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Abstract. In this study we report the set-up of a novel twin and remote conditions, but by a different intensity. Protection
chamber technique that uses the comparative method and esf solar radiation displayed a clear negative effect on parti-
tablishes an appropriate connection of atmospheric and labele number, while terpene addition did cause a distinct daily
oratory methods to broaden the tools for investigations. It ispattern. E.g. adding pinene particle number concentration
designed to study the impact of certain parameters and gasesese by 13 % maximum at noontime, while no significant ef-
on ambient processes, such as particle formation online, anféct was observable during darkness. Therefore, the system is
can be applied in a large variety of conditions. The charactera useful tool for investigating local precursors and the details
isation of both chambers proved that both chambers operatef ambient particle formation at surface locations as well as
identically, with a residence timer (COMPASS1) =26+ potential future feedback processes.

0.3min andxy (COMPASS2)=26+0.4min, at a typi-

cal flow rate of 15Lmin! and a gas leak rate of @+

0.8) x 10~°s71, Particle loss rates were found to be larger

(due to the particles’ stickiness to the chamber walls), with anl ~ Introduction

extrapolated maximum of8 x 10-3s 1 at 1 nm, i.e. a hun-

dredfold of the gas leak rate. This latter value is associated "€ change of climate conditions on regional and global
with sticky non-volatile gaseous compounds, too. Compari-Scale has been reported and is established (IPCC report,
son measurement showed no significant differences. There>0lomon et al., 2007). In this context certain aspects such as
fore operation under atmospheric conditions is trustworthy.femperature, radiation budgets, volatile organic compounds
To indicate the applicability and the benefit of the system,a”d ozone will change differently on different scales. In or-
a set of experiments was conducted under different condider to understand and approximate certain effects and their
tions, i.e. urban and remote, enhanced ozone and terpené@edback on climate in an appropriate way, novel tools are
as well as reduced sunlight. In order to do so, an ozondieeded to link laboratory-based results with ambient obser-
|a_mp was app“ed to enhance ozone in one of two Cham_\/ations. This includes detailed |ab0rat0ry teChniqueS and the
bers; the measurement chamber was protected from radiatiopxtrapolation of knowledge to ambient conditions in order to
by a first-aid cover and volatile organic compounds (VOCs)understand ambient observations.

were added using a small additional flow and a temperature- With any of the mentioned approaches, observation is con-
controlled oven. During the elevated ozone period, ambientrolled by the applied approach techniques, which cause sig-

particle number and volume increased substantially at urbafificant benefits and problems (see Table 1): e.g. basic chal-
lenges (disadvantages) of all simulation chamber approaches
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Table 1. List of pros and cons for the present set-up (COMPASS) compared to simulation chamber studies and atmospheric measurements.

Aspect Simulation COMPASS Ambient meas.

chambers
Controlled conditions yes (pro) partly yes (modified param-no (con)
(gasesT, RH, particles and eter(s), basic conditions,
composition) pro), partly no (several un-

knowns, con)

Atmospheric mixing no (con) a priori not after entering yes (pro)
(transport, dilution) the tubes
Acquisition of knowledge condition specific but dif- interdisciplinary approach
(formation processes, ficulties in extrapolating to needed, huge data analysis,
interaction, heterogeneousambient conditions (pros difficulties in separation of
chemistry) and cons) effects
Applicability to usually not directly, yes, chosen condition certainly (pro)
atmospheric conditions extrapolation needed specific (pro)
Particle loss Yes (con), the longer theYes (pro), balanced by no (pro)

worse using two chambers
Sampling flow limitations yes (con) yes (con) no (pro)
Comparable to similar yes (pro) yes (pro) hardly because of several
conditions for effect studies unknowns (con)
Box model studies possible (pro) possible (pro) hardly poss. (con)

are wall losses, limited amount of mixture ingredients, mod-et al., 1995), the Paul-Scherer-Institute- Simulation Cham-
erate path lengths for spectroscopy, enhanced concentratioter for Atmospheric Chemistry (PSI-SCAC) chamber at the
and — depending on the set-up — either a limited amount of rePaul Scherer Institute (CH) (Paulsen et al., 2005), the TPOT
action time (flow chambers) or of volume (static chambers).chamber at Toronto University (CND) (Slowik et al., 2012),
Otherwise, conditions are well defined and mechanistic studthe Potential Aerosol Mass reactor (PAM) at Pennsylvania
ies of e.g. kinetics are possible. This facilitates the applica-State University (USA) (Kang et al., 2007) and the CESAR
tion of a box model to simulate observed processes in a verghamber at Creteil (F) (Wang et al., 2011) Other techniques
detailed way. The conditions are rather different for ambi- such as the large simulation chambers at Valencia (ES) (EU-
ent studies; important compound concentrations sometimespean PHOtoREactor, EUPHORE, Becker, 1996), at Juelich
hardly exceed the detection limit, a notable heterogeneity o{D) (Simulation Atmospheric PHotochemistry In a large RE-
the site is present with changes in the local compound disactor, SAPHIRE, Karl et al., 2004) and at the California Insti-
tribution and the time resolution actually depends on the in-tute of Technology (USA) (Caltech chamber, Kroll and Sein-
struments used. Usually no past condition can be changed deld, 2005) use certain air mixtures and expose them to am-
investigated again, that means the benefit of laboratory techbient light conditions to simulate an accurate daily pattern
niques to repeat the experiment for different conditions is notand behaviour. Some of those techniques use initially ambi-
available. A summary of all these aspects is given in Table 1ent air in order to process it further on and to figure out poten-
Both approaches include strong benefits and some wealtial changes in properties — for instance, of ambient aerosols
nesses: the smog-chamber-based one investigates processesr time (ageing). Among the benefits of laboratory stud-
under well quantified conditions such as temperature, humidies, the following aspects can be named as examples: con-
ity, radiation and gaseous concentrations. The conditions catrolled conditions, investigations under suitable conditions,
be chosen in the way that best suits the observational techapplication of measurement techniques under homogeneous
niques. Because of volume limitations (static chambers) orconditions and facilitation of a detailed process based simu-
time limitations (flow chambers) this approach is limited in lation because of the fixation of well-known boundary condi-
process time. The smog-chamber approach can be dividetions (see Table 1). The disadvantages include primarily the
into subgroups, i.e. set-ups exploring definite mixtures in aelevated concentration used for precursor gases, the reactor
static or dynamic vessel with an artificial light source that is surface losses for sticky compounds and leak rates and the
supposed to be similar to the ambient one. Examples are thimitation in process evolution either in time or in volume.
sphere reactor at Max Planck Institute for Chemistry (NeebAmbient measurements allow the determination of a wide
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range of different conditions and their annual patterns. Thesenentioned ones, several further theories have been postulated
include, in general, micrometeorology and gas- and aerosolfRyding et al., 2012; Bonn et al., 2002; Bonn and Moort-
phase measurements. Examples of this kind of set-up can bgat, 2003; Bonn et al., 2008) but could not be proven by
found e.g. at the SMEAR research stations in Hyytiala (FIN) aerosol mass spectrometry techniques (Jimenez et al., 2009)
(Rannik, 1998) or at the Blodgett forest (USA) (Holzinger et as the corresponding particular mass is too small and parti-
al., 2005). Seasonal impacts of parameters on specific proeles undergo chemical transformation during accumulation.
cesses and changes over time have been derived from the obhis problem is severe, since only very tiny amounts (per-
servations made (Hyvonen et al., 2005; Lyubovtseva et al.haps less than a pptof a compound are required to cre-
2005). Missing aspects can be revealed as well as quantate a new phase, if the compound of interest has the right
fied. Examples include missing volatile organic compoundphysic—chemical properties, i.e. low volatility, notable inter-
emissions (Goldstein and Galbally, 2007), missing OH re-action with other species or a high chemical reactivity (Bonn
activity (Lelieveld et al., 2008; Lelieveld, 2010; Ndlscher et et al., 2007, 2013). Nevertheless, once the new particles are
al., 2012) and the lack in process understanding of ambientormed, a significant fraction grows beyond the size at which
new aerosol particle formation (Kulmala et al., 2013). How- it can act as cloud condensation nuclei (CCN) and alter the
ever, the reduced concentration of parameters in the ambienghysical size distribution of cloud droplets. This has a re-
conditions competes with the detection limits of the applied markable impact on the radiation budget in the climate sys-
instruments, resulting in a gap of knowledge. tem (Kulmala et al., 2004a; Merikanto et al., 2009) and pro-

However, due to the spot-like measurements that are afvides the key uncertainty in predicting climate feedbacks
fected by transport, local sources and sinks and the time res@nd processes. Therefore, a novel technique for investigating
lution of instruments, separation of individual aspects is chal-these processes is needed.
lenging in the highly nested atmospheric system. We aim to So far most of the so-called nucleation studies have been
address this gap with our new comparative and portable twirperformed under controlled laboratory conditions, some-
flow chamber COMPASS, which facilitates the usage of lab-times with enhanced precursor concentrations to speed up
oratory tools in a certain time frame under ambient condi-the formation and early growth. The concluding results are
tions. The flow-chamber approach allows the investigationthen used to interpret ambient observations and processes
of a process in a certain time scale for ambient and modifiedBonn et al., 2009), an aspect that is subject to criticism. In
conditions. Since the set-up is portable, different locationsthis study, we report a novel technique that uses the com-
and conditions can be compared with respect to atmospheriparative method and provides a mixture of atmospheric and
conditions and the extrapolation of laboratory-based resultdaboratory methods. It is designed to study the impact of cer-
can be checked. Based on this approach, a future increadain parameters and gases online and can be applied in alarge
in temperature or of natural gas concentrations, for exampleyariety of conditions.
could be investigated, as well as the impact of certain anthro-
pogenically enhanced species. In this study, the construction,
characterisation and exemplary application for a well-known2 Material and methods
ambient problem is explained.

This well-known problem concerns the ambient new 2.1 Construction
aerosol particle formation processes from gaseous pre-
cursors, which have been observed all around the glob&he construction of two identical twin chambers aims to
(Kulmala et al., 2004c) and which have been studied for moremeasure atmospheric situations under two sets of conditions,
than a century. A wide range of theories have been develidentical except for one parameter, to investigate the impact
oped as explanations; these include primarily sulfuric-acid-of the parameters on the process observed (Sun, 2013). It
related mechanisms such as binary and ternary nucleatioshall allow a notable residence time to investigate slowly oc-
(Kulmala et al., 2004b). These are expected to take place irurring processes and aims to reduce dry wall loss to a min-
the free troposphere and in the vicinity of significant ammo-imum and the surface to be chemically inert. Thus both twin
nia sources, such as agriculture and farming (Korhonen et alchambers shall alter ambient conditions to a minimum level.
1999; Spracklen et al., 2010). Others, like the ion-induced The surface material is made of ethylene tetrafluoroethy-
nucleation (Hirsikko et al., 2011; Kirkby et al., 2011) or lene (ETFE, Texlon GmbH). It has a high level of trans-
the iodine oxide related oligomerisation (Burkholder et al., parency in the UV region (95%) and in the visible range
2004), have been demonstrated to be relevant for the uppdB3.6 %) (Table 2) i.e. higher than glass. It is inert, self-
troposphere or the coastal zones, whereas algae emissionkaning and very resistant to chemical reactive substances
of diiodomethane (Ckl2) occur at draught stress conditions like ozone. It is temperature-resistant up to 150 degrees Cel-
(O’Dowd and Hoffmann, 2005). In the case of coastal newsius. The material is weatherproof (wind, temperature and
particle formation, the emitted volatile organic compoundsrain) and the selected foil has a thickness of 25 um.
(VOCs) subsequently react with ambient ozone and start The scaffold of the twin chambers is made of stainless
the process of new aerosol particle production. Besides thsteel with a total height of 3 m, which stabilises the chamber
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Fig. 2. Flow simulation for the COMPASS system using the FLU-
Fig. 1. Flow chart of the COMPASS system. Valve system 1 (mag- ENT 6.1 software.
netic valve) and 2 (Grotec valve) are used for the periodic change

of gas and particle sampling between modification and reference
chamber. chamber outlets (COMPASS1 and 2) for gases and particles

are connected to electrical switches (gases: magnetic valve,
Bickert; particles: OSE-KKP, Grotec) controlled by a Lab-

towers on the right and left sides of the scaffold with several! <V card (National Instruments) and program that switches

S . .. in 5min intervals between both chambess (= 10 min). To
carrier rings (Fig. 1). The foothold material is formed as two ; . L
. . . . guarantee that the flow is stable during the changing time of
rings on each chamber, i.e. one on the outside and one i

side. Each outer (carrier) ring is fixed on the scaffold and its.he magnetic valve, there is a second magnetic valve, which

; ) : is coupled with the first one. In this way an additional pump
diameter can be narrowed by a screw to fix the foil between . .

. ) S ; with the same flow rate as the gas measurement device can
the outer and inner ring. The foil is welded vertically to a

cylinder. This cylindrical main section of each chamber hasstablllse the flow of that chamber, which is current uncoupled

a total height of 1.8 m and a diameter of 50 cm. At the inlet from the gas measurement.
and outlet region of the chamber, the cylindrical formis re- 5 5 |nstrumentation for measurements
duced concentrically. Above and below the main section, the
diameter of the cylinder reduces from 50 to 15cm in both,2.2.1  Gaseous and meteorological measurements
i.e. the upper and lower, parts. The reduction of the inlet di-
ameter aims to focus the direction of the inlet stream and toTemperature and relative humidity are measured by Hy-
minimise the influence of turbulence. Mounted at the top isgrosens sensors (Model: HYTE-ANA-10V, Hygrosens) at
an inlet tube consisting of acrylic glass, which is connectedthe end of each chamber in 5 s intervals. A comparison of the
to a cover plate with a flange. Finally, a flexible aluminium two sensors at controlled laboratory conditions yielded no
tube bent towards the ground is fixed at each of the chambersignificant difference outside the measurement uncertainty.
to protect them from rain. Note that both sensors are not protected from sunlight in
In the following, one of the chambers is used as a refer-order to modify flow conditions only to a minimum extent.
ence (COMPASS1) while the second one (COMPASS?2) isThus temperatures higher than the ambient ones are to be ex-
modified as desired. Therefore COMPASS2 has an additiongbected. The chambers are constructed identically in order to
glass inlet for adding gases. enable one to compare the data afterward on a relative scale.
The chamber outlet is situated in the centre of the flowOzone was detected using the Horiba APOA-350E instru-
tube at the lowest part of the chamber. Two different out- ment alternatively in COMPASS1 and 2. Its sampling flow
let lines for gases and aerosol particles are chosen to prewas set to 1L min!, and the measurement range was cho-
vent destruction of chemicals in the conducting tubes for thesen to fit best to the range of expected values. For volatile or-
aerosol particle analysis. The flow dynamics are kept lam-ganic compounds, a high-sensitivity proton transfer reaction
inar with a Reynolds number (Re) of 420 and can be ex-mass spectrometer (HS-PTR-MS, lonicon, Innsbruck, Aus-
pected as simulated using the FLUENT 6.1 software (Fig. 2)tria) was applied and was operated in the same manner as
for 15L min~1. The total flow rate in each chamber is con- the ozone sample. Important masses were selected by run-
trolled by mass flow controllers and electrical pumps. Toning a mass scan at the start of each set-up. Chosen masses
allow sampling with a minimum of instrumentation, both were either significantly different in both chamber samples
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Table 2. Transparency measurements concerning the chamber walbe measured when starting the magnetic and the GROTEC
material of ETFE foil obtained for a thickness of 200 um (Asahi valves. This assumes that no significant change occurs in any

Glass Company Ltd.). chamber in smaller time steps than 5 min.
Spectral range Percentage of light passing
300-380 nm (UV) 90.5% 3 Results
380-780 nm (visible) 83.5% L . .
300-2100nm (sunlight)  91.9% 3.1 Determination of chamber residence time

Due to the unreactive properties of €Ghis gas was used as
o atrace gas to determinate the residence time inside the cham-
or were selected because of significant local sources. Thger. The gas was added into the inlet region of the cham-
sampling time for the individual masses was adapted to theyer from a specific time on. At the outlet region the time-
present mixing ratio range, i.e. the smaller the concentrationjependent rise of the GQOnixing ratio was measured by a

the larger the measurement time resulting in a total time resc,-measurement device (BI®SL100). The 50% change
olution between 32 and 37.4 s. For more details the reader i§me petween the initial and the final G@nixing value was

referred to Bourtsoukidis et al. (2012). taken as the residence time for gases and aerosol particles
) in the central area of the chambers covered by the hopper-
2.2.2 Particle phase measurements shaped outlet. An exponential fit of the normalised,@@ata

| der to physicallv ch terise th bient ticl vs. time was added to calculate the residence time with fol-
n order to physically characterise the ambient par |cenum-lowmg function:

ber and mass concentration, two different set-ups were ap-

plied: (a) for quantification of the total aerosol number con- x

centration, a buthanol-based condensation particle countey = AleXp<__> + Yo, (1)

(CPC, TSI 3025A, TSI Inc., US) with a lower cut-off size

of 2.7 nm in diameter was used and averaged for 30s inter-

vals. Flows were calibrated before application and regularly— x, = —In [y ; yo} 1. 2)
1

afterwards. (b) To measure the particle volume and mass as
V\:e”’ _the Sé?\;gg V\'IraSSI Eggggd?dsﬁ a schnlrjlgh_m(_)blI:ty partl-x represents the measured tingethe normalised C®mix-
cle S|zerf_( d ' follows: ’ In(f:lly _)'1 5LIS '}r:hr.urr?en ing ratio, yo the normalised initial C@ mixing ratio and
was configured as 1o OWS'.S?mp e. ow = " minnig Ajandr are fitting parameters. The residence timecan
flow), sheath flow = 6.0 L min-, particle density assumed to be calculated by Eq. (2) assuming= 0.5 andyg = 0 by ap-
be 1.2gcm?, and two scans per sample _With 120s upscan,jication of the fitting values from Eq. (1) (Fig. 3).

and 15s downscan. These times result in a total samplmg The derived residence time;, was found to change
time of the SMPS per sample of 4 min 30s. The remainingb '

T etween 22 and 36 min as flows varied between 10 and
30s for a total of 5min interval the SMPS was set to pauseyq | min-1 (Table 3). In this context the value at 10 L mih

in order to prevent measurements during the switch from on?COMPASSD was excluded from further analysis because of
to _trhe othetr gh?hmtie:. i tes in both chambers identi Ithe heat exhaust of an oven close by that was turned on during
0 maintain the total flow rates in both chambers identicaly, particular measurement. Using all residence time values

a set of 4 flow controllers was used. Since gas- and particleg xcept the discarded one the relation between flow rate and

phase measurements took place in alternating chambers W'.&ean residence time for both identical chambers becomes
a match of the total flow rates of gases and of aerosol parti-

cles (1.5 L mirr?) the corresponding residual flows were se- _ (2640+117)L

lected accordingly. Y= e T (9:3+0.8)min. 3)

2.2.3 Data analysis and intercomparison The residence time used for ambient measurements at

15 L min~! was derived as (26 0.3) min for the reference
Since the focus is on a relative comparison of the two cham-chamber COMPASS1 and (&t 0.4) min for the measure-
ber results, the measurements for each parameter were dirent chamber COMPASS2. This facilitates about 30 min
vided into data sets for the individual chambers using theof process modification inside to study impacts by laminar
recorded valve switching times and the MATLAB software flow conditions. However, the most feasible flow for exper-
(The MathWorks, Inc.). Subsequently all values betweeniments essentially depends on the total required analytical
30s and 4.5min after switching were averaged. The meatflow rate (ca. 1/3 of the total flow) and the competition of
values were used to calculate the ratio of value (COM-process time with wall losses. For our experiments a flow
PASS2)/value(COMPASS1) using the COMPASS?2 inter-rate of 15L mim! was chosen because of a need of about
val following the COMPASSL1 interval, which is the first to 4 L min~1 for analysis.

www.atmos-meas-tech.net/6/3407/2013/ Atmos. Meas. Tech., 6, 38423 2013
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1,0 —— ‘ ‘ Table 3. Calculated residence timg and standard deviatian by
0 9_\—10“"“_ ,,,,, m'" ,,,,,,,,,,,, using the measured GQOnixing ratio for flow rates of 10, 15 and
1 | | | | | | 20 L min—1 between measurement and reference chamber. The ad-
o 81 P € ditional flow rate of the C@was (30 1) mL min~1.
£ o7l - - x COMPASS_1
> | § ! 2 COMPASS_2
£ o064 - Exp Fit COMPASS_1_15L/min flow
S —ExP FILCOMPASS 2 1sLimin_ rate (Lmim1) chamber  x; (min) o (x;) (min)
3 1 P s
2 0ad Lo Lo . S Lo I SO 10 COMPASS1 35.9 0.2
s 1 1 T e : : ‘ COMPASS2 384 0.4*
n 0,3 i uation y = Al*exp(-x/tl) + y0
£ .21 i T owrer oo | 15 COMPASS1 26.6 0.4
c i COMPASS_1 0,99 A1l -1,96142 0,01726
: u wasse oo COMPASS2 26.5 0.3
0,14 "'| COMPASS_2 0,99 Al -1',70339 6,012 i
00 ,_j ‘ I I ] I I I I t I I ;23,1'3545; ' ‘712:12 : 20 coMPASSl 231 04
0 10 20 30 40 50 60 70 80 90 100 COMPASS2 22.3 0.4

time (min . . :
ime (min) * The value was excluded from intercomparison due to external heat impact but

. . i is shown for completeness.
Fig. 3. Measured temporal pattern of the normalised,Gfiixing

ratio at the outlet at a flow rate of 15Lmif at a sudden C®
increase at the inlet. Exponential fitting of the data points for calcu-individual particle sizes:
lation of the residence time.

Cparticle(Dp) = Co,particle(Dp) - €XP(—Kiosspart* X7 )» (6)
3.2 Determination of the loss rate of the chambers with  Cpartice=particle  concentration at  outlet;

Co,particle= particle concentration at inlet (aerosol dy-
3.21 Gasdry-wall loss rate namic corrected)kiosspart=10ss rate [s%]; x. =residence

. ) . ._time [s].
The reduction of a chemically inert trace gas between inlet [s]

and outlet is based on gaseous diffusion and dry deposition And againkiosspart becomes
to and as well as leakage through the chamber walls (wall (D)) =1In (Co,partide(Dp)) 1
loss) if the trace gas is not st|cky. and_does not get I.ost orfcdeploss(Dp) = Cparticie(D )
aerosol surfaces. In this case an identical sampling line has ] . ]
been used to measure the relative reduction of the @®@-  Due to the residence time of 26.6min at a flow rate of
ing ratio from the inlet to outlet. The wall leak rate of inert 19 Lmin~* inside any chamber, notable aerosol dynamics

gases is described by the following equation (Seinfeld angwill affect particle concentrations. Those include the forma-

@)

Xt

Pandis, 2006): tion, coagu_lation and coalescence. as well as t.he loss of parti-
cles and will have effects on the size distributions to be cor-
VMIco, = VMIo,co, - eXP(—kleakgas: X7). (4)  rected for intercomparison purposes. However, since the lo-

cal formation of particles still remains an aspect not fully
understood and might be partially related to traffic emis-
sions, this process is assumed to compensate for the surface
losses in the smallest size range most. Because of that, parti-
cles in the size range below 50 nm in diameter was excluded
kdepleak = In (le‘o,coz) 1 _ 5) from the fitting. Because of the relevance of aerosol dynamic
vMmrco, X7 contributions, the dynamical effect was calculated using an

With this the meankieakgas Was obtained as (34 0.6) x aerosol dynamics box model (Jacobson, 2005) in_l\/_IAT_LAB
10551, Both chambers show identical results within the 2009 (The MathWorks Inc., US). The model was initialised

range of uncertainty, having values that are in the range 0t/)vith the aerosol size distribution gained at the inlet from am-
laboratory-derived values (Table 4). The total loss rate of ient air at'Camp.us Riedperg_and calculated in.ls time steps
gases includes not only leak rate, but also the rate of the drf r the entire residence time in the corresponding chamber.

deposition onto the walls' surface (sticking). This total loss he size distribution derived from the aerosol dynamics com-

rate was extrapolated from the particle loss rate to molecuIapma_t"_mS after the reS|dence_ tlm_e period therefore replaces
sizes with 1 nm in spherical diameter (Sect. 3.2.2) the initial particle concentration in Eq. (7) to quantify the
particle deposition onto the foil surface.

3.2.2 Particle loss rate Figure 4 displays the maximum of particle loss at a size
range of 40 nm in particle diameter. The loss value is£56

For determining the particle dry wall loss rates, the same ap5) % at COMPASS1 and (485) % at COMPASS?2, each us-

proach as in case of the gas wall loss rate was applied fomng ambient aerosol particles and individual measurements.

with  vmrco, =CO, — volume mixing ratio at inlet;
vmig co, = CO, volume mixing ratio at outletossgas=dry
gas-phase loss rate; =residence time.

Restructuring Eq. (4) the variabl@gssresults in:

Atmos. Meas. Tech., 6, 34073423 2013 www.atmos-meas-tech.net/6/3407/2013/
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Table 4. Calculated wall loss rate of gas with the measured @1ixing ratio at the inlet and outlet region of the chamber.

Chamber VMR (inlet) (ppw) VMR (outlet) (ppmy)  kiossgas(S™Y)  Akiossgas(s™1)

COMPASS1 828463 8152433 10x10°  54x10°°
COMPASS2  752+8.7 7341+32 16x107°  7.8x10°°

11 L L P R R |

COMPASE 1 ™ dhan ™ ———gtinlet area
08+ / N at outlet area |[°

COMPASS: particle loss rate coeffient
h

’ measurement

normalized particle concentration

Fit = 3.83x10 s“-(log‘O(Dp/nm)-2.08)2+1 83x10% s

Dp [nm]

particle diameter Dp (nm)

Fig. 4. Observed normalised particle number and volume concenfig- 5. Dry particle wall loss raté|osspart inside the measurement
trations at the inlet and outlet of the reference (COMPASS1) and@nd reference chambers as a function of the particle size. The un-

modification chamber (COMPASS2). Normalisation was based oncertainty ranges are displayed by the shaded areas. The fit for the
the maximum of COMPASSL. average values of both chambers between 30 and 370 nm is shown

in red and extended to molecular sizes.

The differences may partially originate from a non-stable ini-

tial aerosol, and therefore different diffusion mixing within 9 min. As the extrapolated loss rate of particles to molecular

the two chambers. However, the values of both chambers dissizes results in a total loss of about 92 % for sticky gases, we

play no significant difference. The total loss rate of particlesconclude that the use of two chambers is highly preferable

per second is provided in Fig. 5. Therefore, the fit of the mearfor our kind of comparable effect studies.

values between 50 and 422 nm in particle diameter is used.

Since ambient air was used for testing, smaller particles may.3 Intercomparison measurement period

be affected by new particle formation and subsequent growth

in both chambers (see above). Therefore, the size range dfhe intercomparison of both chambers at ambient conditions

potential effects is excluded from the fit. took place without any modifications in one of the chambers
Above, the deposition rate declines to a minimum at nearlyduring September 2012 at the Riedberg campus of Frankfurt

250 nm. The average fit curve for both chambers is providedJniversity. The results are displayed in Fig. 6. No difference

by is visible in the two size distribution measurements (top and
centre plots), or in total particle number concentration (bot-

kiosspart= 3.83x 107% 571 - (log;o( D, [nm]) — 2.08) tom graph), or in particle volume for more than two days at
+1.83x104s7L, (8)  avariety of ambient conditions. Therefore the two chambers

are considered to work identically.

This means that particles in such a size range pass the cham- The top and centre plots in Fig. 6 show the ddlog (D ,)-

ber with the smallest loss. As noted in Sect. 3.2.1, the ga®bservations in COMPASS1 and 2 during the comparison ex-
loss rate was determined for a non-sticking gas (leak rate)periment between the two chambers at a particle size range
If we extrapolate the particle-based loss rate, including stickfrom 9.65 to 422nm. The particle formation processes at
ing to the chamber wall surfaces, a loss rate of condensablmorning and evening are obvious in the time range 269 to
gases Okjossstick gas= (1.8440.01) x 103slis obtained.  270. It has the typical shape of a nucleation curve, which is
Therefore sticking gases will get lost on the chamber wallsalso known as “banana plot”. By contrast, the particle con-
about 100 times faster because of the different contributiongentration at about noontime is quite less. This experiment
of leak and wall deposition loss rates (compare Table 4), prowas accomplished nearby the anthropogenic-contaminated
viding a lifetime of sticking gases in the gas phase of aboutroad next to the institute. So it is rather likely that the particle
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(COMPASS 1 campus Riedberg (September/October 2012) and (b) the
; remote biogenically affected area at Taunus Observatory
(Mt. Kleiner Feldberg, 825 ma.s.l.) at a spruce forest site dur-
ing spring 2013.

4.1 Urban environment (Frankfurt am Main)

_ SO ! The experiment conducted in Frankfurt was operated in two
Time (BOY) phases: phase 1 addressed an artificial rise in ambient ozone
COMPASS2 @ ‘ by positioning a pen-ray lamp with a wavelength of 253.7 nm

in the inlet section (uppermost part) of COMPASS2, with
protection from the lamps light for the reference chamber.
Phase 2 focused on the impact of solar radiation by cover-
ing COMPASS2 with aluminium foil to prevent radiation and
heat from penetrating inside.

2 of R, L - Gk 1
2695 4.1.1 Phase 1 - test of urban conditions:
Time (DOY)

o ‘ ‘ ‘ ozone enhancement

e 5: — —-COMPASS 1
] ——COMPASS 2

The impact of ozone was investigated between DOY 287.5
to 288.5 (start of October) and during a repetition in late
November. The ozone mixing ratio climbed to values of 700—
800 pply in the modification chamber 2 and particle number
concentrations increased to a up to a concentration tenfold
greater than that of reference chamber 1 (Fig. 7). Itis of inter-
‘ ‘ ‘ ‘ est that the particular enrichment does not only occur at day-
25 o . e £ time, but also at nighttime, although the ozone value enrich-
ment was generally smaller than the maximum during 287
Fig. 6. Top and centre plots: particle size distributia¥ t1og (Dp) at noon (800 ppp. This indicates a significant interaction
at non-modified conditions for both chambers to indicate similarity of gzone with not only direct particle precursor compounds,
(DOY 268-270, 2012). The colour bar is logarithmic scaled. Bot- 1yt 4150 nitrogen oxide species during night. Because of this
tom: same for total particle number concentration. NOj3 levels are supposed to be remarkably enhanced in the
modification chamber, leading to an enhanced oxidation ca-
mpacity during the night. During daylight the increased ozone

automobiles. In this case the primary chemical substance ill be photolysed, intensifying the OH production and the

. - Ox-cycling (OH and HQ) at the same time. The notable
?;iE;EX’ NQ, SO; and polycyclic aromatic hydrocarbons urban NO sink of these radicals is remarkably reduced due

P— . to their conversion to the less reactive and therefore longer-
Th m graph in Fig. hows the time- ndent, o o
€ bottom grap g. 6 shows the time-depende tI|ved NOy. A repetition in November showed similar but

particle concentration of both chambers. The maximal par- . X .
ticle concentration occurs around evening time, at 3 weaker increases in ozone as well as in number concentra-

10¢ particles cn. By contrast, the minimal particle concen- tions, indicating different source strength of precursors and
tration occurs about noontimé at 50004 1articles cnr3 smaller reaction rates. The volume concentration displayed a

The condition of higher traffic intensity during rush hour is similar pattern and behaviour as the number concentration.

supposed to control the height of the particle concentrationHowever’ the increase with ozone enrichment was less in-

at this time. In addition the uncertainty regions of both datatens.e' o .
series overlap continuously. So there are no significant dif- Fllgure 7 shows the measured ozone mixing ratio (panel a),
ferences between the measured particle concentrations of tk%artmle_ concentratlo_n (panel b) and partl_cle volume con-
two chambers. cen_tratlon (panel c) in bth chambers during the ozone ex-
periment. In Fig. 7a, an increase of the ozone mixing ra-
tio is observed in COMPASS2, reaching a maximum of
4 Comparative measurements nearly 700 pph. In contrast to that the ozone mixing ratio
in COMPASS1, which measured continuously under atmo-
For testing and investigation purposes, the novel twin chamspheric background conditions, stayed at a quite lower level
ber set-up was applied in two different environments: (a) the(around 30 ppf). The maximal ozone mixing ratio in COM-
urban environment of Frankfurt am Main at the university PASS2 occurred at about the time period DOY 287.5. After

particle concentration (#lcn?)

formation process is mainly influenced by exhaust gas fro
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Fig. 8. Particle size distribution plots during the urban ozone en-
T e e o e e e hancement experiment between the modified (COMPASS2, lower

Time (DOY) plot) and reference chamber (COMPASS1, upper plot). The colour
bar displays the logarithmic scaled/dd log (Dp) values.

Fig. 7. Urban air (Frankfurt am Main): ozone mixing ra(a), par-
ticle concentratior{B) and particle volume concentrati¢@) dur-

ing the ozone enhancement experiment (DOY 286-290). The ozone I b d a better fit. th b f d
mixing ratio was increased in chamber 2 by pen vay 253.7 nm). a smalfler number caused a better Tit, tne number of modes

was reduced (Hussein et al., 2005). Atmospheric and ele-
vated ozone derived values are marked with two different

colours, the atmospheric ozone derived ones in black and the
that it decreased to nearly 100 ppbvhich is still higher than  glevated ozone derived values in red. Please not the different
the ozone mixing ratio in COMPASS1 by factor of 3. Re- symbols for individual modes.

garding particle concentration (Fig. 7b) there were no differ-  Figure 11 shows the cross-correlation between the differ-

ences at the time period DOY 286-287.5, when the 0zonence of particle concentration and ozone mixing ratio in both

miXing ratio was not increased. With the addition of ozone chambers. A clear correlation between these two parame-
to COMPASS2, an increase in the particle concentration (Ugers is observed with the maximal cross-correlation coeffi-

to a maximum of 18 particles per cr¥) was observed. In  cient of 0.9 at a time shift of (840.17) h or (2Q& 10) min.

the reference chamber, COMPASS], the particle concentrathe values of time shift above 0.34 h correspond to times at
tion stayed at quite low levels. The complete particle sizewhich the residence time of 26 min inside the chamber was
distribution between 9.6 and 422 nm in spherical diameter issxceeded. The scatter plot of the ozone concentration ratio
provided in Fig. 8. The significance of the increase is apparof hoth chambers vs. the particle number concentration ra-
ent when comparing both data series between DOY 287.3jg indicates a linear rise by a factor of2t 0.3 for the city

and 288.5. This is apparent in the scatter plot of measure@f Frankfurt at the start of October 2012. This means that if

ozone vs. total particle number concentration in both Cham‘ozone increases by 10 %, the partic|e number concentration
bers (Fig. 9), too. A clear positive relationship for 30 min \yould rise by about 30 %, indicating that ozone is an impor-

averaged time intervals is visible. For this plot six extraor- tant pollutant and precursor for ambient particles.
dinary ozone mixing ratios above 600 pplith huge error

bars have been excluded. Please note that because ozone4ig.2 Phase 2 — tests at urban conditions: impact of

not the direct particle precursor, but is involved in a set of solar radiation
chemical reaction steps depending on\N&3 well as VOCs,
no linear behaviour was expected or observed. A further impact factor for — especially urban — particle for-

In case of the particle volume concentration, there is amation is solar radiation, since it controls atmospheric trans-
trend of rising identical to that of the particle concentration. port and chemical reactions. While OH is formed with in-
The volume concentration in the COMPASS?2 is significantly creasing radiation, several products degrade in its presence.
higher than in COMPASS2 during the ozone enrichment pedn order to investigate this effect, the modification chamber
riod (Fig. 7, lower plot). 2 was covered by an aluminium foil to prevent (a) the pen-

Both increases, i.e. in particle number and volume concenetration of sunlight and (b) a temperature increase of the
trations, at elevated ozone mixing ratios result in a significantcovered chamber due to isolation. In fact the chamber was
increase in mode diameters of the particle number concenfound to be significantly cooler during the day (8D, non-
tration (Fig. 10). The fitting was performed with Gaussian shaded measurements) than the reference chamb®t (20
type curves at a maximum number of 3. In cases in whichdarkened chamber) and with identical temperatures at night.
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3416 B. Bonn et al.. COMPASS
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Fig. 11. Cross-correlation of measured particle number concen-

Fig. 9. Scatter plot of measured ozone mixing ratios and total par-tratlon and ozone volume mixing ratio difference between COM-

ticle number concentrations above a diameter of 9.6 nm as 30 mirEASSZ (modified) and COMPASS] (reference) during the ozone

averages in both chambers (unchanged in blue, elevated ozone I%nnchment experiment (DOY 286-290, 2012).

red). Three outliers between 600 and 800 ppb of ozone have been

excluded. 10
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Time (DOY)

during the period during which COMPASS2 was shaded from sun-
Fig. 10.Mean mode diameters fitted to particle number size distri- light at urban conditions.
butions measured in both COMPASS chambers. Elevated ozone is
displayed in red, while normal conditions are shown in black.

4.2 Remote region: Taunus Observatory, spruce forest

Consequently the saturation vapour pressure of aerosol phage2.1  Impact of solar radiation and ozone
affine compounds drops and the chemical lifetime of re-
active aerosol species increases. By contrast, new potenti&or investigating the local effect of ozone on new particle
aerosol material is formed by hydroxyl radical reactions in formation, a pen-ray with a wavelength maximum at 253.7
the reference chamber. Comparing the importance of botimnm was mounted at the inlet of COMPASS2 and shielded
aspects, the OH contribution seems evidently more impor4n the direction of the reference chamber COMPASSL1 in an
tant for (a) the number but also for (b) mass and volume,identical way as was done for urban experiments.
although warmer temperatures were present (Fig. 12). Both In this period of observation, two phases were chosen: (A)
were lower in the covered chamber (COMPASS?2) comparednly ozone was enriched and (B) ozone was enriched and
to the reference one (COMPASS1) except during night wherradiation was reduced in COMPASS2.
no difference between the two chambers could be found. This
is in line with the expectations. Phase A — tests at remote conditions:

Both investigations in the urban area of Frankfurt clearly (&) ozone enrichment
demonstrate that ozone and solar radiation lead to an en-
hanced particle number and mass concentration, i.e. issuddecause of the pen-ray lamp, the ozone value in COMPASS2

for public health and therefore potential future problems. ~ Was kept constant above 100 pgat minimum 1.5 to three-
fold of the ambient mixing ratio in COMPASS1). There was

Atmos. Meas. Tech., 6, 34073423 2013 www.atmos-meas-tech.net/6/3407/2013/
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COMPASS: Ozone effects at Kleiner Feldberg
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Fig. 13.Remote conditions at Taunus Observatory, Phase A: (top)COMPASS2 at Taunus Observatory, Phase 2: (top) ozone mixing

Ozone mixing ratio in COMPASS1 (reference) and COMPASS?2 ratios in COMPASS1 and 2 as well as global radiation at the site of

(Ozone enhancement). (centre) Particle number concentration duhterest. (bottom) Effect on particle concentration measured.

ing the ozone increase experiment in both chambers and (bottom)

temperature and global radiation in both chambers.

Gases

only a moderate increase at nighttime i.e. especially duringwhen enhancing only ozone, several oxidative VOCs
periods with a relative humidity close to 100%, and the (presumably oxidation products of terpenoids such as mono-
ozone was most intense during daytime at driest environand sesquiterpenes) indicate a clear rise (Table 5): form-
mental conditions. The ambient ozone mixing ratio itself and acetaldehyde, acetone and the molar mass 72 (poten-
displayed a typical daily cycle, varying between 30ppb tially propene, butanal or butanone). Formic acid increases

minimum and 60 pppat maximum (mean: 49+ 6.1ppk,)  while acetic acid decreases. No clear change is observable
in the reference chamber. The temperature in both chambem®r mono- and sesquiterpenes, although a tendency for

was 181+6.2°C and no significant difference was observed reduction is apparent. This can be understood especially
between the two enclosureAT' = 0.4+ 0.6°C). The same  for sesquiterpenes because of their primary constituent,
applies for the relative humidity (RH) that was measured asg caryophyllene, and the short atmospheric lifetime (of less
59 26 % with a difference oARH =0+ 2 %. than a minute) and the scattering of observations around
detection limit (ca. 10-20 ppt. These reactive gases will
not pass the enclosure. But the notable increase of oxidation
products within the residence time of ca. 27 min within the
With respect to total particle number concentratioW) ( chambers indicates a notable chemical conversion and time
the observations are evident above 3nm in diameter. Ifor further growth. The surrounding forest (i.e. spruce) is no

every case ozone is significantly enhanced, (Fig. 13a) thredominant isoprene emitter, and so a difference of very
total particle number concentration increased remarkablysmall mixing ratios is hardly detectable.

(ca. +75%pply ! of ozone increase, Fig. 13b). While

temperatures and relative humidity in both chambers aréPhase B — tests at remote conditions: ozone enrichment

measured identically (Fig. 13c) and no indication for a and solar radiation reduction

difference in solar radiation is available, the presence of

ozone and thus a subsequent reaction with an aerosol particlearticles

precursor gas evidently causes the increase. In some cases

the measured particle number concentration even exceedeffhen increasing ozone and reducing solar radiation,

the upper detection limit of the particle counter¥#@m3)  the situation appears similar to how it is in the case of

(Fig. 13b) and no further rise could be quantified. ozone only (Fig. 14). There is still a rise in total number.
Although the length of the data set is less extensive than
it is for the ozone-only experiment (Phase A), the same
characteristics are apparent. Both factors, i.e. ozone and
solar radiation, seem important for the observed increase. In

Particles

www.atmos-meas-tech.net/6/3407/2013/ Atmos. Meas. Tech., 6, 38423 2013



3418 B. Bonn et al.. COMPASS

Table 5.Impact of solar radiation and ozone on VOC mixing ratios observed. Bold marked values indicate significant changes.

COMPASS2/COMPASS1 at COMPASS2/COMPASSLI at elevated O
elevated ozone and reduced radiation
Molar mass Compound Nighttime (%)  Daytime (%) All (%) Nighttime Daytime All
30 Formaldehyde +31.5+19.7 +20.0+11.1 255-16.0 +48.3+6.4 +35.4+12.4 +439.8+12.3
32 Methanol +4.5+4.1 +27+32 +3.3+34 -744+26 -10.1+4.0 -9.1+3.8
44 Acetaldehyde +11.74+5.0 +8.4+5.9 +9.9+5.4 +5.6+2.5 +5.8+5.8 +5.7+4.9
46 Formic acid —-04+24 406+111 —-0.2+25 +1.8+20 +1.6+4.0 +1.7+35
58 Acetone +9.6+5.1 +5.0+5.2 +6.9+5.3 +4.7+2.0 +5.2+4.5 +5.0+3.8
60 Acetic acid —9.1+6.8 —7.6+95 —8.8+5.7 +10.4+5.4 +4.9+84 +6.8+8.0
66 Cyclopentadiene, —944333 -54+308 —-67+316 +1144+539 +2154+494 +180+511
malononitrile
68 Isoprene +1.3+738 +21+81 +16+7.6 +0.8+6.0 +13+74 +1.1+6.9
72 1-propene, butanal, +13.7+£9.4 +7.6+7.3 +10.5+£8.3 +2.6+36 +2.9+52 +2.8+4.7
2-butanone
78 Benzene +234+398 +200+375 +218+313 +256+340 +259+384 +258+368
81* MT fragment —-5.0+73 -174+85 -34+76 —-8.4+75 —-8.0+9.6 —-8.24+89
92 Toluene -05+306 +1.9+289 4+1.3+299 -58+276 +3.1+252 +0+26.3
136 Monoterpenes (MT) -52+155 -19+160 —-34+153 -7.7+153 -117+169 -103+164
138 Nopinone, sabina ketone +5.7 +44.3 +2.5+40.9 +4.3+435 41194463 +7.7+415 +9.2+432
152 Methyl salicylate +246+803 +154+847 +174+820 +228+882 +319+946 +288+922
154 Linalool +86+503 +194+468 +3.75+465 +16+366 —-03+321 +0.4+336
204 Sesquiterpenes —70+361 -70+361 —-72+373 4554316 4+754+369 4684351
* Primary fragment ion of monoterpenes (MT).
order to quantify the individual contributions the correlation 1o —=
coefficientp has been calculated for the rise in ozone as '] 8 e |

well as the present radiation in COMPASSI1 (reference) and 7
the particle number increase. Both values show a significant ~ *]
dependencyp (AO3, AN) =738+ 0.4 at no time difference o7
andp (radiation,AN) =79.6+0.3 atidentical time. However == *]
the correlation increases up to a value of®880.3 with a
time shift (radiation earlier) by about 2.7 h. This indicates
an earlier production of precursor gases by radiation or
radiation-initiated chemistry (OH) in anticipation of some
ideal conditions, such as the potential activation of nuclei.
Thus, the ozone effect, where the correlation clearly declines ‘o=
with time shift between rise in 0zone and in particles, is the
limiting §tep. Th's becomes obvious in F'_g' 15, in which Fig. 15. Scatter plot of relative ozone vs. relative particle number
the relative particle number enhancement in the case of thg,crease at different times in COMPASS.
ozone-only experiment is split into different times of the
day (day- and nighttime). The daytime data display a highergases
slope (ca+100 % per ppbof ozone) than the nighttime data
(ca.+17 % per ppb ozone), again indicating the importance |n this phase i.e. reduction of solar radiation, the ob-
of solar radiation — potentially for OH and further radical servations were slightly different than the previous ones
production, but perhaps not during the residence time in thgTable 5). Although both of the smallest aldehydes were
flow chambers. In this context it is interesting to note that observed to increase in the presence of ozone, too, methanol
the increase of ozone seems to occur primarily above caglearly reduced. Terpenes and their larger oxidation products
35 ppb/ of ambient ozone. This indicates a link to the ozone only provide a tendency for reduction of terpenes and
stress-related emission of sesquiterpenes (Bourtsoukidis fcrease of oxidation products that is in line with enhanced
al., 2012). ozone mixing ratios and presumably intensified atmospheric
reactions in chamber 2. It is worth mentioning that the
presence of NQ may cause notable contributions of the
nitrate radical reactions in the dark (solar radiation reduction,
chamber 2).

0,(COMPASS 2)/0(COMPASS 1)
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COMPASS measurements @ TO: Addition of the monoterpene B-pinene in Chamber 2 Phase C — tests at remote conditions: monoterpene
addition

135 Qe et T2 might: .. et eY et e e

Gases

While a clear rise in monoterpene signal could be ob-
served in phase C (Table 4, left), further VOCs indicated
a clear rise either during nighttime or the entire time.
The ones increasing all the time were methanol and mass
66 gmole ! (pres. cyclopentadiene or malononitrile), while
formaldehyde, isoprene and toluene only displayed a sig-
nificant change during nighttime. All of these observations
A o S A —— may result from three different processes: (a) increased
1% 18 21 24 3 6 9 12 15 18 21 24 3 6 . e .

Time (DOY) production by a specific monoterpene compared with a

, , , mixture of monoterpenes in the atmosphere, (b) a change
Fig. 16. Phase 3: experiment with external monoterpene (upper:

o in local sink intensity, i.e. a significant reaction with with
plot) supply to COMPASS2. Upper plot: monoterpene mixing ra- . . )
tio at the end of each chamber. Bottom plot: the ratio of 10 min OH but not with ambient N@and finally (c) lower source

averaged particle number concentrations of COMPASS? to those oft€NSities i.e. lower emission and meteorological transport
COMPASS1. at nighttime. Further masses, such as nopinone, indicated

trends but remained below the range of significance (one
standard deviation).

Impact of BVOCs
Phase D — tests at remote conditions: sesquiterpene

To test the influence of volatile organic compounds (VOCs)addition
and their oxidation products on particle formation, two
different biogenic VOCs were selected: (1) the monoterpengGases
(C10H16) B pinene, which is expected to react primarily with
ambient OH-radicals (approximated daily average: ca. 80%n the case of sesquiterpene addition, no significant
oxidation by OH), and (2) the sesquiterpene (SQsHZ4) changes have been monitored for any VOC (Table 6, right).
B caryophyllene, which is known to be quickly oxidised by However, the 0zone mixing ratio dropped due to the reaction
the present ozone molecules (ca. 95 % of total sink). Next tavith the sesquiterpene. Because of the very short lifetime
the addition, the monoterpene is expected to start reactingf g caryophyllene (ca. 45s), the increase was assumed to
with either of the two radicals (daytime: OH, nighttime: be identical with the drop in the ozone mixing ratio. Our
NO3). This leads to the formation of large organic peroxy observations indicate a rise between 0 an8 441.5) pph,.
radicals (RQ) and several longer-lived products such as As for monoterpene addition, several masses, i.e. presum-
nopinone. By contrast, the sesquiterpene reacts with ambiergble oxidation products of8 caryophyllene with ozone,
ozone, forming a large variety of products e.g. the Criegeedisplayed trends (e.g. in formaldehyde) but remained within
intermediates (Criegee, 1975) and the intramolecularlythe uncertainty range. Since the competitors in the case
formed secondary ozonide (Beck et al., 2011). Both biogeniomof ozone reactions are minor, the effects were found to be
volatile organic compounds (BVOCs) were added in anon-significant for other VOCs. But oxidation products with
small bypass air flow of (1& 1) cn® min—1 to COMPASS2  ozone are expected to be rather non-volatile and effects will
using a permeation oven at a defined temperature. Th@rimarily occur in the aerosol phase.
oven temperature was set to 29.2)°C in the case of
the monoterpene (Phase C) and t0.84#0.2)°C in the Particles
case of the sesquiterpene (Phase D). Both compounds were
monitored by the PTR-MS instrument at the outlet of thelt is very interesting to see the different impacts of
chamber. both terpenes on the ambient particle number concentration

During both terpene-addition related phases (C and D)(Figs. 16—18). While the monoterpene addition results in a
temperature and humidity in both chambers were identicaklear daily profile, with a maximum increase around noon
within the measurement uncertainties. This is why we will (+20+5%) when the most intense radiation occurs and
focus primarily on the gaseous, i.e. VOC, measurements. Thevidently no change during nighttime conditions (Figs. 16
VOCs measured by PTR-MS displayed several significantand 17), the sesquiterpene addition creates a nearly constant
changes. Those are briefly summarised in Table 6 and wilincrease by abou#13+4% except between 10:00 p.m.
be discussed in the corresponding “Gases” sections followand 02:00a.m.LT (Figs. 17 and 18). The observations
ing. may be explained by a two-stage process that can be
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Table 6. Impact of monoterpengs(pinene) addition on the VOC mixing ratios observed. Bold marked values indicate significant changes.
Sesquiterpenes(caryophyllene) addition did not show any significant changes due to high reactivity of SQTs and the fact that it was added
in smaller amounts.

Molar mass Compound COMPASS2/COMPASSL1 at elevated MT

(9 mole_l) Nighttime (%) Daytime (%) All (%)
30 Formaldehyde +7.0+54 +1.9+7.2 +4.6+£6.9
32 Methanol -5.84+2.3 +6.4+2.6 —6.2+25
44 Acetaldehyde —-08+20 +29+6.3 +0.7+£55
46 Formic acid —-04+24 +0.5+3.3 -0.1+28
58 Acetone —05+16 +15+49 +0.8+4.1
60 Acetic acid -0.2+04 00+54 +0.1+4.9
66 Cyclopentadiene, malononitrile +217.74296.6  +123.5+£30.0 +168.9£125.5
68 Isoprene +12.1+7.8 +5.44+95 +9.0+9.2
72 1-propene, butanal, 2-butanone —-0.9+36 —-0.6+5.8 +0.7+5.0
78 Benzene +237+265 +9.3+205 +143+213
81* MT fragment +452.84138.8 +204.6+181.2 +252.84210.6
92 Toluene 37.1+155 +20.0+24.1 +30.6+22.1
115 Proline —4.0+202 +0.3+212 —-0.3+214
136 Monoterpenes (MT) +461.3+143.5 +222.3+190.2 +300.1+212.1
138 Nopinone, sabina ketone +10.0+£129 +1.54+152 +5.84+15.0
148 MBO, SQT fragment —-0.8+6.5 —-0.1+5.9 —-0.2+6.1
152 Methyl salicylate +115+67.1 —-0.1+408 +0.1+421
154 Linalool +2.3+237 +0.7+213 +2.14+223
168 Pinonaldehyde, caronaldehyde, limona ketone +0.6+44.9 +0.3+40.3 +0.3+39.9
204 Sesquiterpenes +2.2+189 —-0.8+175 —-144+181

* Primary fragment ion of monoterpenes.

limited at both stages, i.e. the cluster production or theimpact and the role of different parameters and gases in the
activation. From our observations during the addition of theparticle formation process under a variety of different condi-
monoterpene, one would tend to say that the OH oxidatiortions. The system is not necessarily limited to particles, but
production takes place in the activation stage. By contrastan be operated for cloud nuclei or gas-phase studies as well.
the sesquiterpene-ozone production may contribute earliefhe magnitude of the observed change depends on the res-
and lack in activation around midnight, when favourable idence time required for the particular process studied. This
compounds such as OH- or N@riven products display a can be achieved by flow variation between 2 nike£ 1150)
minimum. Because of that, secondary oxidation productsand tenths of minutes, limited by the required sample flow
which are important for aerosol mass production will be rates. The flow system provides a laminar flow field as shown
formed less (Li et al., 2011). by FLUENT simulations, and uses two identical chambers
This shows evidence that both BVOCs take place in thefor the evaluation of results, i.e. one reference and one exper-
ambient particle formation process. However, the stage ofmental chamber for modifications. Because of the parallel
impact, i.e. in the cluster formation steps or the activation ofoperating chambers, wall loss is a minor process and its con-
clusters, cannot be elucidated by the current measurementsjbution will become important only at long residence times.
since the available aerosol instrumentation was insufficientCharacterisations of both individual chambers demonstrated
for that. This requires detailed future studies with either ionno significant change between the chambers. Therefore it is
instruments or a CPC battery with the smallest size range oévident that the two function in an identical manner and that
particles. Nevertheless, the difference in daily pattern is intheir application for measurements under atmospheric condi-
agreement with the assumption of a stable cluster pool protions is reasonable.
duction below 2.7 nm in diameter, and a solar-radiation (OH) First tests in urban and forest conditions have been con-
driven activation of these clusters. ducted, which indicate a strong potential for applications, i.e.
starting with figuring out the important gases for the earliest
cluster formation, the activation and subsequent growth, and
the set-up can be applied for studying the effects on ambient
particles directly in ambient conditions (not in the laboratory)

The novel twin-chamber technique COMPASS has beerfi réasonable concentrations.
shown to act as an appropriate tool for investigating the

5 Conclusions
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COMPASS: Approximated addition of sesquiterpene mixing ratio at Kleiner Feldberg COMPASS: Addition of terpenes to COMPASS 2 at Kleiner Feldberg
| h | ! I L

@  effect of MT B-pinene
e effect of SQT B-caroyphyllene L

night day night

approximated SQT (ppb,)

Time [h]

Fig. 18.Daily pattern of particle number concentration ratio of both
chambers during both terpene additions, g.g@inene (MT, OH re-
active) in black dots an@ caryphyllene (SQT, ozone reactive) in

red dots.
085 _%’ - B B i * rﬁeasurements
0ss L : : E| - ved (0.043) s b T midnight although ozone remains fairly constant. However,
e : . ; i : . the nitrogen oxides decline and the nitrate radical production
0 3 6 9 12 15 13 21 2 is drastically reduced. This may explain that although clus-

Ti (h) . ; . R
. ters are available, the ozone oxidation products are incapable

Fig. 17. Phase 4: experiment with external sesquiterpene supphy© activate those on their own without a radical initiated ac-
to COMPASS2. Upper plot: additional sesquiterpene mixing ratio tivation. Since these new particles will grow further to sizes
as approximated by the difference in ozone mixing ratio betweenat which they alter the Earth’s radiation budget via cloud mi-
both COMPASS chambers (reference-modified one). Bottom plot:crophysics, the understanding of the processes involved are
the ratio of the 10 min averaged particle number concentrations okey to elucidating future climate changes.
COMPASS2 to those of COMPASSL1. Note the time shift due tothe  This demonstrates the wide range of measurements pos-
residence time in the chamber by ca. 0.5h. sible that can increase understanding of the environmental
processes affecting health, climate and feedback processes.
The novel chamber seems to be an appropriate tool for that.
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