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Abstract. Carbon monoxide in the atmosphere is originat- proxies for wood combustion all have their uncertainties, our
ing from various combustion and oxidation processes. Reresults indicate that the oxygen isotope ratio of CO (but not
cently, the proportion of CO resulting from the combustion the carbon isotope ratio) is an independent sensitive tool for
of wood for domestic heating may have increased due tosource attribution studies.

political measures promoting this renewable energy source
Here, we used the stable isotope composition of €8
ands180) for the characterization of different CO sources in 1
Switzerland, along with other indicators for traffic and wood
combustion (NQ-concentration, aerosol light absorption at carbon monoxide (CO) is an important trace gas of the at-
different wavelengths). We assessed diurnal variations of thenosphere and widely studied due to its significant role in
isotopic composition of CO at 3 sites during winter: a village tropospheric chemistry (Crutzen and Zimmermann, 1991).
site dominated by domestic heating, a site close to a motor, remote areas, CO is an important reactant of OH and thus
way and a rural site. The isotope ratios of wood combustioninfluences the oxidation capacity of the troposphere. Also in
emissions were studied at a test facility, indicating signifi- polluted urban regions, CO is a significant OH sink (Dom-
cantly lowers*®0 of CO from wood combustion compared men et al., 2002). However, CO reacts slower in the atmo-
to traffic emissions. At the village and the motorway site, sphere compared to most other pollutants and can therefore
we observed very pronounced diura&?O-variations of CO  pe used as an overall indicator for the human activities related
with an amplitude of up to 8%.. Solving the isotope massto emissions from combustion. When considering the iso-
balance equation for three distinct sources (wood combustope ratios of CO, this approach can be extended for the par-
tion, traffic, clean background air) resulted in diurnal patternsitioning of emissions into different sources. It was shown in
consistent with other indicators for wood buming and traffic. studies in a rural area (Schauins|and’ Germany) (Gros et aL'
The average night-time contribution of wood-burning to total 2002) as well as in a remote area (SpitzbergerdckRann
COwas 70% at the village site, 49% at the motorway site anckt al., 2002) that the oxygen isotope ratio of CO is useful for
29% at the rural site based on the isotope mass balance. Thge characterization of exceptional pollution events. The rel-
results, however, depend strongly on the pure source isotopgtively low oxygen isotope content of CO from wood com-
values, which are not very well known. We therefore addi- hystion §180~16%.) compared to CO from car emissions
tionally applied a combined CO/N@sotope model for ver-  (5180~.20-24%0) enabled the detection of biomass burning
ification. Here, we separated the CO emissions into differenkyents in these two studies. The method is not straightfor-
sources based on distinct CO/N@missions ratios for wood  ward, however, because several source and sink effects have
combustion and traffic, and inserted this information in theto pe considered for explaining &80 of CO and because
isotope mass balance equation. Accordingly, a highly sig+he signals of the emissions are not very well known and may
nificant agreement between measured and calcultf@  pe variable (Tsunogai et al., 2003). Regarding CO emission
values of CO was found-€0.67,p<0.001). While different  from cars, diesel exhausts can have a much lower oxygen
isotope composition of about 11%. compared to the isotope
ratio of atmospheric @of 23.88%. (Barkan and Luz, 2005),

Correspondence tayl. Saurer while even lower values down to 6%. have been observed
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et al., 1999b). While such differences can hamper an unamand analysis system. Data at such high temporal resolution
biguous source apportionment, it should be considered thadre practically non-existent in the literature. Additional anal-

a traffic mix of many cars should have a more well definedyses were done in a controlled setting where emissions from
isotopic composition, determined, e.g., to be 20#%&%0 a log wood stove were assessed at a test facility. The study
for Mainz, Germany (Kato et al., 1999b). The main sourcewas conducted in the framework of a project where aerosol
of atmospheric CO besides the above-mentioned combustioamissions from wood burning were analysed in great detalil,
processes is the oxidation of methane and non-methane hyn both laboratory and field studies (AEROWOOD, Aerosols
drocarbons, which produces CO with a very 18%0 con-  from Wood burning versus other sources, Sandradewi et al.,
tent (Gros et al., 2002). This effect is most important for 2008b; Weimer et al., 2008; Alfarra et al., 2007; Szidat
aged air-masses and background air. On the other hand, thet al., 2007). The isotope data were compared with other
main sink effect, the reaction with OH to produce £ @- gas phase and aerosol parameters related to wood burning,
volves a large inverse isotope effect, where the hedf@r  mainly CO/NQ ratios and aerosol light absorption measured
reacts more readily thatfO, resulting in a depletion of the by an aethalometer. For evaluating different sources to CO,
remaining CG80 in the atmosphere (Brenninkmeijer et al., we used an isotope mass balance model, a model based on
1999). Accordingly, a careful analysis of the isotope balanceCO/NQy ratios and a combination of both. The main aim
has to be made or additional tracers for constraining the isoef the study presented here was to assess the use of high-
tope budget have to be measured, #@.of CO. Under con-  frequency isotope data of CO for distinguishing between
ditions of heavy pollution, a simple two box-mixing model wood combustion and fossil fuel sources.

might be applicable by considering a source and background

air (Kato et al., 1999a). Potentially, al$43C of CO may
provide additional source information. The carbon isotopic
composition of CO from automobile exhaust is known to be 1 Samolin
close to the isotopic compositions of fuels used (Stevens e%' pling

gl., 1972), Whil.e isotppg fractionaﬁons during biomass bu_m'SampIes were collected during two campaigns in South-
ing may resultin deviations of the isotope ratio from the orig- o, Switzerland, investigating a village site (Roveredo,

inal material (Kato et al., 1999b). | 46°1418'N, P0745'E, 298m a.sl) and a site close
Emissions from wood combustion are not only important ; 5 motorway (Moleno, 48,646’ N, 8°5949" E, 254m

on the gllobal scale, but are also relevant in.regional poIIu—a_S_L), complemented by one measurement period in a rural
tion studies. Although the energy consumption from wood 464 in Northern Switzerland (Paul Scherrer Institute, PSI,

heating amounts to only a few percent compared to fossil, 23215/ N 81337'E. 335m a.s.l) and a wood stove

fuel combustion in Switzerland, the emissions of Carbona‘experiment at the test facility of the EMPA {Dendorf).

ceous particles from wood burning are significant and werég g eredo is located in an Alpine valley (Mesolcina) with of-
apparently underestimated in the past. Furthermore, policieg,, strong and stable temperature inversion prevailing dur-

fostering the use of renewable sources of energy may resulh,q \yinter, influenced by local heating and traffic from a
in increased use of wood for heating purposes in the futurey ot route (San Bernardino route). A large percentage of

A recent study based oHC showed for an Alpine valley e people of Roveredo burn wood for domestic heating pur-

in winter that between 65% and 88% of carbonaceous maty,oseq (759 of the heating installations are fuelled by wood).
ter of the ambient aerosol originate from non-fossil sources

" - : An intensive measurement campaign took place here in Jan-
most likely wood burning (Szidat et al., 2007). Also many 51y 2005, with sampling for isotopes of carbon monoxide
VOC and OVOC concentrations are very strongly influencedgm 11-13 January with a time-resolution of approximately

by wood burning emissions (Gaeggeler etal., 2008). Besidegq iy The Moleno site was located on a parking lot directly
traffic and industrial emissions, biomass burning contributes,; the Gotthard motorway (average traffic density 19 700 ve-
significantly to the organic aerosol mass even in a moderyicies per day), while the next village is in a distance of
city like Zurich (Lanz et al., 2008; Szidat et al., 2006) Dur- 800m. Due to the direction and dimensions of the Va”ey,
ing summer, forest and barbecue fires also result in a considye sun is more often reaching the valley bottom compared
erable fraction of the organic mass in urban areas (I._anz et aIto the Roveredo site and therefore comparably more convec-
2007). A clear separation of the sources contributing t0 CGyjqp, js taking place during daytime in winter. Sampling took
in the atmosphere could t_herefore further help_ln eIUC|dat|ngp|ace during February 2005, specifically on 8 to 9 February
the role of wood combustion forltzhe tOtallgp‘)Il"é‘t'o” load.  tor the isotopes. The measurement period near PSI was con-
In this study, we analysetfC/*?C and*®0/*°0 ratios of  ycted from 3 to 16 February. The PSl is located in a rural
carbon monoxide at three sites, one influenced by domestig o5 yyith forests and agricultural fields nearby, influenced by
heating, one next to a motorway, and one at a rural locationinor emissions from traffic. During all campaigns, mete-

The sampling was done at a high f_req_uency (30min inter'orological parameters as well as CO, Neénd PMg were
vals) over several days, to provide insights into Short'termcontinuously monitored.

variability and diurnal cycles, using an automated sampling

2 Materials and methods
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The wood stove experiment at the test facility of EMPA and 0.2%. fors13C. Overall, CO isotopic values from 535 air
was conducted during April 2005 (Weimer et al., 2008). For samples are presented in this paper.
the isotope sampling, a log wood stove was fired with beech During the Roveredo campaign, aerosol light absorption
logs during 3 consecutive fires of approximately 30 min each.was measured with a seven-wavelength aethalometer (Magee
The wood stove was similar to those often used in householdScientific,A=370, 470, 520, 590, 660, 880 and 950 nm) that
for domestic heating purposes, while beech is the main woodvas connected to a whole-air inlet without size-cut (San-
type (around 70 %) burnt in Southern Switzerland. Samplingdradewi et al., 2008b). This instrument collected the aerosols
lines were connected from the exhaust tube of the stove t@on quartz fibre filters at a flow rate of 228.1lpm and
three dilution stages passing the emissions to a suite of instrurecorded the data every 2min. The absorption coefficient
ments assessing gas phase (COxN#Ic.) and particle prop-  bapsindicating the light attenuation through the aerosol layer
erties. Sampling for the isotopes took place after an overalbn the filter was calculated according to Lambert-Beer’s law
dilution by a factor of 1200 by adding compressed air, which (Sandradewi et al.,, 2008a). Based on the different wave-
had the main purpose to cool and dilute the effluent gas closéength dependence éfysfor wood burning (wb) and traffic-
to “real-world” conditions and allow condensation of semi- related particles, the contribution of these two sources to the
volatile particles in reasonable amounts, which is importantabsorption coefficients was calculated. The obtaingdfor

for the aerosol measurements. pure wood burning at 470nm and pure traffic at 950 nm were
used in a linear model to estimate the fractional contribu-
2.2 Analysis tion of particulate matter (PM) from wood burning to the to-

tal PM, expressed as RM/(PMyp+PMyatiic) (Sandradewi et
Air sampling for the isotope analysis of CO during all al., 2008a).
campaigns was done with inhouse-built automated samplers
(ASAs) that enable the time-programmed sampling of 332-3 Calculations
samples of about 300 ml air in glass flasks (Theis et al.,
2004). The air was drawn through magnesium perchlorat@'g'1
traps for drying at a rate of about 1 I/min, while the actual fill-
ing time was set to 3 min. The ASAs have been successfull
applied for isotope analysis of GOCH, and CO (Theis et
al., 2004). After transporting the ASA's to the lab, they were N
attached to a modified Precon- and Gasbench-preparation
total = Z mj,
i=1

Isotope mass balance

Assuming a gas sample to be a mixture of compounds 1, 2,
Y ..N with concentrations or mass;my, ... Mmy, with the
total mass

@)

unit (Thermo Finnigan, Bremen, Germany) for automated”"

analysis. Isotopic carbon and oxygen isotope analysis was . . . -
done in continuous-flow mode according to (Mak and Yang assuming further that the isotopic composition of the element

1998). In short, air samples passed through a liquid nitroger?f mterest of _e_ach ;:ohmpo.und 8§.’ Sdz,- - O thebn The IS0
trap and ascarite trap for complete removal of CQ'hen toplc composition of the mixture is due to mass balance given

CO was converted to COn a glass tube filled with S¢hze as:

reagent. The evolving COwas first trapped in a loop sub- N 5.
mersed in liquid nitrogen and then passed through a Poraplot- Elm’ !
column before entering the mass-spectrometer (Delta-plugmixture ~ N 2
XL, Thermo Finnigan, Bremen, Germany). Isotope ratios > m;
i=1

are given ass-values and expressed as relative deviations
from the international standard, which is VPDB for carbon  This equation will be applied in the following to describe
and VSMOW for oxygen (Saurer et al., 1998). As one the isotopic composition of CO of an air sample as a mixture
oxygen-atom is added to CO in the $itre reactor, a careful  of different sources. Equation (2) would be mathematically
calibration and correction is necessary regardingstfe- correct when using just the mass 810 isotopologues,
values (Mak and Yang, 1998). For this purpose, a standardut is also a good approximation when using the total mass
CO gas with known isotopic composition was analysed inof CO.

the same way as the samples, which then allowed calculat-

ing the isotopic composition of the oxygen of the 8ate ~ 2.3.2 The Keeling-plot approach

reagent by a mass balance calculation. The standard CO was ] . ]

calibrated vs. VSMOW by analysis of water with a high- A special case pf the isotope mass balance is a gas sample
temperature pyrolysis-unit and the analysis of intercompari-t2ken as the mixture of 2 compounds, namely background
son water samples provided by the International Atomic En-&ir (Sbgd, Mbgd), and a pollutantdy, mp). The isotope ratio of
ergy Agency (Saurer et al., 1998). When filling a complete the gas mixture is then given by

ASA (n=33) with a reference gas of 0.5 ppm CO in synthetic __ MogdSbgd + Mpdp

air (N»/O5), a standard deviation of 0.3%o resulted 830, Smixture ~ Mpgd + Mp ®)

www.atmos-chem-phys.net/9/3147/2009/ Atmos. Chem. Phys., 9, 31612009
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This equation can be rearranged as: 2.3.4 CO-NQ linear model
5 N 4 In this paragraph, we consider the gas phase concentrations
mixture ~ 4) (not isotope ratios) of NQand CO, expressed for instance
Mpgd Sbgd + (mmixture - mbgd) Sp _ Mhgd (5bgd - 5p) ey as partial pressures. Let’s take a gas sample with concentra-
Mmixture Mmixture P tions ¢(NQ) and ¢(CO), which is a mixture of background

Taking the background concentration, the background isoair (COP%, NORY), traffic emissions (CONO,) and wood
tope ratio and the isotopic composition of the pollutant asburning (CO, NO§’("b). This may be expressed as
constant, Eq. (4) is linear in Ligkwure With y-interceptsp:

const o(NOy) = c(NORS) + c(NO}) + c(NOLP) ©)
mixure +9 (5)
mixture Mmixture P c(CO) = C(CObgd) + C(COt) + C(COWb) (10)
This equation is very useful because it enables derivingthe N _ o
isotope value of the “pure” pollutanéd) from a scatter plot Without any additional assumptions, it is not pos-

of the measured isotope ratios of air samples as a function ofible to extract these 6 different contributions to the
the inverse of the measured concentrations, without any furmeasured ¢(CO) and c(N® However, when assum-
ther knowledge required about mixing ratios or isotope ratioing 1) that the background is known and constant,
of the background (Pataki et al., 2003). With some limita- ¢(COP9%=Ccons(COPI% and c(NG%)=ceons(NOZ®Y, and 2)
tions, Eq. (5) is also applicable for more complex mixtures, that the ratios c(C{¥c(NOL)=rt and c(C)/c(NOYP)=ryp
assuming e.g. the pollutant to be itself a mixture of two pol- are known and constant, then there is a solution. The first as-
lutants. The y-intercept can then be interpreted as the isotopsumption (constant background) may be valid depending on
ratio of the pollutant mixture, but the linearity of Eq. (5) does the actual weather conditions for a limited time period. The
not strictly hold when the pollutant composition is variable. second assumption is based on distinct CO{K@ission ra-
tios for traffic emissions and wood burning (where the ratio
2.3.3 Isotope source separation is much larger for wood burning). By using these definitions
and replacing c(N&) and c(NC)Q’b) in Eq. (10) with the help

Ideally, one would like to solve the isotope mass balanceys the newly defined ratios, Eqs. 9 and 10 can be rewritten

(Egs. 1, 2) for the different contributions; mFor our case,
we assume three sources — traffic (t), wood burning (wb) and

background (bgd) —, contributing with{nmy, and mygq to _ bgd c(CO)  c(COYP)
total CO (Mmota), being characterized by the isotope ratigs C(NGy) = Ceons(NO™) + e + Iwhb (11)
Swhb, Sbgd andsiotar:

C(CO) = Ceons(CA*Y + ¢(CO) + ¢(CO™), (12)
StotalMhotal-CO ~ (6)  which are two equations for the two unknowns c{Eénd
8bgdMbgd-co + 8 Mt—co + dwbMwb—co c(CO"™). Solving for ¢(COP), the concentration of CO

~ riginating from w rning emissions, | :
Motal-CO A Mpgd—co + Mt—co + Mwb—co (7) ~ Originating from wood burning emissions, leads to

While the mgta anddiotal can be measured, the main dif-
ficulty here is that we have to know the pure source iso-c(CO"P) = — W2 (ccons(cobgd) —c(CO)+ (13)
tope valuesSpga, 8t and swp, which also should be con- "'t — Twb
stant over time. Under certain conditions, we further assumer[c(NO,) — cconsl(Nofﬁgd)])
a known and constant contribution of the CO background
air, mygg_co=const. The validity of these four assumptions and therefore based on (12) for traffic:
will be discussed later in detail. Accordingly, the isotope
mass balance equations reduce to a system of two equations

’
with two unknowns (m_co, Mwb_co) and can therefore be ¢(COY) = . _tr (C(CO) — Ceons(COPH+ (14)
solved, for instance, for the contribution of wood burning to t fwb bad

the total CO: rwb[C(NOyx) — Cconst(Noxg )])

Dividing these concentrations by ¢(CO) results in the frac-

Mwb—CO ~ (8) tional contributions of wood-burning and traffic to CO (or the
(Stotal — 8t) Miotai-cO + (8t — dbgd) Mogd-co contribution in % by multiplying with 100), which may be di-
(Swb — 6t) ' rectly compared to the results from the isotope source sepa-
The fractional contribution of wood-burning is then given ration Myb_co/Mota-co and m-co/Mota-co- A graphical
by Mwb—co/Miotal—co. representation of the model will be shown later.

Atmos. Chem. Phys., 9, 3143161, 2009 www.atmos-chem-phys.net/9/3147/2009/
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2.3.5 Combined CO/NQ isotope model 25
Based on the isotope mass-balance (Eg. 2), we describe the :}Htraffic emissions
isotopic composition of CO of an air sampbg)(as a mixture 20 ]
of CO from background aifgd, Mygd—co), CO from traffic -
(81, m_co) and CO from wood burningsn, Mwb—co): ]
'? T \I +
8bgdMbgd—co + 8tMi—co + SwbMwb—co X 15 ‘_\ A
8 = (15) — ] y =-1.6x +16.3
Mpgd—co + Mi—co + Mwb-co o) 7] wood stove AR
> 4 emissions L Ta
Using the above CO/NQmodel and the assumptions f(‘) 10 AL+
therein, the coefficients imco and myp_co can be calcu- ] T4
lated for every air sample from the measurement of c(CO) ]
and ¢(NQ) using the expressions derived in Egs. (13 and 54 mfire1
14) (the background concentrations are still taken as con- ] afire2
stant). When the isotope ratios of the three sources are . + fire 3
known, Eg. (15) can thus be solved and this calculated value 0
X . : — T r 1 ' T ' 1
compared with the measured isotope ratio of CO of a gas
sample. (A similar equation could also be written for the iso- 0 1 2 3 4 5

tope mass balance of NQbut this is not further discussed 1
here due to the lack of isotope data of O The purpose 1/C(CO) [ppm ]

of the combined CO/NQisotope model is the verification of

the isotope mass balance (Egs. 6-8). Fig. 1. Oxygen isotope ratios of CO as a function of the inverse
of the CO-concentration 1/c(CO) for the EMPA wood stove exper-
iment, in comparison with the estimated range of values for traffic

3 Results emissions.

3.1 Wood stove experiment

3.2 Roveredo and Moleno: data overview
Figure 1 showss180 of CO plotted versus the inverse of
the CO concentration 1/c(CO) from three fires of the com-|sotope ratios and concentrations of CO are shown for a 48-
bustion of beech logs in a controlled setting. While onep period in winter in Roveredo (Fig. 2), the village site af-
fire lasted approximately 30 minutes, samples correspond t@acted mainly by domestic heating and to a minor degree by
three minute filling time of the sample containers and wereyaffic emissions. The80 data show a very pronounced di-
taken three times during each fire. CO concentrations wergrna| pattern with relatively low values in the night, a steep
not constant dunryg the fires, due to dlff.e.rent combust.lonincrease in the morning hours and high values during the
temperatures (Weimer et al., 2008). Additionally, the mix- qay. The amplitude of this consistent signal over 2 days is
ing of the combustion gas with the dilution gas (compressedymost 8%.. A diurnal pattern is also visible in ¢(CO), but
air) has to be considered. The mixing line in Fig. 1 there-yjth much higher noise (individual peaks) relative to the di-
fore should mainly be interpreted for the y-intercept, which ;ing] amplitude. In contrast, t&3C data do not show any
corresponds to the pure wopd-burm&b% signal accord-  gjyrnal variation. A relatively high pollution level is evident
ing to the Keeling-plot equations (Egs. 3-5), while the otherfom the range of ¢(CO) from 300 to 1200 ppb and cg)lO
end-member is determined by isotopic signal of the dilutionfom 10 to 140 ppb, which may be explained by the sta-
air, which must have a relatively l0#'°0 value. The y-  pje weather conditions with strong inversions and low wind
intercept indicating the oxygen isotope signal from the COM-gpeed during this period (Sandradewi et al., 2008b). The
bustion source was similar for all three batches, with an av-ipfluence of NQ products on the N@signal of the con-

erage of 16.3%i0.6%o. The corresponding'®C-signal was  ventional instrument used (Steinbacher et al., 2007) can be
—24.7%q:1.0%0. The obtained value fa'®0 of CO from  455umed to be negligible in winter at these concentrations.
wood combustion is clearly lower than the values commonlyomy during night, the downslope winds were carrying rela-
observed for traffic emissions, which should be close to thejyely clean air and diluted the air at the bottom of the valley,
value of atmospheric oxygen (of 23.88%.. Accordingly, a8  \here also the low emissions during the night contributed lit-
significant difference results betwe&l¥O of CO from wood tle as evident from low c¢(NQ), in particular from 03:00 to
heating and from traffic emissions (Fig. 1). 06:00a.m. (Revot et al., 2000b). CO/NQconcentration
ratios were strongly enriched during the night, when traf-
fic was minimal. It is known that due to a lower combus-
tion temperature, much more CO and lessyN® emitted

www.atmos-chem-phys.net/9/3147/2009/ Atmos. Chem. Phys., 9, 31612009



3152 M. Saurer et al.: Traffic and wood combustion influence on CO isotopes
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Fig. 2. Temporal evolution of temperature, ¢(CO), c(NO  Fig. 3. Temporal evolution of temperature, c(CO), c(NO
¢(CO)/e(NQ), carbon and oxygen isotope ratios of CO over 48h ¢(CO)/c(NQ,), carbon and oxygen isotope ratios of CO over 24h
in winter in the village Roveredo, Switzerland. in winter near a motorway (Moleno, Switzerland).

by wood combustion compared to traffic (Johansson et al.rush hour. Two maxima per day were observed for c{NO
2004; Kirchstetter et al., 1999). Therefore, the ratio COINO clearly reflecting the traffic density and mixing during the
can be used as an indicator for the relative emission strengtbay. The oxygen isotope data of CO also showed a diur-
of wood burning and traffic. Qualitatively, it seems obvious nal signal (Fig. 3), following the pollution trends with higher
that the lows*80 values and high CO/NQin Roveredo at  values during the day than in the night, but with a smaller
night reflect the influence of wood burning. This will be dis- amplitude (about 4%o) than in Roveredo. The time course
cussed in more detail in the following. of the CO/NQ concentration ratio indicated very low values
For similar weather conditions as above (cold, low wind), compared to Roveredo throughout all the measured period.
the pollution situation and isotope values were assessed fofhe 813C values of CO tended to be higher during the day
a 24-h period in Moleno, a site close to a motorway, morethan during the night, however, by less than 1%o.
than 600 m distant to the next small village (Fig. 3). Here,
we observed the highest pollution during the night and early3.3 Comparison with indicators for wood combustion
morning (not during the day as in Roveredo), which is prob- versus traffic

ably caused by convection occurring during the day due to
insolation and subsequent dilution of the polluted air, as redn Fig. 4, we show the data @80 of CO for Roveredo

flected also in higher wind speeds around midday (data notogether with parameters related to aerosol light absorp-
shown). The concentrations of CO and jM2ere higherthan tion (bsps at 470nm and 950nm), and thereof calcu-
in Roveredo, with c(N6) reaching 500 ppb in the morning lated contribution of wood burning to particulate matter
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tion of PM from wood burning) for the measurement campaign in &, 15 7 o
Roveredo. O ]
5 10
PMuyb/(PMyb+PMyatiic). 8180 of CO shows an opposite di- ]
urnal pattern compared to the light absorption parameters, 1 6 psiay
with either a maximum or a minimum in the early morn- 0 ] # PSiNight
ing hours and a subsequent steep decrease or increase af- ' ' ' ' '
0 0.005 0.01 0.015

ter the onset of traffic. Aerosol light absorption studies
on wood smoke using an aethalometer showed that organic
compounds in aerosols from wood combustion result in a
strong UV absorption measured at low wavelengths, e.g afig- 5. Keeling plots for Roveredo and Moleno (upper plot) and the
470 nm, whereas absorption of traffic-originating particles rural site PSI (lower plot), separated into day and night values.
dominates at higher wavelengths, e.g. at 950 nm (Jeong et

al., 2004). Accordingly, the diurnal course of the absorp-.

! - - . i is rather low for Roveredor(=0.43 during the day and
tion coefficientbap{470 nmy),, indicates a dominant influ- 220,20 during the night) wirti y-interceptg of 18 3g%o and
ence of wood burning during night on the total particle load. : ’ '

Based on the source separation model and calculation g 5.03%> during the day and night, respectively. In contrast,
PMus/(PMap + PMyaric) (Sandradewi et al., 2008a), a con- the same relationship is more linear for Moleno and accord-
tribrjvtk;on o\fN?/vood ttrﬁ?;ing up to 90% duriﬁ’g night \,/vas ob- ingly 3;ie|ds a much higher correlation coeﬁicien_t _during the
tained. During the day, the relative RiMiamount was 50— day ¢“=0.64), showing that the two-member mixing model

. . y 0 :
70%, with significant short-term variability. All parameters may be more viable, with a y-intercept of 18.9%., while the

. . . 2
shown in Fig. 4 therefore indicate the maximum contribution correlation breaks down in the night“c0.01). The lower

: . Lo values for the isotopic signal of the pollution in Roveredo
of wood combustion to the pollution load at a similar time of S ; . :
. ) - . at night indicates the influence of wood combustion, which
the day. The linear correlation coefficient between the iso-

. L has a lower80 content than traffic, resulting in differences
tope ratio and PMy/(PMwb + PMyagic) is r=—0.58. of up to 8% between the values for Roveredo and Moleno.
The values do, however, not match the expected values for
“pure” emissions (23.88%. for traffic and 16.3%. for wood
The relationship between CO-concentrations ¢(CO) and-ombustion), but are lower. This discrepancy could have two
8180 was analysed by a Keeling-plot-approach for both siteg’easons: either the presumed source values are not applica-
(Fig. 5). However, Keeling-plots need some care in the inter-ble or the assumptions for the application of the Keeling-plot
pretation in a situation where the air is originating from more approach are not well enough fulfilled.
than two sources (see also 2.3.2). Varying contributions of
background, traffic and wood combustion emissions violate
the assumption of a two end-member model. Indeed, the ex-
plained variance for the correlation 6%0co vs. 1/c(CO)

1/c(CO) [ppm-Y]

3.4 Keeling plot analysis
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Table 1. CO attributed to different sources as calculated with the isotope mass balance (Eqs. 6—8, parameters according to the base cas
scenario). Average values for the three investigated sites are shown, where “Day” corresponds to 09:00a.m.—03:00 p.m. and “Night” to
09:00 p.m.—03:00a.m.

Site Day/night CO from wood burning [%] CO from traffic [%] CO from background [%]
Roveredo Day 35 37 28
Roveredo Night 70 2 28
Moleno Day 42 29 29
Moleno Night 49 35 16
PSI Day 27 36 37
PSI Night 29 38 33

concentration for the Roveredo and Moleno campaigns with
Eqg. (8) (Fig. 6, Table 1). For the base case for Roveredo,
we observed a clear diurnal pattern with an average value of
Mwph=70% during the night (09:00 p.m. to 03:00a.m.), and
much lower values from 0-50% during the day. A higher

wood-burning
%-contribution

50 || Roveredo . , 5 , 5 | . variability is observed during the day when traffic is more
12:00 0:00 12:00 0:00 12:00 frequent. In Flg 6, also calculated values below zero (Wh|Ch
11-Jan-2005 12-Jan-2005 13-Jan-2005 are not possible in reality) are shown for a better assessment
_ 100 | © Parameters of the isotope model: qf the influence_of the source isotope valugs. Those combina-
= ‘;\/\/\"(\ ey | & Orackground!®*Ouons puring/ > Ot tions of source isotope values that result in negatiyg oan
= = 4 VA Y . . . .
EZ S0 W”A Avtiv i (aope Tostel 5/16.3123.88 obviously be considered as not plausible. It is apparent from
25 (N ‘ Isotope model 5/14.0/23.63 Fig. 6 that the scenarios with relatively 18420 for the traf-
T o 0 Isotope model 5/18.0/23.88 . . | 18
82 | | Isotope model 3/16.3/23.88 fic emissionsdpgd=5%o; Swh=16.3%0,5,=20%0) and lows -0
#% 50 4————Moleno | e for the background CO8fgd=3%o; Swio=16.3%;8,=23.88%q)
12:00 0:00 12:00 Isotope model 5/16.3/26 result in the most negative values of,gduring the day. On
8-Feb-2005 9-Feb-2005 CONO, medel the other hand, the scenario with a high value for the wood

_ _ o burning emissionsigg=3%o; Swh=18%o; 8, =23.88%o) results

Flg. 6. Ca!culated wood burning f:ontrlbutlon to CO\)(,B).accord-. in values above 100% during the night, which again is phys-
ing to the isotope source separation model (Eq. 8) fprdlfferentmputica”y not possible. For the Moleno site, a diurnal pattern
gl"’;?rsnhe;\?\;r? The results according to the COfNépIit model are in myyp, is also visible, but less pronounced compared to the

' Roveredo site. Excluding the extreme scenarios as above, the
estimated values for yp are 42% during the day and 49%
during the night (Table 1). The traffic contribution to CO in
Moleno is rather low, considering that the site is close to a
motorway. Overall for both sites, a quite strong dependence

Based on Egs. (6-8), the relative contribution of wood bum-q¢ e estimated wood burning contribution on the source iso-
ing to the total CO in an air sample can be estimated fromtope values is observed.

the measurement of the concentration and oxygen isotope ra-

tio of CO, assuming knowledge of the pure source isotope3.6 CO/NO,-model

values. Since these source values have some uncertainty, a

range of values is considered here. As base case, we taka Fig. 7, a scatter plot of ¢c(CO) versus c(Nds shown for
8t=23.88%0,6wh=16.3%0 (as discussed above) aigs=5%o. Roveredo for winter conditions. As mentioned above, the
The isotope source value for the background is particularlyCO/NC concentration ratio of wood burning emissions is
uncertain, whereby it is known to be relatively depleted in much higher than for traffic emissions. The range of values
the heavier isotope (Brenninkmeijer et al., 1999). As a sen-of c(CO)/c(NQ,) observed in actual air samples depends on
sitivity test, we used the low and high extreme values ofthe contribution of these two sources and the admixture of
8;=20%0 and 26%o,0wh=14%0 and 18%o andhg=3%o and background (relatively) clean air. The lowest ratios are ob-
7%o. Further, a background value of c(¥)=181ppm was  served when traffic emissions dominate, which is the case in
determined from a regression analysis under early morninghe morning rush hour (06:00-07:00 a.m.), while the high-
conditions (see next section). Accordingly, we calculatedest ratios are observed after midnight (02:00-03:00 a.m.),
the wood burning contribution y—_co to the measured CO when traffic is minimal and heating dominates. Accordingly,

3.5 Source separation based on isotopes
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i — 0
— 1 - 12:00 0:00 12:00 0:00 12:00
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— ] &(NOy);, c(CO);; example L S 100
~ 0.8 ( . X)l (GO P g 0 Moleno @ CO from wood burning
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o 0.6 . | =
- wood-combustion contribution to 8
NO,-CO-load — \é,
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background ~ NO,-CO-load Fig. 8. CO split into different sources based on the CONfodel
0 T T T T T T T (Eq. 13).
0 40 80 120 160
c(NO,) [ppb]

rt was higher (0.003 ppm/ppb), however, the original calcula-
Fig. 7. Scatter plot for CO and Nodata from Roveredo (large tion was kept, because the traffic mix (diesel versus gasoline
symbols: data from 11-13 January 2005, small symbols: data fromy,ehicles) may also be different in summer. Calculations in
1-31 Januar_y 2005), shown together Wlth theoretlcgl I_|nes base(ilhe following are shown for a range af andrwp.
on pure traffic and pure wood combustion COAN@Mission ra- In Fig. 8 (upper graph), the results for the CO separation
tios. The arrows indicate how an actual sample NOC(CO) 3 the three sources background, traffic and wood burn-
can be expressed as linear combination of traffic and wood combus- '
tion emissions. ing are shown for Roveredo, for January 11 to 13. The

separation is based on the best estimates for the parameters

as discussed above: c(€%9)=181 ppb, c(N@gd)=5 ppb,
we extracted emissions ratios for pure traffig @nd pure  =0.0015 ppm/ppbry,=0.025 ppm/ppb. The striking fea-
wood burning fwp) by calculating the CO/NQratios, us-  tures of this Figure are: a) High values for the contribution
ing the average of either the lowest 50% of values ffpor of CO from wood burning during most of the day (67% from
the highest 50% values (fotyp) of the respective 1 h-time 09:00 pm—-03:00 a.m., maximum value 82%), b) a low value
slots. This calculation was done after subtracting a back-of this contribution during a short period in the morning due
ground of 181ppb for CO and 5ppb for NQletermined to admixture of clean background air (during low CO condi-
from the y-intercept of the regression line for the morn- tions), c) traffic contributions of not more than 20% during
ing rush hour conditions. We obtaineg=0.0015ppm/ppb  the day, and even lower during the night. The wood burning
and rwp=0.025 ppm/ppb. These pure emission ratios corre-contribution as shown in Fig. 8 is also indicated in Fig. 6 for
spond to the slopes indicated in Fig. 7 and represent lowecomparison with the calculations based on the isotope mass
and upper boundaries for the possible CO ands MOM- balance. There is a good agreement betwegg ¢alculated
positions. It is now possible extracting the individual con- with the CO/NQ-model and the base case scenario in the
tributions of wood burning and traffic with a linear model isotope-only model, particularly during the night, whereas
indicated by the arrows in Fig. 7, which is equivalent to during the day the gy-calculation with the CO/NQmodel
the derivation in Sect. 2.3.4. Uncertainties in this approachis higher. Further, the CO/NOnodel seems to result in less
are involved with the assumption of a constant backgroundshort-term variability.
of ¢(COP9%=181 ppb and c(N&%)=5 ppb) and the way of The influence of varying emission ratiasandry, on the
derivation of values for; andryp. While the first point seems ~ %-contribution of CO from wood burning is shown in Ta-
plausible for the short time period where the model actuallyble 2 (based on the CO/N&eparation). Both ratios were
will be applied (2 days), the second point clearly leaves somechanged by a factor of 3. It is obvious from this Table that
uncertainty because pure emissions never really occur. Se\Roth increasingt at constantwy, as well as increasingyp
eral additional tests were performed to check the plausibilityat constant; result in a relatively minor reduction in the cal-
of the r; and ryp-values. CO/NQ concentration measure- culated %-contribution from wood burning of 2-7%. Higher
ments during summer, for instance, were calculated to gegleviations were observed for daytime hours, in particular for
an independent estimate of traffic emissions (because heathe morning rush hour, with differences up to 25% for differ-
ing should be negligible in summer). The value obtained forent emission ratios.
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Table 2. CO originating from wood burning for Roveredo 22 . | ‘ ‘
(09:00 p.m.—03:00 a.m., .11—13 ‘Ja.nuary 2905) calculqted with the & 18 v, . | ..:‘\, 1.:-”4..‘,.:' o Rl
CO/NO¢ model for varying emissions ratios for traffie and o l4q ™ o L Y se/ \~§,@t.,7‘~e/ W, L
wood burning fwp)- S 10 e &
6 Roveredo ; ; : ;
I T T T T T 1
rt [ppm/ppb]  rwp [Ppm/ppb]  CO from wood burning [%] 12:00 0:00 12:00 0:00 12:00
0.001 0.02 68.8 11-Jan-2005 12-Jan-2005 13-Jan-2005
0.002 0.02 67.6 22 :
0.003 0.02 66.3 —_ oy ® 80 measured
0.001 0.04 67.2 £ 1?1 ,ﬁm’ &40 modelled
0.002 0.04 64.1 g N
0.003 0.04 61.0 Moleno ‘ ;
0.001 0.06 66.4 61 - . ; .
0.002 0.06 63.0 12:00 0:00 12:00
0.003 0.06 59.4 8-Feb-2005 9-Feb-2005

Fig. 9. Comparison of calculated and measuséto (model based
on the combination of CO/Ngseparation and isotope mass bal-

. . o ance, Eqg. 15).
The calculation of the wood burning contribution to CO

for Moleno calculated with the CO/N@model also yielded

high values at night (Fig. 8, lower graph), but these high val-the isotope value of CO from wood combustion from 8—20%o
ues were prevalent for a shorter time period compared tgynd the background isotope composition from 1-9%, setting
Roveredo. The night (09:00 p.m.—03:00a.m.) average washe traffic isotope value to either 20%. or 23.88%. (the lower
57% calculated with this model and thus somewhat higheryajue derived from Kato et al. (1999b) for an average traffic
than with the isotope mass balance (49%, see Table 1). Thgix). As indicators of the performance of the model, we used
contribution of traffic was higher in Moleno compared to the correlation coefficient between modelled and measured
Roveredo for both day and night according to the CO{NO values (), the slope of this correlation and the difference
model, while this was only the case during the night accord-(offset) between model and data (expressed as square root of

ing to the isotope mass balance. the sum of the squared differences). Obviously, the first two
) ) parameters should be as high as possible, while the latter one
3.7 Combined CO/NG-isotope model should be as low as possible for best model performance. It

o ) ) can be seen in Fig. 10a—c (i.e. ®0yafic=23.88%0) that:
The calculated CO split into different sources with the g highest for relatively low380y, (10~14%o), while the off-
CO/NGO-model (Fig. 8) was then used as input for the com- 4.t is Jowest for high 180y, (16-20%.), which makes it dif-
bined CO/NQ-isotope model (according to Eq. 15). Taking ficult to find the optimun® 80y This holds foralBlSObgd,
the base case for the pure sous¢€0O values (23.88%o for 1y i the mismatch between the optima regardiagd the off-
traffic, 5%o for background CO and 16.3%. for wood burn- ¢q+ is jowest for relatively higﬂlsobgd. The slope criterion,
ing), the isotopic composition of the air sample_s was calCu-pqvever indicates that too high values 8fOpgq are not
lated and compared to the measured values (Fig. 9). Genegyyonriate, because then the slope would be too low. The
ally, there is a good agreement between measured and moglope would be highest for hight80up. Overall, it there-
elled data for Roveredo€0.67, p<0.001), although mod-  ¢516 seems that the values used so far (from literature and
elled values are somewhat low during the day (06:00 a.m. Q¢ \yo0d-stove experiment) are close to optimum, because it
06:00 p.m.). Nevertheless, the diurnal pattern is well repro-g ot possible to improve bothand the offset by changing
duced by the model. The combined CO/fNi®otope model 5180,,p, while changingalsobgd would either increase the
was also applied for Moleno, using the same parameters as igggat (when decreasirﬁ;}sobgd) or decrease the slope (when
Roveredo. Here, an even better agreement between meas“rﬁféreasingsmobg o). The same analysis f*8O0afic=20%o

and modelled values was observe¢@.70, Fig. 9, lower (rjg 10d_f) shows slightly lower values ferand the slope,

panel). o _ independent from the values of the other sources, indicating
Besides the uncertainty in the CO/N®eparation due t0  |5wer model performance.

uncertain emission ratios, the agreement between modelled

and measured values depends strongly on the assumed isg:8 Rural site (PSI)

tope values for the different sources. We assessed the per-

formance of the combined CO/N&sotope model and its For a better assessment of diurnal cycles and the influence of
dependence on the used values of the pure isotope sourceseteorological conditions on the isotope variations of CO, an

with a sensitivity analysis for Roveredo (Fig. 10). We varied 18-day period was analysed at a rural site (PSI) during winter
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model (Eqg. 15). The model performance is given as a function of _. . ) .
the assumed values 8480 of wood combustion showing the cor- Fig. 11. Meteorological parameters, concentration and isotope ra-

relation coefficient for the regression between measured and mod0S of _CO' and c_alculated contnt_)utlon of wood-combustion tq co
elled valuesK), the slope and the offset between measurements an&ccordln_g to_the Isotope separatlon model (Eq. 8) over a period of
model (square root of sum of squared differences). Different Iines18 days in winter at a rural site (PSI).

in each panel refer to different values for th0 of the back-
ground. The black dot indicates the values used as the base ca
scenario. Figure a—c refer 8380y 4fic=23.88%0 and Fig. d—f to
5*8Oyraffic=20%o.

Yable 3. Correlation coefficients-) between meteorological condi-
tions and the isotope ratios of CO for the rural site PSI. Correlations
for the hour of the day are also shown. Bold numbers are significant
according to t-test;{<0.001).

2006. The investigated period was characterized by dry and 813C[%o] 5180 [%o]
cold conqmons_, W|th temperaturgg mpstly around or below Hour GMT 016 007
t_he freezing point (Fig. 11). PreC|p|tat_|on only occ;urred tyvo Wind direction (DEG) 0.04 ~0.13
times (on 8 and 16 February), both times associated with a \ying speed (m/s) 0.27 068
drop in air pressure and increase in temperature, indicating wind speed N-S component (m/s) 012 -_058
the passage of a warm front. Further, a drop in the CO con- Windspeed E-W component (m/s)  0.24 —-0.55
centration ¢(CO) as well as thd80 of CO was observed, Air pressure (mbar) ~0.30 0.61
more strongly in the second event (Fig. 11). While the Temperature?C) 0.09 —0.42
change in pressure was a gradual one occurring over several Rainfall (MM) 0.17 —-0.31

hours, the CO drop was almost instantaneous at the passage
of the front, which obviously removed the local pollution and
replaced it with relatively clean air. Over the whole 18-day
period, §180-values of CO closely followed the course of
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c(CO). Between the first and the second rain event, c(CO) asalues could be close to the value of atmospheriau@der
well ass180 of CO increased slowly due to accumulation of ideal combustion conditions (hot engine) and in the absence
pollutants in the inversion layer. The Keeling-plot revealed of fractionations. A range of values was, however, reported
a tight linear relationship between 1/c(CO) a0 for this  for car emissions, where fuel type (Kato et al., 1999) and the
site with ~2=0.88 for day values ane?=0.92 for night val-  use of catalysts (Huff and Thiemens, 1998) showed to have
ues, while the y-intercept was relatively low (17.48%. and an impact on thé180 of the emitted CO. In particular, diesel
17.47%. for day and night, respectively), see Fig. 5. Theemissions were reported to produce significantly lower val-
carbon isotope ratio of CO did not change during the rainues than the atmospheric value of about 23.88%.. Depending
events and did not show systematic longer-term variationn the car mix and the relative number of trucks, variable
either, but rather seemed to be influenced by small local dissource values are to be expected. Kato et al. (1999a) ob-
turbances. There is a significant negative correlation betweeserved an average source value of 20#%&%o. for Mainz,
¢(CO) ands13C (r=—0.37), which is much weaker, however, Germany, sampled over an annual course and estimated the
than the respective correlation 0 (-=0.88). contribution of diesel exhaust to total CO as 14%. Based on
There are no clear diurnal cycles observed&biC and  the above numbers, the difference between the wood-burning
8180 of CO at the rural site PSI and accordingly there is noand the traffic signal could be as low as 20.7-18.3=2.4%. or
correlation between the hour of day and the isotope signalsis high as 23.88%0—10%0=13.88%., but nevertheless appears
(Fig. 11, Table 3). A correlation analysis with meteorologi- to be significant under all scenarios. Regarding uncertainties
cal conditions showed that wind speed and air pressure cawith sources, it should also be noted that other sources than
best explain thé80 variations (Table 3). The same analysis wood burning and traffic could have an influence, like indus-
for 813C also showed a significant influence of these meteo-rial emissions, although these are probably of minor impor-
rological parameters. Further, the passage of weather front&nce at the sites studies here. B&C, the difference be-
(represented by temperature and rainfall) had a strong impadtveen the biomass burning and fossil fuel combustion signal
ons180. is clearly smaller. Car emissions are expected to be isotopi-
We applied the isotope separation model (Eq. 8) to thecally lighter than the value of-24.7%. found in our assess-
PSI data, assigning the exact sadiO values for the ment of the wood stove emissions, possibly by about 1-4%o
pure sources (referring to the base case abéyg=5%o; (Widory et al., 2004). This small difference is a drawback
Swb=16.3%0; 8;=23.88%0) and further using 55 ppb as back- for the successful use of carbon isotopes in source appor-
ground CO concentration. On average, we found a contributionment, which is also confirmed by the small variability of
tion of wood burning my, to total CO of 23.7% (&=12.0%),  813C observed in our study.
with no clear trends over the investigated period, but rela- Oxygen isotope values of CO at the village site Roveredo
tively high variability during low CO concentration periods observed during the day in winter were much higher, when
(Fig. 11, Table 1). Interestingly, some anomalously higlym traffic was more frequent, compared to the evening and
values appear to be related to I6W?C values the reason for  the night, when heating emissions dominated, reflecting the
which is unknown. Diurnal cycles in calculated,ghare ab- difference between the two sources. Other indicators of
sent, except maybe for 7 to 10 February. The CO{I€p-  wood burning showed similar diurnal courses, namely the
aration model could not be applied at the PSI site, unfortu-CO/NG, concentration ratios and light absorption coeffi-
nately, due to the lack of NOmeasurements. cients of aerosols collected on filters. The latter data in the
low UV-range are known to be correlated to wood burning
signature as organic compounds in wood smoke aerosols re-
4 Discussion and conclusions sult in a strong UV absorption. Recent investigations also
show a strong correlation between the absorption coefficients
For a successful source apportionment with stable isotopeand1“C data of carbonaceous aerosols collected during the
of CO, it is necessary to carefully characterize the isotopicsame period and therefore enabled a quantitative calibration
signatures of the pure emissions. Regarding wood burningof the aethalometer data (Sandradewi et al., 20084).is
the value of 16.3%. obtained in our wood-stove experimentrelated to the ratio of fossil to non fossil sources and there-
agrees very well with other estimates in the literature, namelyfore depends to a large degree on the ratio of wood burning
18%ut1%o (Stevens and Wagner, 1989) and 16.3%. (Gros eto traffic (Szidat et al., 2007). The radiocarbon data showed
al., 2002). In a controlled wood burning experiment, a largerthat the carbonaceous particles during the evening in winter
range of values was reported, with low values down to 10%.in Roveredo originate to a major part from wood combus-
for the smoldering phase, but the set-up used may be morgon, up to 90% during the night. Similar estimates for par-
representative for open fires (Kato et al., 1999b). This studyticulate matter originating from wood burning were obtained
indicated that under poor combustion conditions (e.g. lowby the aethalometer model. The significant correlation be-
temperature or low oxygen), when the highest CO emissionsweens80 of CO and PNj/PMita indicates an influence
occur, the highest isotope fractionation is involved resultingof wood burning for all these parameters.
in the lowests180 values. Regarding traffic CO emissions,
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By high-resolution sampling, a very pronounced diurnal completely be ruled out is the influence of variations in the
cycle in 8180 of CO (not ins13C) could be detected. The background isotopic composition. For the rural site PSI, we
diurnal variations are, however, not only caused by varia-observed a much stronger relationship between 1/c(CO) and
tions in the sources, but also by turbulence and convectios80 (-2=0.88-0.92), but no significant difference between
and mixing with clean, background air from higher levels of day and night Keeling plots. The closer relationship of the
the atmosphere. The diurnal pattern is strongly enhanced biwo parameters compared to Roveredo and Moleno indicates
the alternating occurrence of static and turbulent conditiondess variability in the pollution mix reaching this site, which
typical for valleys (PeVot et al., 2000a). This is similar for is reasonable considering that it is farther away from direct
the two polluted sites studied, even when the dilution occurssources. Still the interpretation of the y-intercepts in the or-
by downwind-slopes at night in Roveredo, or by convectionder of 17.5%. is not straightforward, as this value reflects the
during the day in Moleno. These results are in strong contrasimixture of pollutants reaching PSI. The value is in between
with a prolonged series of measurements done in flat terraithe wood-burning-dominated night-time value of Roveredo
at a rural location. First, the source strength is smaller for(15.0%0) and the traffic-dominated day-time value of Moleno
this site. The emissions are farther away and have more timéL8.9%o.), probably showing also a mixture of the two at this
to mix. Weaker inversions over the flatter terrain also allow less polluted site.
longer transport distances and thus mixing of source regions Solving the isotope mass balance equation with 3 source
compared to the valley. The sites in the valley are thus morderms for the wood burning contribution to CO for Roveredo
affected by close pollution sources and subject to a higheand Moleno (Fig. 6) resulted in a plausible diurnal pattern of
range of ¢(CO) (300-1500 ppb) compared to the rural sitetraffic dominated emissions during the day and wood burn-
(70 to 400 ppb), and second there is not this distinct altering dominated emissions during the night. However, a strong
nating pattern of static and turbulent conditions when a typ-sensitivity of the model result to the input parameters was
ical wintertime stratus cloud deck is covering the flat terrain also apparent. For the base case scenario, we inferrggya m
in Switzerland. Accordingly, no significant diurnal signal in of 60—-80% for Roveredo and 40-60% for Moleno during
8180 of CO was observed on flat terrain at the site PSI, but anight. Nevertheless, a quantitative analysis is still hampered
strong influence of the synoptic weather patterns, reflected ilby the incomplete knowledge of the source isotope values.
the high correlations to wind speed and atmospheric pressurd/e found that changes of only a few permil in the assumed
(Table 3). This again emphasizes the important influence ofource isotope values may easily result in changes of 20 or
background air compared to local conditions. This holds inmore percent in the calculatedyn We investigated a range
particular, as CO in background air with increasing age of theof values for the three different sources and could to some
air masses is affected by fractionation processes that result idegree constrain possible source isotope values with the aid
a very low180-content (Brenninkmeijer et al., 1999). of the simple criterion that @, should not be smaller than

For a quantitative analysis including the effect of the ad-0% and not larger than 100% during any time of the inves-
mixture of background air, a Keeling-plot approach is oftentigated period. In this way, we could show ttéggq should
useful. This calculation, however, is based on the assumpbe close to 5%., whilé, could not clearly be discriminated
tion of a two end-member mixing model (Egs. 3-5). In fact, between 20%. and 23.88%o.
there is no strong relationship observed betws®® and For an independent evaluation of this result and to more
1/c(CO) for both Roveredo and Moleno, in particular dur- clearly constrain the isotope budget, we additionally consid-
ing the night. The correlation coefficients are lower than ered the CO/N@ concentration ratio. The gas phase con-
in other published studies (Brenninkmeijer et al., 1999), re-centrations c(CO) and c(NQare rather simple to measure
flecting the fact that there are more than two componentsaand are routinely monitored at many stations for air quality
to be considered at the studied sites. As we have showrgontrol. However, there is a similar problem as above in that
there are large diurnal variations in the contribution of wood- the “pure” CO/NG emission ratios for wood burning and
burning and traffic to the CO load and accordingly there for traffic are not very well confined or may be variable over
does not exist a unique y-intercept, i.e. source isotope sigtime. We approached this problem by a detailed analysis of
nal, which results in the scatter observed in Fig. 5. The y-CO/NG; concentration ratios at different times of the day,
intercepts therefore have to be interpreted with caution. Theyassigning the highest values to wood-emissions and the low-
are lower during the night, indicating the increased influenceest values to traffic emissions. The calculatgghmwith this
of wood-burning. At the traffic-dominated site Moleno, the model agrees remarkably well with the independent estima-
y-intercept during the day is highest (18.9%0), but still far tion based on the isotope source separation model (Fig. 6).
from the “ideal” traffic value of 23.88%.. This is due to the in- The two models yield similar diurnal patterns for Roveredo
fluence of still some wood-burning emissions at this location,and Moleno and similar maximum night-time contributions
and probably also a value for pure traffic emissions closer toof about 70—-80% in Roverdo and 50-60% in Moleno. Re-
about 20%o. as determined by Kato et al. (1999b). The consults from*4C measurements indicated even higher contri-
ditions at the study site are apparently not ideal for applyingbutions of non-fossil derived carbonaceaous aerosols in the
the Keeling-plot calculation. Another uncertainty that cannotevening, which could be due to higher emission ratios of
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