has been measured at similar mixing ratios (1-2 ppbv)
mentioned, that the closer is the PA of the measured comever the rain forest @schl et al., 2001), in rural areas in
pounds to the PA of water, the more efficient will be the re- Eastern Canada (around 3 ppbv) (Biesenthal et al., 1998) but
verse reaction. also in the upper troposphere (Wohlfrom et al., 1999) and at
Acetone has been calibrated and reverse reactions with wanuch higher mixing ratios in urban areas (1-18 ppbv from
ter studied with the CIMS apparatus in previous work (Wohl- the Fraser valley , O’'Brien et al., 1997). Acetone has both
from et al., 1999). Calibration factors and water dependancalirect emission and secondary photochemical sources in the
were found to be very similar to the ones found for acetoni-atmosphere. The major secondary source for acetone in the
trile (in agreement with ther similar PAS). lower troposphere is the photochemical reaction of the OH
For other un-calibrated compounds, it is necessary to evalradical and propane (Singh, 1994) and also monoterpenes
uate if a reverse reaction is possible and significant. From théWisthaler et al., 2001). Direct emission sources for acetone
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Table 4. Detection limits calculated as twice the standard deviation of zero air level, and statistics on mixing ratios over the 2-weeks
measurements.

(ppt) acetone acetonitrile acetaldehyde TMA DMA methanol ethanol/formic acid propanol/acetic acid
Zero air level 47 7.1 5.6 8.1 295 8.8 26.5 36.5
Detection limit 35 4.0 6.6 6.2 324 8.6 11 18
Mean 1495 75 36 59 12.2 334 318 107
Stdev 596 33 31 355 7.7 143 926 104
25ile 1091 51 15 34 7 229 73 34
75ile 1655 97 50 79 17 424 259 146
median 1370 66 33 55 12 330 135 85
isoprene/ MVK/MACR/ monoterpenes MTOP

compound X compound Y (136 amu) (168 amu)

(68 amu) (70 amu)

Zero air level 28.0 41 181 288

Detection limit (ppt) 12.0 11.6 87 86

Mean 140 185 301 603

Stdev 73 125 139 345

25ile 88 104 192 323

75ile 185 237 401 839

median 120 165 300 605

include anthropogenic and biogenic emissions, including di-ing ratios reached 6.5 ppbv over the tropical rain forest in
rect emission from vegetation, decaying organic material,March (Warneke et al., 2001) and (isoprene+MBO) 8 ppbv
biomass burning (Singh et al., 1994) and possibly an oceaniover a Northern american temperate forest in July (Helmig
source (Jacob, 2002). Acetone is removed from the atmoet al., 1998), while the typical mixing ratios of isoprene and
sphere by photolysis, the reaction with OH radicals and wetMVK+MACR) measured during Quest were, as expected,
and dry deposition (Jacob, 2002). The acetone diurnal variamuch lower: roughly between 100 and 200 pptv. In fact,
tions show one peak during the morning between 10:00 andhese mixing ratios are higher than previous measurements
12:00 and one peak during the early night with a maximumof isoprene on the site of Hyytiala (average 41 ppt in august
around 21:00. As most organic trace gases diurnal profilgSpirig et al., 2003) and average 10 pptv in may (Hakola et
show a maximum around 21:00, it is believed that the onsetil., 2000)). This discrepancy can either be due to differ-
of a nocturnal inversion is responsible for their accumulationences of analytical techniques, or to a contribution of an-
close to the ground, including acetone. The morning peakother compound, to the masses selected for the analysis of
can be ascribed to a strong photochemical source (thus résoprene. Our MVK+MACR mixing ratios are the same lev-
lated to the radiation diurnal profile), as well as it can be dueels as the mass 68 amu mixing ratios (median 165 ppt). MVK
to direct emissions from vegetation and soil (thus related toand MaCR have been previously measured with the same
the temperature profile). level of concentration than isoprene during March 2001 at
. the SMEAR station (Hakola et al., 2003). Due to its sources
Isoprene is released to the atmosphere by forest areas iy, y iy, reactivity with N@ at night (lifetime/NQ is 0.8 h,
h|gh quantities (i.e. 44% of the total V.OC emissions Py V€9~ seinfeld and Pandis 1998), isoprene is usually measured in
eta_1t|or_1, Guenther et .al" 1995). _lt is highly reactive, its the litterature with a diurnal profile showing a maximum at
oxidation products being methyl mel. ketone (MV_K) and 18:00LT (Goldan, 1995; Lindinger, 1998; Biesenthal, 1998;
methacrole_ln (MaCR) as the highest yield. In Hyytiala, low Warneke et al., 2001). During the Quest campaign, iso-
concentrations are expected beca_use of the type of Vegm?)'rene showed a diurnal profile with three peaks: one in the
t'(.)n’ which is composed of poor isoprene emitters (SCOtSmorning around 8:00, one in the afternoon around 14:00
pine and Norway spruce) (Hak_ola etal, 2003).‘ I;s_oprerjeand the most important one around 21:00 starting around
has bgen reportgd to have a high seasonal varlgb|l|ty, W'th.L8:OO. The fact that isoprene reaches a maximum in the
a maximum dur[ng the growing season (from mid-June to_first part of the night is in contradiction with the late af-
mid-september in the l_)or_eal z_one_) (Hakola et al., 2000’ternoon peak which is usually observed. For the increase
Hakola et al._, 2003) while its oxidation products MVK ano_l of isoprene up to 21:00 to be ascribed to the onset of the
MaCR remained constant through the year. Isoprene mix-
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Fig. 6a. (a)Daily variation of mixing ratios for the whole measurement period.

noctural inversion layer, the source of isoprene has to bdmonoterpenes, MTOP and MVK+MaCR), and hence has
still active until two hours after sunset, which is improba- probably a biogenic source. It is possible that at night, when
ble. MVK+MACR shows the same pattern as the daily pat-isoprene mixing ratios are close to 0, the contribution from
tern of isoprene, with a more pronounced morning and afterimethanol on peak 105 is not negligible. Consequently, we
noon peaks and a broader night peak. Because of the levalill refer hereafter to mass 68 amu as isoprene+compound
of its mixing ratios, which are high compared to previous X, and, for the same reasons, mass 70 amu+hydrates will be
measurements on the same site, and because of its diurnadferred to as MVK+MaCR+compound Y.

variation, mass 68 amu-+hydrates might contain the contribu- Mass 136 amu mixing ratios (candidate: monoterpenes)
tion of another compound than isoprene, night time emitted shows a median mixing ratio of 300 ppt. Similarly to iso-
However, we do not have any other candidate for this massprene, the total monoterpene concentrations usually have
which seems to be correlated to other biogenic compounda high seasonal variability with a maximum in summer.
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Fig. 6a. Continued.

Typical mixing ratios of around 500 ppt have been measuredOH radicals. Measured primary yields of pinonaldehyde
in April in the boreal forest (Hakola et al., 2000) and 360 ppt from the reaction betweea-pinene and OH radicals dur-
have been detected at 18 m above the ground during BIOing chamber experiments were higher than the yields of ace-
FOR2 (Spanke et al., 2001), which lies within the range oftone (respectively 30% and 12%, Wisthaler et al., 2001)
our measurements. Spanke et al. (2001) previously measureghd hence, high mixing ratios of pinonaldehyde are ex-
in Hyyliala a monoterpene daily variation showing a night pected at the Hyytiala site. However, to our knowledge,
time maximum and daytime minimum. We also measureatmospheric measurements of MTOP are very scarce and
a nighttime maximum although our daily variation is a lit- comparison with other sites is difficult. Pinonaldehyde has
tle bit more complex with also two daily secondary maxima been measured on the Hygfh site with maximum con-
(Fig. 6Db). centrations of 140 ppt, which indicate that other monoter-
pene oxidation products comprise a non-negligible part of
The MTOP mixing ratios measured in Hygk were in ~ the MTOP measured with CIMS. As already shown in
the range 320-840 pptv, which are the highest mixing ra-Fig. 5b, MTOP and monoterpenes are correlated. Figure 6a
tios measured after acetone. We choose Pinonaldehyde atiows that monoterpenes and MTOP have a similar diur-
a representative of those MTOP, as it is a main oxidationnal variation, also very comparable to “isoprene+compound
product ofa-pinene, itself main monoterpene detected in X* and “MVK+MaCR+compound Y” showing maximum
the boreal atmosphere (Hakola et al., 2000; Spanke et algoncentrations early at night. This nighttime maximum of

2003). The main production path of pinonaldehyde is themonoterpenes has previously been observed by Lindinger
oxidation of monoterpenes with :O(Yu et al., 1999) or
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Fig. 6b. (b) Median daily variation of mixing ratios after smoothing procedure (ppt).

at al. (1998) and attributed to emissions by the wood dur-monoterpenes, MVK+MaCR+compound Y and CO, with a
ing the day and during the night, but effective dissociationmid-morning decrease of about 3 h. The yield of pinonalde-
during the day. Monoterpenes nighttime maxima have alschyde from monoterpenes was estimated to be 48%, and the
bee observed by Hakola et al. (2000) and attributed to trapyield of CO from pinonaldehyde was estimated to be 13.4%
ping of the emitted compounds in a nocturnal inversion layer.(Hatakeyma et al., 1991). However, the contribution of the
Hakola et al. (2000) do not measure any daytime peak, andxidation of other organic compounds should be necessary
explain this with a high OH radical sink and dilution by ver- to explain the change of several tens of ppb in the CO con-
tical transport. From our data set, daytime peaks are obeentration. Hence, co-variations between CO and monoter-
served with the same covariation for isoprene+compound Xpenes and MTOP are more likely due to dynamics-driven
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Fig. 6b. Continued.

variations of the concentrations. The daytime peaks of iso- In the litterature, emission rates of methanol were calcu-
prene+compound X, and monoterpenes, are consistent wittated to be larger than those of isoprene, methanol having a
the diurnal variation of the emissions, which are tempera-major biogenic source (Lamanna and Goldstein, 1999). Our
ture dependant. Compared to MVK+MaCR+compound Y, measurements show mixing ratios varying between 230 and
MTOP rarely shows a daytime peak though, and might be425 pptv. These ratios are indeed two times higher than the
more rapidely removed in the presence of light. Accordingmixing ratios of isoprene+compound X in Hygth. How-
to Glasius et al. (1997), pinonaldehyde reacts twice as fasever, methanol has been reported to be an ubiquitous com-
as a-pinene with OH radical which would explain the low pound in the atmosphere which levels in remote conditions
daytime mixing ratios of MTOP. Highest concentrations of are around 1 ppbv (de Gouw et al., 2003), which is twice
BVOC oxidation products (and among them pinonaldehyde)as high as what we measured. Although the high water de-
have previously been observed to occur in the early mornpendence of methanol due to non negligible reverse reac-
ing hours (Spanke et al., 2001). The mid-day depletion istions has been taken into account with calibrations, the un-
unexplained by photochemistry or dynamics, it is correlatedcertainty on the mixing ratios of this compound are slightly
with the increase of acetone, and with the appearance of thhigher than for other compounds, because of the additional
particle nucleation burst. uncertainty of the water vapor measurements and of the
The diurnal variations of the ratio MTOP/monoterpenes dependence of the calibration factor. Ethanol/Formic acid
show maximum values at night and a sharp morning decreas@nd propanol/acetic acid are respectively two and four times
(Fig. 6a). This is in agreement with the higher reactivity lower than methanol. Ethanol/Formic acid concentrations
to OH of pinonaldehyde compared to pinene, as mentioneghow a high variability (Fig. 6b), and there are indications of
above. a contaminating source in the vincinity of the measurement
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station. However, the contaminations are easily detected anfl Summary and conclusions
can be excluded. Its median daily variations are similar to the

ones of methanol with nighttime maximum and daytime min- The goal of this study was to address the different organic
imum. Propanol/acetic acid do not show the same daily patzompounds measured with the CIMS method during the
tern as acetone on the particularly highly concentrated dayg)yUesT campaign. We proposed candidates for the masses
(27 and 28 March, Fig. 6a), but show a similar median daily ghserved in the spectra measured in the Boreal atmosphere.
pattern then acetone (Fig. 6b), with a mid-day peak and &ased on the study of their hydrate distribution, methanol,
nighttime maximum. acetonitrile, acetaldehyde, DMA, ethanol/formic acid, ace-
tone, TMA, propanol/acetic acid, isoprene, MVK/MaCR,
In remote areas, acetonitrile has been found with mixingmonoterpenes and MTOP are proposed in a first step as can-
ratios of 100—150 pptv (Sprung et al., 2001). The mean mix-didates for masses 32, 41, 44, 45, 46, 58, 59, 60, 68 70, 136
ing ratio found during QUEST is 75 pptv, with concentra- and 168 amu, respectively.
tions main variations between 50 and 100 pptv (25il eand Concentrations of acetone are in the range of the con-
75ile). The major source of acetonitrile seems to be biomasgentrations found in the litterature in forest areas, and ace-
burning (Holzinger et al., 1999), while anthropogenic fuel tonitrile in the range of concentrations found in remote ar-
burning plays only a minor role (Holzinger etal., 2001). Ace- eas. Methanol is measured with mixing ratios two times
tonitrile may therefore serve as a tracer for biomass burninchigher than in the remote regions, ethanol//formic acid and
activity. Sinks of acetonitrile are the chemical reaction with propanol/acetic acid are measured with concentrations re-
OH radicals, dry or wet deposition. Lifetime against the re- spectively two and four times lower than methanol. Amines
action of OH and photolysis is of the order of magnitude of are found with the lowest concentrations.
1-3 years, thus much higher than the time scale of the con- yowever, the high hydration level of the analyzed com-
densing process. The mixing ratios of acetonitrile measuregyounds makes interferences with other compounds more
during Quest, found to be lower than mixing ratios in re- jikely. While monoterpenes have been measured with sim-
mote areas, would indicate that it is not locally produced.jar mixing ratios than previously found at the same site and
With such a long life time and without any local source, ace-same season, isoprene concentrations were about an order
tonitrile should be rather stable during the day. However, s magnitude higher and their daily variations do not show
as for methanol and ethanol/formic acid, acetonitrile showsihe ysual pattern of a late afternoon maximum. Hence, most
maximum mixing ratios at night and minimum mixing ratios propaply, isoprene is measured with the interference of a yet

during the day (Fig. 6b). Nighttime maxima of acetonitrile |,nknown biogenic, night-emitted compound X.
and ethanol can, as for acetone, be explained by the onset

of a noctural inversion, together with higher destruction pro-
cesses during day compared to night.

In fact, all of the measured organic trace gases but TMA
show higher mixing ratios at night, in agreement with mea-
surements of independent measurements of CO (Sellegri et
al., this issue). This is ascribed to the onset of a noctural
Mixing ratios of acetaldehyde measured during the cam-inversion, coupled with continuous emmision by the for-
paign range between 15 and 50 pptv (25ile and 75ile). Ac-est into the night and higher dissociation during the day.
etaldehyde is a common photo-oxidation product of manyin particular, oxidation products of monoterpenes and iso-
organic compounds in the atmosphere, and itself a precurprene+compound X are significantly higher at night, imply-
sor of peroxyacetyl nitrate (PAN, GJE(O)OONQ) in pol-  ing that an active N@chemistry is also taking place. In fact,
luted air. Acetaldehyde has one of the shortest day-lifetimehe ratio MTOP/monoterpenes are higher at night by a factor
of all analyzed compound (after isoprene) and is also de4,5. Daytime peaks are observed with the same covariation
stroyed at night by its reaction with NQbut at a slower rate  for isoprene+compound X, monoterpenes, MVK/MaCR and
(night-lifetime/NG; is 17days, Seinfeld and Pandis, 1998). CO, with a mid-morning decrease of about 3 hours. The co-
Our daily variation of acetaldehyde are not very pronouncedyariance may be indicative of a local important production of
which, together with the low mixing ratio measured at the CO, or may be indicative that the dynamics of the boundary
site, indicate either the lack of a local source of this com-|ayer are the main factor influencing the organic concentra-
pound at the measurement site, or its immediate destructionions on the site. The mid-day depletion may be indicative

From Fig. 6a, there are indications that the contaminationof a condensing process coinciding with the appearance of
source producing ethanol also contained acetaldehyde. nucleation bursts.

This paper is preparing for further discussions on the im-
DMA mixing ratios are below the detection limit of plications that the detection of these species have on the
32pptv, and TMA mixing ratios vary between 34 and atmospheric physics and particularly on the formation or
80 pptv. TMA has a late afternoon peak which is not seengrowth of new particles in the boreal forest atmosphere. This
in any other compound measured at the site with this techimatter is addressed in a companion paper (Sellegri et al., this
nique. issue).
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