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Abstract

The focus of this thesis was the in-situ application of the new analytical technique

"
GC� GC\ in both the marine and continental boundary layer, aswell as in the free

troposphere. Biogenic and anthropogenicVOCs were analysedand usedto charac-
terise local chemistry at the individual measurement sites.
The �rst part of the thesis work was the characterisation of a new set of columns
that was to be usedlater in the �eld. To simplify the identi�cation, a time-of-
igh t
massspectrometer(TOF-MS) detector was coupledto the GC� GC. In the �eld the
TOF-MS was substituted by a more robust and tractable 
ame ionisation detector
(FID), which is more suitable for quantitativ e measurements. During the process,a
variety of volatile organic compounds could be assignedto di�eren t environmental
sources,e.g. plankton sources,eucalyptusforest or urban centers.
In-situ measurements of biogenic and anthropogenic VOCs were conducted at
the Meteorological Observatory Hohenpeissenberg (MOHP), Germany, applying a
thermodesorption-GC� GC-FID system. The measuredVOCswerecomparedto GC-
MS measurements routinely conductedat the MOHP aswell asto PTR-MS measure-
ments. Furthermore, a compressedambient air standard was measuredfrom three
di�eren t gaschromatographic instruments and the results werecompared.With few
exceptions,the in-situ, as well as the standard measurements, revealedgood agree-
ment betweenthe individual instruments. Diurnal cycleswereobserved,with di�ering
patterns for the biogenicand the anthropogeniccompounds. The variabilit y-lifetime
relationship of compoundswith atmosphericlifetimes from a few hours to a few days
in presenceof O3 and OH was examined. It revealeda weak but signi�cant in
u-
enceof chemistry on theseshort-lived VOCs at the site. The relationship was also
usedto estimate the averageOH radical concentration during the campaign,which
wascomparedto in-situ OH measurements for the �rst time. The OH concentration
ranging from 3.5 to 6.5� 105 moleculescm� 3 (0.015to 0.027ppt) obtained with this
method represents an approximation of the averageOH concentration in
uencing the
discussedVOCs from emissionto measurement. Basedon these�ndings, the average
concentration of the nighttime NO3 radicals was estimatedusing the sameapproach
and found to rangefrom 2.2 to 5.0� 108 moleculescm� 3 (9.2 to 21.0ppt).
During the MINATROC �eld campaign,in-situ ambient air measurements with the
GC� GC-FID wereconductedat Tenerife,Spain. Although the station is mainly sit-
uated in the free troposphere,local in
uences of anthropogenicand biogenicVOCs
were observed. Due to a strong dust event originating from Western Africa it was
possibleto comparethe mixing ratios during normal and elevated dust loading in the
atmosphere.The mixing ratios during the dust event were found to be lower. How-
ever, this could not be attributed to heterogeneousreactionsas there was a change
in the wind direction from northwesterly to southeasterlyduring the dust event.





Zusammenfassung

Der FokusdieserArbeit lag auf der in-situ Anwendungder neuen
"
GC� GC\ Technik

in der marinen und kontinentalen Grenzschicht sowie der freien Troposph•are. Bio-
geneund anthropogene
 •uchtige organischeVerbindungen(VOCs) wurden analysiert
und zur Charakterisierungder lokal vorherrschendenChemiean den jeweiligen Or-
ten herangezogen. Im ersten Teil der Arbeit wurde eine neue S•aulenkombination
f•ur sp•atere Messkampagnencharakterisiert. Ein Time-of-Flight Massenspektrometer
(TOF-MS) wurde zur einfacheren Quali�zierung als Detektor an das GC� GC ver-
wendet, f•ur die Quanti�zierung im Feld wurdediesergegeneinenrobusterenFlamme-
nionisationsdetektor(FID) ausgetauscht. W•ahrend desIdenti�k ationsprozesseskon-
nte eineVielzahl von VOCsverschiedenenQuellenzugeordnetwerden,z.B. Plankton,
Eukalyptuswald oder st•adtischen Gebieten.
Mit einemGC� GC-FID wurden in-situ Messungenvon biogenenund anthropogenen
VOCs am Meteorologischen Observatorium Hohenpeissenberg (MOHP), Deutsch-
land, durchgef•uhrt. Die analysierten VOCs wurden mit routinem•assigenGC-MS
Messungenam MOHP und PTR-MS Messungenverglichen. Des weiteren wurde
ein Standard mit komprimierter Umgebungsluftmit Hilfe von drei verschiedenengas
chromatographischen Instrumenten gemessenund die Werte verglichen. Mit weni-
gen Ausnahmen stimmten die Ergebnisseder Feld- und Standard-Messungender
einzelnenInstrumenten •uberein. Unterschiedlich strukturierte Tagesg•ange wurden
f•ur biogeneund anthropogeneVerbindungenbeobachtet. Die Variabilit •ats-Lebens-
dauer-Beziehung von VOCs mit atmosph•arischen Lebenszeitenvon wenigenStunden
bis wenige Tage in Gegenwart von O3 und OH wurde untersucht. Es ergab einen
schwachen, aber signi�k anten Ein
uss der Chemie auf diesekurzlebigen VOCs am
Messort. DieseBeziehung wurde auch benutzt um die durchschnittlic he OH Radikal
Konzentration w•ahrend der Kampagne zu berechnen, das Ergebnis konnte das er-
ste Mal mit in-situ OH Messungenverglichen werden. Die berechneten optimalen
OH Konzentrationen zwischen 3.5 und 6.5� 105 Molek•ule cm� 3 (0.015 - 0.027ppt)
repr•asentieren hierbei die durchschnittlic he OH Konzentration, die auf die VOCsvon
Emissionbis zur Messungeinwirkt. Basierendauf diesemErgebniswurde die durch-
schnittlic he Konzentration der n•achtlichen NO3 Radikale mit der gleichen Herange-
hensweiseauf zwischen 2.2 und 5.0� 108 Molek•ule cm� 3 (9.2 - 21.0ppt) gesch•atzt.
W•ahrend der MINATROC Kampagne wurden in-situ Messungenmit GC� GC-
FID auf Teneri�a, Spanien, durchgef•uhrt. Obwohl sich die Station meistens in
der freien Troposph•are be�ndet, wurden Ein
 •usselokaler anthropogenerund bio-
generVOCs beobachtet. Aufgrund einesstarken Staubsturms,entstanden im west-
lichen Afrik a, war es m•oglich, die VOC Mischverh•altnisse w•ahrend normaler und
erh•ohter Staubladungin derAtmosph•arezu vergleichen. Obwohl dieKonzentrationen
w•ahrenddesStaubsturmsniedriger waren, konnte diesnicht auf heterogeneReaktio-
nen zur•uckgef•uhrt werden, da sich die Windrichtung w•ahrend desStaubsturmsvon
nordwestlich zu s•ud•ostlich gedreht hatte.
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ABBREVIA TIONS

� Selectivity factor
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amu atomic massunit
b Basewidth of peak
BL Boundary Layer
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1.1. STRUCTURE OF THE ATMOSPHERE

1.1 Structure of the atmosphere

The Earth is surroundedby an envelope of gas,which we call the atmosphere. Al-
though it makes up a negligible fraction of the Earth's mass, the atmosphereis
essential for many forms of life. The main constituents of the atmosphereare ni-
trogen and oxygen, making up 99% of the total volume, yet many other speciesare
present in trace amounts. Despite being present at mixing ratios of lessthen parts
per million, thesetrace gaseshave a signi�cant impact on the chemistry and physics
of the atmosphere,making it a complexand fascinating system. The incoming solar
radiation plays an important role in determining the structure of the atmosphere.It
canbe absorbed in the atmosphereor backscatteredinto space,but a fraction reaches
the Earths surface,warming the ground, water, the adjoining air massesand provid-
ing energyfor the vegetation. Someenergyis re-emitted from the surfaceas infrared
radiation, which can be absorbed by certain atmosphericcomponents like H2O, CO2,
O3 and aerosols. The resultant energy 
uxes induce distinct vertical temperature
gradients in the Earths atmosphere. Basedon thesegradients the atmospherehas
beennominally divided into the speci�c layerstroposphere,stratosphere,mesosphere
and thermosphere,seeFig. 1.1 [1].

Fig. 1.1: Vertical temperature pro�le in the atmosphere
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1. INTR ODUCTION

The troposphereextendsfrom the Earths surfaceto an averagealtitude of 11 km and
can be subdivided into the boundary layer (BL, 0-2 km) and the free troposphere
(FT, 2-11 km). The BL as the lowest part of the troposphereis directly in
uenced
by the activities at the Earths surfaceand anthropogenicand biogenicemissionsare
accumulated in this layer. The BL thicknessis variable and can rangefrom 100m to
3 km. It is dynamically segregatedfrom the freetroposphereby a temperature inver-
sion at approximately 3 km over land and 1 km over ocean. This inversion isolates
the free troposphereand slows the transport of VOCs from the BL [1]. The BL is
alsothe most turbulent regionof the atmosphereand respondsto surfaceforcingslike
friction, evaporation and transpiration, solar heating, or terrain induced
o w modi�-
cation at a timescaleof a few hours or less[2]. At sunrise,the heating at the surface
activates the turbulence and mixing processes[3]. In contrast, the nocturnal BL is
more stable and generally only a few hundred meters thick. Horizontal transport
of air in the BL is created by surfacepressuregradients that induce high and low
pressuresystems. Further troposphericmixing is e�ected by cold and warm fronts
moving horizontally over the surface,especially at temperate latitudes. Transport
of air massesand pollution from the BL to the FT can occur via vertical transport
such as convection. Theseconvection events can be in isolated towers, particularly
in the Tropics, or embeddedin synoptic scalefeaturessuch aswarm and cold fronts,
particularly in temperate latitudes [1, 2]. The free troposphereis separatedfrom the
stratosphereby a further temperature inversion,calledthe tropopause.At this upper
boundary of the troposphereconvective processesceaseto be important, sincein the
stratospherethe temperature increaseswith height. The height of the tropopausede-
pendsstrongly on the geographicposition: as convection at the equator is enhanced
by higher surfacetemperatures,strongervertical motions ensue,thus the tropopause
is situated at about 18km at the equatorand between6-8km at the poles. Complete
mixing of air masseswithin the boundary layer is typically achieved in a period of
oneday, whereasthe exchangebetweenthe troposphereand the tropopausecan take
two to four weeks. Troposphericmixing within one hemisphereis on the order of
months and about oneyear on an interhemisphericscale[1].
The stratospherecontains about 90% of the atmosphericozone. In this layer, the
short wavelength solar ultraviolet radiation is absorbed by ozoneleading to diabatic
heating and an increasingtemperature with increasingaltitude. This inversiongives
stabilit y against vertical motion and hinders exchange of air massesbetween the
stratosphereand the troposphere. The approximate time required to exchangethe
massof the entire tropospherewith the stratosphereis about two years. Above the
stratospherelies the mesospherewherethe temperature decreasesagainwith increas-
ing altitude, as heating by radiation is lower than cooling. Above the mesosphere
lies the thermospheredistinguished by a very low gas density. The absorption of
far-UV wavelength radiation by gaseousoxygen and nitrogen moleculescan heat the
few moleculesin the thermosphereup to an equivalent 2000K, depending on solar
activit y [1, 4].
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1.2. VOLA TILE ORGANIC COMPOUNDS - EMISSIONS

1.2 Volatile organic comp ounds - Emissions

Volatile organiccompounds(VOCs) play an important role in troposphericair chem-
istry and areemitted to the atmospherefrom a variety of anthropogenicand biogenic
sources.Thesecompoundscan have an impact on health and the environment either
directly, or indirectly after undergoinga complexseriesof atmosphericreactioncycles
resulting in secondaryorganic pollutants such as O3.
Photochemistry initiated by actinic radiation plays a vital role in the degradationof
VOCs in the troposphere.The oxidation of VOCs in the presenceof NOx (NO and
NO2) leads to the formation of ozone. This chemistry was �rst elucidated by the
biochemist Haagen-Smitsin the 1950'swhen he analysedthe Los Angelessmog. He
alsostudied the e�ects of ozoneon plants in laboratory basedchambersand realised,
that theseexhibit the samesymptomsof damageasplants in outdoor smog[3]. The
oxidation of the simplest of all VOCs, methane, is the basis for troposphericpho-
tochemistry. Although methane is the most abundant hydrocarbon in the global
atmosphereat 1.8 ppm, other, non-methane,organic compoundsare far more reac-
tiv e and can similarly in
uence the composition of the atmospheredespitebeing at
much lower mixing ratios. The atmospheric lifetime of the VOCs can vary from a
few minutesor hours, to several months, methanecaneven persist in the atmosphere
for years[1].
Volatile organiccompoundscan be releasedto the atmospherefrom human activities
('anthropogenic') as well as from terrestrial and marine vegetation ('biogenic'). The
emissionsof biogenicorganic speciesare estimated to be about an order of magni-
tude greater on a global scalethan anthropogenichydrocarbons,which on the other
hand dominate in populated and industrialised areas. From the global perspective,
biogeniccompoundsare mostly emitted in the Tropics, whereasanthropogeniccom-
poundsarepredominatelyemitted in the temperatezonesof the northern hemisphere
betweenthe 40� and 50� latitude.
Sincethe beginningof the industrial revolution, human activities have played an ever
increasingrole asa sourceof VOCs in the atmosphere.The most signi�cant anthro-
pogenic sourceof VOCs on global scale is road tra�c, followed by combustion of
fossil fuel, wood or crop residue.Solvent use,liquid fuel production and distribution,
waste disposal, as well as industrial processingof chemicals,also all play a role in
the estimated 130 Tg carbon, 1012 g(C), emitted annually [4, 5]. Another emission
inventory estimatedan emissionof 110Tg(C) per year,with 45%of the emissionsbe-
ing alkanes,35%alkenesand 17%aromatic compounds[6]. Aromatic hydrocarbons
such asbenzene,toluene,xylenesand ethylbenzene(known collectively asBTEX), as
well as acyclic alkanes,alkenesand halogenatedcompounds, for examplechloro
uo-
rocarbons(CFCs) aremainly emitted to the atmospherefrom anthropogenicsources.
Someexampleanthropogeniccompoundsare depicted in Fig. 1.2.
An estimated 1150Tg(C) biogenicVOCs are emitted each year to the atmosphere
from vegetation or via microbial production [7]. Emission rates are highly variable,
beingstrongly dependant on temperatureand light intensity, aswell asstressinduced
by injuries, parasitesor atmosphericpollutants such as O3. Typical volume mixing
ratios rangefrom betweena few parts per trillion by volume (pptv=pmol/mol) to
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1. INTR ODUCTION

Fig. 1.2: Chemical structures of selectedanthropogenicVOCs

several parts of tens per billion by volume (ppbv = nmol/mol) [8]. Vegetationemits
large amounts of VOCs in reducedform such as hemiterpenes(e.g. isopreneC5H8,
or methylbutenol C5H10O), monoterpenes(C10H16 compounds,such as � -pinene,� -
pinene,eucalyptol), sesquiterpenes(C15H24 compoundssuch as� -caryophyllene) and
other oxygenatedvolatile organic compounds (e.g. methanol, 2-methyl-3-buten-2-ol
or 6-methyl-5-hepten-2-one)[9]. The structuresof someselectedbiogeniccompounds
are shown in Fig. 1.3 [10]. It is a considerableanalytical challengeto separateand
quantify atmosphericcompoundslike the monoterpenes.Sincethey possessthe same
molecularformula C10H16, powerful separationtechniquesmust be employed (as was
usedin this study) to e�ect reliable measurements.
Large uncertainties remain in the estimates of biogenic VOC (BVOCs) emissions
worldwide. Recent estimatessuggesta total biogenicemissionof about 84 Tg(C) an-
nually for North America, with 30% being isoprene,25% terpenoid compoundsand
40% non-terpenoid VOCs [11]. The emissionof the terpenesis not only depending
on temperature, recent studiesshowed an additional dependencyon the light inten-
sity [8, 10, 12, 13, 14, 15]. Many of these organic compounds are highly reactive
in the troposphere,with calculated lifetimes of a few hours or even less, depend-
ing on the oxidant. Someof the studied BVOCs, e.g. � -terpinene, � -caryophyllene
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1.3. CHEMISTR Y OF VOCS IN THE ATMOSPHERE

and � -humulene,react extremely rapidly with ozoneand are present at very low at-
mosphericconcentrations, despitehaving signi�cant 
uxes.
The oceanshave proven to be a source of some atmospheric biogenic VOCs like
alkanes and alkenes, but also trace gasescontaining sulfur and organohalogens.
Characteristic compounds are dimethylsul�de (DMS), methyl chloride and methyl
iodide. The estimatedannual emissionof marine hydrocarbons rangesfrom 2.5 to 6
Tg(C) [4, 16, 17].
The photooxidation chemistry of both anthropogenicand biogenicVOCs is discussed
in detail in the following section1.3.

Fig. 1.3: Chemical structures of selectedbiogenic terpenes

1.3 Chemistry of V OCs in the atmosphere

As discussedin the previoussection,VOCsareemitted to the atmospherefrom a vari-
ety of sources.Sincetheir concentrations do not all risewith time, there must alsobe
an e�ectiv e removal mechanism. Oxidative degradationof VOCs in the atmosphere
is initiated by the reaction with OH radicals, NO3 radicals, O3, or direct photolysis,
dependingon the structure of the organicspeciesand the local conditions. Intermedi-
ate products resulting from thesebreakdown processesare partially oxidised organic
specieslike aldehydes, ketonesand organic peroxides. The ultimate end-products
of this complex oxidation chemistry of VOCs are carbon dioxide and water [9, 18].
The OH catalysedoxidation of a saturated hydrocarbon RH (R = CH3, C2H5 etc.)
in the presenceof NOx and the resultant formation of O3 is shown schematically in
Fig. 1.4 [18]. Most atmosphericoxidation processesduring the day are initiated by
the reaction of the VOC with an OH radical generatedby photolysis of O3 in the
near ultraviolet band (� < 310nm). The subsequent reaction of the resulting O(1D)
with a water moleculeleadsto two OH-radicals:

O3 + h� ! O2 + O(1D) (1.1)

O(1D) + H2O ! 2OH (1.2)
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1. INTR ODUCTION

Fig. 1.4: Schematic representation of the oxidation of a saturated hydrocarbon RH to the
oxidised product R� H O and the by-product O3

The photolysis rate strongly dependson the atmosphericpathlength of the incident
sunlight and thereforevarieswith latitude, altitude and season[18].
Other known sourcesof OH radicals include the photolysis of nitrous acid (HONO),
formaldehyde (HCHO) or other carbonyls, and reactionsof O3 with alkenes[9].
In the initial step, the OH radical oxidisesthe hydrocarbon (RH) to the alkyl radical
R, which reacts rapidly with an O2 moleculeto form the alkyl peroxy radical RO2.
This peroxy radical can then either react with HO2 to form an organichydroperoxide
ROOH, or with NO when present to form an alkoxy radical RO. The subsequent
reaction of the alkoxy radical with molecular oxygen leadsto the abstraction of an
H-atom and the formation of an oxygenated speciessuch as a carbonyl as well as
HO2:

RH + OH ! R + H 2O (1.3)

R + O2 ! RO2 + M (1.4)

RO2 + N O ! RO + N O2 (1.5)

RO + O2 ! R� H O + H O2 (1.6)

In the subsequent reaction steps the OH radical used in the initial reaction is re-
generatedthrough

H O2 + N O ! N O2 + OH (1.7)
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1.3. CHEMISTR Y OF VOCS IN THE ATMOSPHERE

with the NO typically originating from natural emissionsor anthropogenicfossil-fuel
combustion.
A competing reaction is the chain termination reaction of the HO2 with a second
HO2 or another peroxy radical RO2, to form O2 plus H2O2 and ROOH respectively,
or the the formation of H2O and O2 with an OH radical.

During daytime, the NO2 produced in reaction 1.5 and 1.7 above can photolyse in
the troposphereat wavelengths� < 420 nm to generateO(3P) radicals which react
with O2 to produceO3:

N O2 + h� ! N O + O(3P)(� < 420nm) (1.8)

O(3P) + O2 + M ! O3 + M (M = N2) (1.9)

The photolysis lifetime of N O2 is about 5 s for overheadsun conditions, meaning
that the NO2 concentration is lower by day [9].
The following equationshows the net reaction of the VOC oxidation cycle,with NOx

and HOx acting as catalysts:

RH + 4O2 ! R� H O + H2O + 2O3 (1.10)

During the night, in the absenceof OH, an important sink for the VOCs is the
reaction with NO3. The NO3 radical itself is formed in a slow processby the reaction

N O2 + O3 ! N O3 + O2 (1.11)

In sunlight conditions, this radical is photolysedin a few secondsto regenerateNO2

and O, or reactswith NO to form NO2. At night, however, the chemistry is entirely
di�eren t. The main sink for NO3 is to form N2O5 in the equilibrium reaction

N O2 + N O3 (+ M ) 
 N2O5 (+ M ) (1.12)

which can subsequently react in the presenceof water vapour to form HNO3:

N2O5 + H2O ! 2 H N O3 (1.13)

A further removal pathway for the NO3 radical at night is the reaction with VOCs.
The abstraction reaction with saturated VOCs (RH) converts NO3 to HNO3

N O3 + RH ! H N O3 + R (1.14)

whereasthe addition mechanism with alkenesinitiates the complex chemistry dis-
played in Fig. 1.5 at the exampleof 2-methylpropene.

The initial reaction of 2-methylpropenewith NO3 can start via two di�eren t chan-
nels:

N O3 + H2C = C(CH3)2 ! H2C(ON O2)C(CH3)2 (1:15a)

! H2CC(ON O2)(CH3)2 (1:15b)
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1. INTR ODUCTION

Equation 1:15a is the major reaction pathway, ultimately resulting in the genera-
tion of formaldehyde, a ketoneand NO2, whereasthe minor reaction channel shown
in equation 1:15b results in a bifunctional organic nitrate product (2-nitro-oxy-2-
methylpropanal for the exampleof 2-methylpropene).
Table 1.1 shows calculated lifetimes for selectedanthropogenic and biogenic com-
poundswith respect to reaction with the OH radical, NO3 radical and O3 [9, 10]. It
is apparent, that for aromatic compoundsthe reaction with OH radicals is dominant
for troposphericremoval, whereasoxidation through the reaction with O3 will not be
signi�cant. Reaction with OH radicals also dominate the troposphericoxidation of
alkanesand other saturated organiccompoundsand are often consideredthe driving
force behind tropospheric chemistry [9]. Unsaturated organic compounds such as
alkenes,dienesor monoterpenes,not only react with OH radicals like most other
compounds,but are alsoreactive enoughto be signi�cantly oxidised by O3 and NO3.
Ambient concentrations of OH radicals, NO3 radicals and O3 are highly variable.
OH radical concentrations usually peak at around solar noon for clear sky condi-
tions. Maximum concentrations measuredat midlatitude Northern Hemispheresites
mounted to 2-10� 106 moleculescm� 3 OH (0.08 - 0.42 ppt), a 12-hoursdaylight av-
erageof 2� 106 moleculescm� 3 is usually assumedfor the calculation of tropospheric
lifetimes. The concentration of NO3 is low during daylight hours, but can increase
over continental areasduring nighttime to 1� 1010 moleculescm� 3 (430 ppt), a rea-
sonablevalue for lifetime calculations also adopted in Table 1.1 is 5� 108 molecules
cm� 3 (20 ppt). The estimatedO3 concentration on a 24-hoursaverageis 7� 1011 mol-

Fig. 1.5: Schematic diagram of the nocturnal NO3 reaction with unsaturated VOCs (exam-
ple 2-methylpropene)
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eculescm� 3 (30 ppb), although concentrations from zero to several hundred ppbv
have beenmeasuredin the troposphere. The residencetime or lifetime of VOCs in
the atmospheredependson the concentration of OH, NO3 and O3.

An throp ogenic V OC OH NO 3 O3

Ethane 29 d 91 yr a

Propane 6.3 d 7.8 yr a

Butane 2.9 d 2.7 yr a

Ethene 20 h 7.3 mth 9.7 d
Propene 6.6 h 4.9 days 1.5 d
1-Butene 5.5 h 3.5 days 1.6 d
2-Butene 2.9 h 2.9 h 2.4 h
Benzene 9.4 d > 4 yr a

Toluene 1.9 d 1.9 yr a

Ethylbenzene 0.8 d 41 d a

o-Xylene 12 h 4.1 mth a

m-Xylene 5.9 h 200d a

p-Xylene 12 h 3.4 mth a

1,2,4-Trimethylbenzene 4.3 h 26 d a

Styrene 2.4 h 3.7 h 1.0 d
Biogenic V OC
Isoprene 1.4 h 50 min 1.3 d
� -Pinene 2.6 h 5 min 4.6 h
� -Pinene 1.8 h 13 min 1.1 d
Camphene 2.6 h 50 min 18 d
Sabinene 1.2 h 3 min 4.6 h
3-Carene 1.6 h 4 min 11 h
Limonene 50 min 3 min 2.0 h
Eucalyptol 1 d 270d a

� -Caryophyllene 40 min 2 min 2 min
Methyl vinyl ketone 6.8 h > 1:0 yr 3.6 d
6-Methyl-5-heptene-2-one 50 min 4 min 1.0 h

aRate coe�cien t for thesereactions are lessthan
1 � 10� 22 cm3 molecule� 1 s� 1 and therefore omitted

Tab. 1.1: Calculated tropospheric lifetimes of selectedanthropogenic and biogenic VOCs
for the gas-phasereaction with OH radicals, NO3 radicals and O3. Values are
basedon assumedconcentrations of 2� 106 moleculescm� 3 OH (0.08 ppt, 12 hrs
daytime average),5� 108 moleculescm� 3 NO3 (20 ppt, 12 hrs nighttime average),
and 7� 1011 moleculescm� 3 O3 (30 ppb, 24 hrs average)
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1.4 Measuremen t techniques for volatile organic comp ounds
(V OCs) in the atmosphere

To characterisethe complex mixture of biogenically and anthropogenically emitted
volatile organic compounds(VOC) in the atmosphere,a rangeof di�eren t measure-
ment techniqueshas beendevisedand employed. The �rst measurements of VOCs
were performed in the 1940s,when atmosphericCH4 at parts per million levels was
identi�ed by Migeotte using infrared (IR) spectroscopy [19]. The �rst VOC to be
measuredat parts per billion was peroxy acetyl nitrate (PAN), also using IR spec-
troscopy [20, 21]. Optical techniquesare important in the analysisof volatile organic
compounds in air, although their sensitivity is rarely su�cien t for concentrations in
the ppt rangeand the speci�t y not suited to the complexVOC mixtures present. In
the ultraviolet (UV) and visible wavelength regions, di�eren tial optical absorption
spectrometry (DOAS) has beenusedto measurethe aromatic compounds benzene,
toluene and the xylenes in urban air [22, 23, 24]. Fourier transform infrared spec-
troscopy (FTIR) and tunable diode laser absorption spectrometry (TDLAS) can be
applied for small compoundssuch asformaldehydeand ethyne,but the techniquesare
not capableof measuringthe wider rangeof larger hydrocarbonsat trace levels [25].
Satellite observations alsouseoptical methods to probe the atmosphereand provide
data for a small selectionof trace gaseswith speci�c absorption structures like NO2

and CH4 on a global scale[1]. Complex VOC mixtures in the atmosphere,however,
contain many species,in very low concentration with very similar absorption behav-
iour and in such casesin-situ techniqueswith better selectivity have to be applied.
One approach with greater selectivity is monitoring with massspectrometry. Di�er-
ent ionisation techniquescanbe used,e.g. chemicalionisation (CI), electronicimpact
ionisation (EI), resonance-enhancedmultiphoton ionisation (REMPI), or singlepho-
ton ionisation (SPI) enabling a wide range of speciesto be detected. The proton
transfer reaction massspectrometer (PTR-MS) is a chemical ionisation method fre-
quently applied in the analysisof air [26, 27, 28, 29]. It is a technique with excellent
time responseof a few seconds,a detection limit of 10-100ppt depending on the
analyte, but isomers,i.e. di�eren t specieswith a commonmass,cannot be separated
and somemassescan not be absolutely assignedto one compound [30, 31]. Traces
of aromatic compoundscan alsobe detectedusing the REMPI method [32], whereas
the SPI coupledto a massspectrometerhas beenshown to be suitable for aliphatic
compounds [33]. These techniques have only recently been used for atmospheric
gasesand their detection limits are not yet good enoughfor measurements of very
low background concentrations.
To achieve not only high sensitivity but alsounequivocal identi�cation of the target
compoundsin a mixture such as air, separationprior to detection is critical.
A suitable analytical technique is without doubt gas chromatography (GC), which
can be coupledto a variety of detection methods (further details on chromatography
in chapter 2). Gas chromatography combinesa very high selectivity and resolution;
good accuracyand precision;a wide dynamic concentration range;and a high sensi-
tivit y. This method is thereforewell suited for analysisof air. Indeed, much of our
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atmosphericchemistry knowledgeto date has beendeducedfrom the application of
gaschromatography in all parts of the world.
Automated on-line GC-
ame ionisation detector (GC-FID), and GC-massselective
detector (GC-MSD) systemshave beenusedfor both long-term and intensive short-
term measurements of atmospherichydrocarbons [34, 35, 36, 37, 38]. The gaschro-
matographicanalysiscanalsobeperformedo�-line, i.e. in a laboratory situated away
from the samplingsite, the air sampleshave to be collectedby meansof canistersor
adsorbent cartridgesand shipped back to the laboratory for analysis. This method is
often applied in isolatedareas[39, 40,41], and with airborne[42, 43, 44]or ship-based
measurements [45] whereit is inconvenient or impossibleto analysein-situ.
Recently, a fast GC-MS systemhas been 
o wn on an aircraft for the measurement
of C2 to C4 VOCs and methanol [46]. A fast GC-ECD systemfor in-situ measure-
ments of long-lived specieslike Chloro
uoro carbons (CFCs) and PAN in the upper
troposphereand lower stratospherehas also beendeployed on board an aircraft ef-
fectively [47]. The advantage hereby comparedto canister or cartridge sampling is
no limitation of samplesthrough volume or weight restrictions, and additionally no
possibility of changesin samplecomposition during storage.
Recently, a promising technique with a higher resolution than conventional gas
chromatography has beendeveloped and successfullyapplied in air analysis. Two-
dimensionalgaschromatography (2D-GC or GC� GC) is able to separateand clas-
sify several hundred chemical speciesof VOCs in ambient air when coupled to an
appropriate detector. Concentrations of a few ppt can be measuredand even the
separationof isomers,e.g. monoterpenes,the aromatic C2, C3, C4 and C5 benzenes,
canbe achieved [48, 49, 50]. Section2.2.1givesa detailed descriptionof the GC� GC
technique.

1.5 Summary

It has beenshown in the previous sections,that anthropogenicallyand biogenically
emitted compoundsplay a signi�cant role in the atmosphere.Although their mixing
ratios are relatively low, they can profoundly in
uence troposphericchemistry from
the local to the global scale. Their contribution to troposphericO3 production or
organic particle formation are, as well as the direct impact on living organisms,a
major current research topic. To better understand troposphericoxidation and the
future atmosphereand climate it is increasinglyimportant to quantify thesevolatile
organic species.
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2.1. BASIC PRINCIPLES OF GAS CHR OMA TOGRAPHY

2.1 Basic principles of gas chromatograph y

Gaschromatography is an analytical technique that can be usedto separatevolatile
organic compounds in a gaseousmixture and it can be used to measure such
compounds qualitativ ely and quantitativ ely. Separation is achieved by selective
retention of compounds in a separating bed as a function of their polarity, size or
vapour pressure.
A mixture of gas phasespeciesis normally separatedinside a narrow tube, called
the column. Within the column the individual components partition dynamically
between two di�eren t phases,a mobile phase,and a stationary phaseattached to
the column. The gassampleis carried by the inert mobile phase(carrier gas,such
as helium) through the column. Those components with a greater a�nit y for the
stationary phasetake longer to progressthrough the column, and gradually bands
of individual speciesform. The separatedspecieselute from the column and then
trigger a response in a detecting device situated at the end. As the gas mixture
moves through the column, the individual components of the gasmixture partition
to the stationary phase to di�eren t extents, depending on the species and the
temperature.

Fig. 2.1: Schematic set-up of a gaschromatograph system

The gaschromatographicsystemconsistsof: (1) an injector system,(2) a separation
column containing a stationary phasewith a largesurfaceareaand held at controlled
temperature, and (3) the detector, seeFig. 2.1 [51]. These parts are described in
detail below.

2.1.1 Injector

The injector servesto transfer the sampleonto the column, and various di�eren t de-
vicesmay be considered.For liquid as well as gaseoussamples,the useof a syringe
in combination with a self-sealingsilicon-rubber septum and a 
ash vapouriser port
at the headof the column is common. The column capacity expressesthe maximum
amount of solutethat canbe injected onto a columnbeforesigni�cant peakdistortion
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occurs, i.e. the peaksappear asymmetric with a leading edge. Due to the relatively
low capacity of capillary columnsmuch smaller samplesare neededthan for packed
ones,sousually a samplesplitter systemhasto be added. The samplesplitter sends
a de�ned fraction of the sampleinto the GC and has the advantage of making the
injection instantaneousand the resultant peak sharp.
Another commonmethod of injection is sampleintroduction via a rotary valve. In
this casethe sampleis 
ushed through a samplingloop valve, which is then rotated to
inject the previously
ushed volumeto beswept into the GC by the mobilephase[52].
For the gaschromatographicmeasurement of volatile organic compounds in air, the
very low ambient concentration of the compounds requiresthat a pre-concentration
step be madebeforethe samplecan be injected. One possibletechnique is via solid
phasemicro-extraction (SPME), wherethe sampleis concentrated onto a �b er coated
with an adsorbent phase,simply by exposureto the surroundingair. After sampling,
the SPME �b er is heatedand the adsorbed sampledesorbsdirectly onto the column.
In the studies performed here, the pre-concentration step is done either by passing
outside air through a small-volume adsorbent trap �lled with Tenax TA and Carbo-
graph I (on-line mode), or the samplesare collected onto separatecartridges �lled
with particulate sorbents, then subsequently thermally desorbed and refocussedon
the smaller trap (o�-line mode). The secondtrap is introducedat this stageto en-
hancethe chromatography, as the relatively large volume of elution gasrequired to
desorbthe cartridge would leadto poor analytical resolutionand low sensitivity. The
analytesaredesorbedfrom the small volumetrap by rapid heatingand aredirectly in-
jected onto the column, seechapter 2.6.3. The application of sorbents to concentrate
the VOCsis particularly useful,asother gaseslikenitrogen, oxygenor carbon dioxide
are 
ushed through without being retained. Adsorbents additionally allow focussing
of the analytesat room temperature, unlike other methods like cryofocussing,which
require temperatures down to -150� C or lower, and therefore must use expendable
cryogenssuch as liquid nitrogen.

2.1.2 Columns

The �rst columns for chromatographic separationto be usedwere packed columns.
Theseare typically madeof metal, Te
on or glass,with an outside diameter of 1/4"
(6.4 mm) or 1/8" (3.2 mm) �lled tightly with �nely divided packing material coated
with a thin layer of the stationary liquid phase. Nowadays capillary columns are
almost always preferred. Theseare more e�cien t and faster and thereforealso used
in this study. They compriseof polyimide coated fusedsilica tubing of 0.25 or 0.32
mm internal diameter. Instead of packing material, only a thin �lm of the liquid
immobilised stationary phasecovers the walls [51].
The ideal stationary phaseshould be thermally stable, chemically inert, and possess
low volatilit y and solvent characteristics. The degreeof retention and selectivity for
a speci�c compound in a speci�c column is given by the retention factor k0 and the
selectivity factor � . k0 describesthe migration rate of an analyte A on a column and
is de�ned as,
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k0
A = (tR � tM )=tM

where the retention time tR denotesthe time between injection and the analyte A
reaching the detector and tM the time taken for the mobile phaseto passthrough
the column with no interaction with the stationary phase.The ideal retention factor
for an analyte is betweenone and �v e, a k0 below one indicates a very fast elution
and a high k0 meanselution takesa long time.
The selectivity factor � describesthe separationof two speciesA andB on the column,

� = k0
B =k0

A

where A elutes faster than B and � is greater than one to guarantee separation.
The stationary phaseshould therefore be chosensuch that the compounds can be
separated,but the elution time is within a reasonabletimescale[52].

The key parameterfor columnselectionis the resolution,RS, which is usedto express
the degreeof separationbetweentwo adjacent peaks.For chromatography it is de�ned
as

RS = 2(( tR )B � (tR )A )
(wb)A +( wb)B

= 2d
(wb)A +( wb)B

where d is the distance between the peak maxima for two solutesA and B and wb

the basewidth of the respective peak A or B. If RS equals1.5, the two peaksare
consideredresolved.

The ideal stationary phaseis usually selectedafter the principle 'lik e dissolves like',
where 'lik e' refers to the polarities of the solute and the stationary phase. It can
generallybe said that the polarity of the phaseshouldmatch that of the samplecom-
ponents, i.e. non-polar stationary phasesfor non-polar hydrocarbons, polynuclear
aromatics,polychlorinated biphenyls (PCBs) etc. and a more polar stationary phase
for alcohols,esters,glycolsetc. [52].
An important factor for selectingthe proper column is the �lm thicknessof the sta-
tionary phase.Thin �lms producebetter resolvedchromatograms,whereasthick �lms
possessa higher capacity for larger samplequantities without overloading the col-
umn. A 0:25� m �lm is normally usedfor practical reasons,as the column bleed, i.e.
the background signal of the stationary phasebreaking down and eluting, is min-
imised and the 
o w rate of the carrier gascan be either fast for high speedanalysis
or slow for higher resolution. The ideal column is small in diameter to improve the
speed. Commonly used columns have an inner diameter of 0.25 mm or 0.32 mm,
which represents the best compromisebetweenresolution, speedand samplecapac-
it y. The column length usually rangesbetween25-30m, as longer columnsincrease
the analysistime and shorter columnslower the resolution of the peaks[51].
In this study, two columns with di�eren t properties were chosen. To separatethe
compoundsaccordingto their boiling points, the most widely usednonpolar columns
weredeployed (DB-1 and DB-5, 100%polydimethyl siloxane,and 95%polydimethyl
siloxaneplus5%phenyl, respectively), whereasthe polar columnsselectedfor separat-
ing the compoundsaccordingto their polarity were Carbowax (polyethylene glycol)
and BPX-50, with 50%phenyl polysilphenylene-siloxane. The nonpolar columnswere
25-30m long, with a stationary phaseof 1� m for the DB-5 and 2� m for the DB-1,
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the �lm thicknessof both polar columns was 0:1� m with a length from 1 to 3 m,
depending on the measurements conducted.

2.1.3 Detectors

The injected gassampleis carriedby the mobilephasethrough the column,migrating
betweenthe stationary and the mobile phaseuntil the separatedcomponents elute
sequentially from the column and producea signalby meansof a detector. A variety
of detectors is available to measurespeciesseparatedin the column. Theserely on
variousphysical principles of detection and theseultimately determinewhich species
can be measured.
The Thermal Conductivity Detector (TCD) is basedupon changesin the thermal
conductivity of the gasstreamcausedby analyte molecules;the Electron Capture De-
tector (ECD) is highly sensitive to moleculeswith high electrona�nit y and 'electron-
capturing' functional groups. Increasingly the Mass Spectrometer Detector (MSD)
is employed, which ionisesthe moleculesand separatesthe fractions by their mass-
to-chargeratio (m/z), by either magneticor electrical �elds. One of the most widely
used is the Flame Ionisation Detector (FID), which pyrolyses the moleculesin an
oxy-hydrogen 
ame and measuresthe current produced by the resultant ions and
electrons[51].
The FID wasselectedasmeansof detection in thesestudies. It is stable, easyto use
and robust, which are all very important factors for the use of a chromatographic
system in the �eld. It o�ers good reproducibilit y, linearity and a high sensitivity
towards combustible substancesin the air sample. As the two-dimensionalgaschro-
matographic system operated in these studies generatesnarrow peaks, a very im-
portant aspect is the high measurement frequencyprovided by the FID, which can
be operated at rates of 100 to 200 Hz. Quadrupole MS detectorsare generally un-
suitable for GC� GC as the measurement frequencyis only 10 Hz. However, a fast
time-of-
igh t MS (TOF-MS, 100-500Hz) canbe usedfor identi�cation, seesection3.
The drawback of the TOF-MS is, that it is very large and therefore lesssuitable for
transport and �eld campaigns.
Additionally , asthe signal is approximately proportional to the carbon content of the
compound burned, it is not necessaryto calibrate every compound individually, as is
the casefor an MSD. Holm et al. [53] showed, that the constant responseto carbon
atoms is causedby the conversionof theseatoms contained in the solute to methane
during the combustion process.With this, the so-calledequalper carbon rule can be
applied, and as all hydrocarbons should exhibit the sameresponseper carbon atom
(= number of carbon atoms � 1), it is therefore possibleto calibrate for example
methyl-hexanewith heptaneas a standard. However, the responsedecreasesif het-
erogenicatoms such as nitrogen or oxygen are present. By using relative response
values,obtainable in the literature for the most common analytes, it is possibleto
calculate the concentration of a known heterogeniccompound not contained in the
standard [51]. If responsevaluesare not available for heterogeneousmolecules,the
e�ectiv e carbon number, ECN, can be calculated. The contribution of various types
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of functional groups to the ECN has beenlisted in [54]. An oxygen in the molecule
for examplediminishes the ECN with 1.0 for an ether bond and 0.6 for a primary
alcohol. The ECN for decanolwould be calculatedthus as follows: 10 carbon atoms,
1 oxygen as primary alcohol = 10 � 1 + 1 � (-0.6) = 9.4.
The advantagesof the gaschromatographicseparationtechnique are quite clear: the
analysis is e�cien t, provides high resolution and a large linear range, requiresonly
small samples,and, depending on the detection technique, it is sensitive down into
the ppt region. It is alsoreliable, relatively simple, inexpensive, and suitable to char-
acterisecomplexmixtures of hydrocarbons in air.
Disadvantagesof the gaschromatographicmethod with FID are: restriction to sam-
plesthat canbe volatilised or are thermally stable. It is alsofairly di�cult to identify
unknown peaksand for this usually a GC-MSD is needed.The number of measure-
ments that can be made in a given time is limited, becauseof the time required in
the separationstep, i.e. oneper 30 to 60 minutes.

2.2 History of Chromatograph y { a short outline

Gas chromatography beganat the start of the twentieth century, when the Russian
botanist Mikhail Tswett performed the �rst chromatographic separationsof plant
pigments. He passedsolutions of compounds containing chlorophylls and xantho-
phylls over glasscolumns �lled with �nely divided calcium carbonate and achieved
their separationinto colouredbandson the column. Basedon thesephenomena,he
chosethe namechromatography from the Greekwordschroma, meaning'colour' and
graphein,meaning'to write' [52]. Interestingly his Russiansurnameis identical with
the Russian word for colour (CVET ) and one might speculate if he really meant
'colour writing' [55].
Unfortunately, the bene�ts of separating all components within a complex sample
both from the matrix and from another did not immediately get the attention it de-
served. The main goal for leadingbotanists at that time wasto isolateand crystallise
a single substanceand only few scientists adopted the processproposedby Tswett.
It wasnot until the 1930s,that chromatography wasapplied again in earnest[55, 56],
leading to the invention of partition chromatography theory and the prediction and
�nal realisation of gas chromatography in 1953 by A. J. P. Martin and R. L. M.
Synge[55].
Over the past 50 years, there has beena huge number of chromatographic applica-
tions in all branchesof scienceand industry indicating the acceptanceand importance
of gaschromatography, which has moved from packed columnsat the beginning to
capillary columnsin the late Seventies [57].
Although an excellent technique, very complexsamplesare di�cult to separateand
the peak capacity (maximum number of components placeableside by side in the
available separationspaceat the given resolution) in onedimensionis limited, over-
lapping peaksbeing the result of it and thus a lot of information contained in the
samplecan be lost.
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2.2.1 Conventional and comprehensiv e two-dimensional chromatograph y

Whereconventional chromatography failed to separatethe targetedanalytessatisfac-
torily , increasedseparationwasachievedthrough heart-cutting methods,alsoreferred
to as 'conventional multidimensional gas chromatography'. In this technique, only
selectedsmall fractions of the sampleeluting from the �rst column are transferredto
another column to undergo further separation. In Fig. 2.2, the schematic of heart-
cutting gaschromatography is shown.

Fig. 2.2: Schematic of a conventional multidimensional gaschromatograph (heart-cut)

The analytesareseparatedon the �rst columnand subsequently detectedwith detec-
tor 1. If part of the sampleis of special interest to the analyst and a better resolution
is required, it can be transferred to the secondcolumn for additional separationand
detectionwith detector2. During the analysisof the heart-cut fraction on the second
column, the succeedingsampleeluting from the �rst column is either further sepa-
rated with lessresolution on the �rst column or is dischargedthrough an outlet. The
transfer between�rst and secondcolumn is either achieved via a valve or a Deans'
switch device[58] which usesvalvelessswitching basedon pressurebalancing,so the
e�uen t can be directed in either one of two possibledirections [59]. To achieve a
good resolution on the secondcolumn (seconddimension) the samplemust �rst be
focussedon a cryotrap. This is a trapping devicecooled to subambient temperatures
with liquid nitrogen or CO2 through which gaseslike nitrogen and oxygen can pass
while the organic speciesare retained [60, 61].
An extensive application of heart-cutting chromatography wasconductedby Gordon
et al. [62], who separatedhundreds of compounds in a 
ue-cured tobacco essential
oil over a courseof 48 hours, performing 23 heart-cuts during that time. A consider-
able time reduction wasachieved seven yearslater by usingmultiple parallel working
traps, switchesand columnsinstead of just on single trap with onecolumn [63].
Heart-cut chromatography is used in various �elds. Sometypical applications are
separationsof gasolinesamples[64, 65, 66], separationof polychlorinated biphenyl
(PCBs), polychlorinated dibenzo-dioxine (PCDDs) and dibenzo-difurane(PCDFs)
isomers[67], analysisof essential oils [68], enantiomeric separationsof chiral analytes
in 
a vorsandessential oils [69], gasanalysisof pyrolytically decomposedpolymers[70]
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or, for example,the analysisof organic pollutants in environmental samples[71].
A disadvantageof the heart-cut method is that only the targetedpart of the sampleis
subjectedto further separation,whereasthe following fraction is either lost through a
vent or the separationcontinueson the �rst column with lessresolution. In addition,
the overall analysistime increasessigni�cantly by this method [72, 73].
Long analysis times, overlapping of peaksand thus lossof information justi�ed the
search for a new technique that could solve these analytical problems. And even
though it was theoretically consideredimpossibleto combine chromatographic tech-
niques[74], the conceptof separatingan entire sampleduring onerun on two columns
with completely di�eren t properties via gas chromatographic methods was applied
with success,and the new technique of comprehensive multidimensional gas chro-
matography was born.

2.3 Dev elopmen t of GC � GC

2.3.1 The GC � GC Mo dulator { Purp ose and Evolution

The di�erence between comprehensive gas chromatography and heart-cutting gas
chromatography described above is, that with GC� GC trapping time and column
separationspeedon the secondcolumn are fast enoughto analysemany heart-cuts
during the courseof a �rst-column run without losingany information of the sample.
The key element hereby is the modulator, which ensurescomplete transfer of the
e�uen t from the �rst column to the secondwhile simultaneously preserving the
original separation. The �rst column is typically a long 30 m non-polar column,
whereasthe secondcolumn is typically a short 1 m polar column. A schematic of a
two-dimensionalset-up is shown in Fig. 2.3.
The function of the modulator is to allow: (1) a trapping or accumulation of
small fractions of sample eluting from the �rst column during the �rst dimension
separationprocess;(2) the injection of the focussedsub-fraction as a narrow pulse
into the secondarycolumn [75].

Fig. 2.3: Schematic of a GC� GC chromatographic system with modulator. The two
columns are typically combined with a press-�t connector
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Usually, the modulator works at a frequencyof typically 0.1 { 1.0 Hz, focussingand
injecting in time-intervalsof a few seconds.It is key that the separationin the second
dimensionis �nished beforethe next injection. Thereforea short, narrow column is
required,giving seconddimensionchromatogramsof 30 millisecondsand peaksthree
to four modulation periods in width [76].
To obtain well structured chromatogramsand accuratelyquanti�able peaks,the set-
ting of the modulation frequency is as important as the temperature used during
trapping and releaseof the sample. The retention of a peak in the seconddimen-
sion for a longer period than the modulation time results in so-called'wrap-around
peaks',which meansthe compound doesnot elute in the expectedmodulation cycle,
but later. This primarily occurs, if the modulation time is too short, or, in other
words, if the secondcolumn is too short for the selectedmodulation period. These
wrap-aroundpeakslead to the lossof structure in the chromatogramand complicate
identi�cation. If the chosenmodulation frequencyis too long, the peaksare crowded
in the lower chromatogram part of the seconddimension,while the remaining space
is empty. It can also result in an insu�cien t resolution.
For e�ectiv e two-dimensionalchromatography, the focussingand releasingtempera-
tures of the modulator alsoplay a vital role. If the trapping is e�ected by cooling and
the temperature is very low, parts of the samplecan be retained in the modulator, if
the re-injecting hot jet doesnot pulsefor long enough. If the trapping temperature is
not cold enough,the samplecan not e�ectiv ely be retained in the modulator during
increasedoven temperaturesand the components are constantly passinginto the sec-
ond column. Both caseslead to an underestimation of the measuredconcentration,
the secondcaseadditionally producesan increasingbackground.

Many di�eren t typesof modulators have beendeveloped. One is the heatedmodu-
lator, which usesthick-�lm modulation capillary columnsto trap fractions which are
subsequently desorbed by application of heat. The other type are cooled modula-
tors, which trap the analytesvia cryogenicfocussingat the beginning of the second
column, desorption is performedby either raising the surrounding oven temperature
or by applying a stream of heated gas. A third alternative is the modulation via
multiple valve-basedmeans.

2.3.2 Thermal mo dulators

The �rst modulators successfullyusedweredual-stagethermal desorptionmodulators
(TDMs), consistingof a thin conductive metal �lm applied to the exterior of a thick-
�lm modulator column installed outsidethe oven. By passingelectricalcurrent pulses
through this metal �lm at appropriate times, the heatingand injection of the focussed
samplewas carried out. This set-up, however, was not ideal, as it was di�cult to
manufacture and not very robust, leading to unpredictableburnouts [77, 78, 79]. De
Geus et al. [80] tried to overcometheseproblems by employing copper wire coiled
around the column, but the thermal responseproved to be too sluggishand slowed
down the chromatographicanalysisremarkably.
In one approach, the modulator was constructed of two adjacent sorbent traps
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made of Silcosteeltubing �lled with Tenax TA sorbent. Fast heating is attained
by capacitive discharge power supply similar to the ones used in in-column py-
rolysis. This assembly is mounted inside a cryochamber, where either ambient
air or nitrogen is used to quickly cool the trap after the heating process [81].

Fig. 2.4: Multi-stage thermal modulator

A recently invented low cost multi-stage
thermal modulator consistsof an array of 10
successively heated segments, Fig. 2.4 [82].
A fused-silicamodulator capillary without
stationary phase is �tted into the heater
madeof stainless-steeltubing, glass-�ber in-
sulatedcopper leadsare solderedto connec-
tors attached every 10 mm of the heater
tube. To perform modulation, heat is ap-
plied via current pulsespassingthrough the
succeedingindividual segments.

Fig. 2.5: Sweeper modulation system

In 1996,Phillips et al. [83] developeda heat-
ing device where a heater element, termed
'the Sweeper', rotates over a small part of
a thick-�lm capillary column. When ro-
tating, this heater forms a hot spot trav-
eling along the modulation column, forcing
the compounds slowed down in the cooler
area inside the oven to focus, accelerate
and getting injected onto the secondcolumn
(seeFig. 2.5). As the modulator moves o�
the �rst stage,the modulation part rapidly
cools, thus accumulating the following elut-
ing compounds again until the next mod-
ulation cycle [83, 84, 85]. To releasethe
retained fraction, a temperature di�erence
betweenthe temperature surrounding the trapping capillary and the Sweeper of at
least 100� C is necessary, thus the maximum operating temperature is determinedby
the stationary �lm in the trapping column itself.

2.3.3 Valv e-based mo dulators

Di�eren tial 
o w modulation GC� GC is a modulation technique which involves a
multiple-port diaphragm valve �tted with a sampleloop to couple the primary and
secondarycolumn [86, 87, 88]. The sampleloop �tted to the high-speeddiaphragm
valve is �lled with sampleeluting from the primary column and then 
ushed into a
short transfer line leading to the secondarycolumn.
The transfer is not 100%as with most of the thermal modulation techniques, but
the authors consider it comprehensive as well, becausethe primary column e�u-
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ent is modulated throughout a complete chromatographic run at a frequencyhigh
enoughsothe primary separationcanbe retained. Approximately 80%of the sample
originally entering the primary column reachesthe detector, the rest is lost through
the column exhaustduring injection of the samplefrom the sampleloop on the sec-
ondary column [89]. In the aformentioned systemthe operating temperature of the
chromatographicanalysiswasrestricted by the maximum allowed temperature of the
valve,a newdesign,however, hasmovedthe temperature-restrictivepart of the valves
outside the oven, allowing temperaturesup to 250� C [90].

2.3.4 Cry ogenic mo dulators

Fig. 2.6: Longitudinally Modulated Cryo-
genic System (LMCS)

Fig. 2.7: Rotating modulator systemwith
CO2

Developed around the same time as
the Sweeper mentioned earlier, a further
method for GC� GC involves the trapping
of the eluting compounds at subambient
temperatures. The trapped eluent is sub-
sequently releasedby moving the cooling
trap away from the cold spot on the col-
umn to exposethe cooled part to the oven
temperature (LMCS, Longitudinally Modu-
lated CryogenicSystem,seeFig. 2.6). The
cooling is achievedby a liquid CO2 
o w, the
modulator is moved using a pneumatic sys-
tem [91, 92]. Initial problemswherethe cry-
otrap froze to the column leading to break-
ageduring the moving of the trap havesince
beenresolved.

A di�eren t modulator type wasconstructed
using two-step cryogenic trapping through
a rotating device which directs liquid CO2

onto the column. The thermal desorption
is done by coiled wire resistors spiraling
around the trapping part (seeFig. 2.7). A
metal tube is turned with a magneticactua-
tor and the CO2 is sprayed onto the column
through two nozzleswhich are solderedto
the tube in a 45� angle. During modulation,
the liquid stream is �rst directed at the up-
per heating coil, then rotated towards the
lower part of the capillary, while the upper
heating wire is heated. The releasedsample
getstrapped downstreamin the secondcold

spot and is releasedagain by turning the rotator to the original position [93].
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Fig. 2.8: Cryogenic modulation system
with two jets

During the past few years,e�orts have been
made to improve reproducibilit y and to re-
duce the risk of breaking columns by min-
imising the moving parts in the modulators
and many di�eren t mechanisms have been
developed. The solution was to use sta-
tionary cooling and heating jets. To pre-
vent break-through of the trapped solute a
pair of jets is used,seeFig. 2.8. A develop-
ment basedon this principle usespressurised
liquid CO2 as modulation coolant, the cold
spot is heated up by the surrounding oven
temperature [94].

In Fig. 2.9, the modulation scheme for a
jet-operatedmodulation systemis depicted.
The �rst cryojet upstream is turned on,
trapping the sampleeluting from the primary column in its cold spot, Fig. 2.9 A.
When this cold spot is heated up, either by turning o� the cryojet or using a hot
jet, the focussedsampleis releasedonto the secondcolumn. Meanwhile the second
cryojet upstream is switched on to prevent interferenceof the material eluting from
the �rst column with the re-injected fraction, Fig. 2.9 B. The �rst cryojet is then
switched on again and the next modulation cycle starts, Fig. 2.9 C.

Fig. 2.9: Modulation cycle for cryogenicmodulation with jets
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Fig. 2.10: Four-jet modulation design

The four-jet modulator, as used in this
study, was �rst designed in 2000. The
cold jets operate with gaseousN2, cooled
by heat exchange with liquid N2. Hot
jets are �xed orthogonally to the cold jets
and operate with either gaseousnitrogen
or pressurisedair, see Fig. 2.10 and sec-
tion 2.6.1 for further description [95, 96].
An additional improvement of this system
is the direct use of liquid N2 for the cold
jets [97, 98]. However, by introducing liquid
N2 into the chromatographic oven, the tem-
perature doesnot stay stable and removal of
the increasedamount of cool nitrogen gasis

essential.

Fig. 2.11: Single loop modulator [96]

The latest development madein this areais
the single-jet loop modulator, commercially
available since 2004. This modulator con-
sists of one cold and one hot jet, at 90 de-
greesto each other. Two-stagemodulation
is e�ected by looping a segment of the col-
umn or uncoatedcapillary twicethrough the
path of the nozzles(seeFig. 2.11).
Two spots form approximately 0.6 m apart,
depending on the size of the loop, and get
cooled, or heated, respectively, at the same
time with one jet operation. When the up-
stream cold spot is heatedup for a few mil-
liseconds,the material enters the delay loop
and getsrefocusseddownstreamasthe loop

passesthe cold jet the secondtime. The next hot pulsereleasesthe trapped material
downstreaminto the secondcolumn, while the upstreamreleasedmaterial enters the
delay loop.
This reducesthe consumption of the cooling gas to about half of that neededin
quadruple-jetcon�guration, but canalsobearthe disadvantageof an additional press-
�t connectorif a modulation capillary is usedas looping segment insteadpart of the
analytical columns[98, 99].

2.4 3-D Chromatogram generation

From the description given above, it is clear that the detector will record a sequence
of short chromatogramsemergingfrom the secondcolumn. These individual chro-
matogramsneedto be arrangedso that both dimensionsof this separationcan be
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Fig. 2.12: Generation of a chromatogram. Taken from Dall •uge et al. [75]

seen. The steps necessaryfor generating the �nal two-dimensionalchromatogram
from the raw signal output of the detector are shown in Fig. 2.12. Compoundselut-
ing from the primary column at the sameretention time are still contained in one
peak and would be detected as such if a detector was connectedto the outlet, see
Fig. 2.12A, this peak is then separatedon the secondcolumn after the modulation.
The data generatedduring a GC� GC run is seenat the detector as a linear signal
and shows the retention time and signalamplitude aswith any other one-dimensional
chromatogram. But what is detected consistsactually of a seriesof short second-
dimensionseparationsin the time-frame of the modulation performed plotted con-
tinuously, seeFig. 2.12 B. This raw data �le has to be transformed from the linear
form to a 2D-matrix array by cutting the signal output into slicesof the individual
second-dimensionchromatograms,seeFig. 2.12 C. This has beendone for the most
part with custom written software and is usually performed by slicing the output
signal accordingto the modulation period set. Thesemini-chromatogramsare then
aligned side by side with the primary retention plotted into the x-axis and the sec-
ondary retention into the y-axis direction. The visualisationof the third dimensionis
usually carried out by using colours,shadingsor contour lines to indicate the signal
intensity, Fig. 2.12 D. For clarity, a three-dimensionalplot is shown in Fig. 2.12 E
showing the signal intensity plotted into z-axis direction [75, 100].

An advantage of GC� GC over conventional gas chromatographyis a much higher
peak capacity, which is usually seenin an improved separation of analytes in the
samplefrom each other and from interfering matrix substancesinto the seconddi-
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mension.A further advantage is the better detection limit and the sharper peaks.
Also, if proper orthogonalconditions are used,i.e. the two columnsprovide indepen-
dent separation mechanismsby di�eren t stationary phasecoatings, the chemically
related substancesshow orderedstructures. This can facilitate group-type analysis
and enablethe tentativ e identi�cation of unknowns. The grouping of the compound
classescan be seenparticularly in the sampleof a light cycleoil (Fig. 2.13) [75]. An-
other main advantage can be found in the reproducibilit y of retention times in both
directions, which is typical for every compound and usually changesonly slightly if
the analytical conditions remain constant [101]. An examplefor constant retention
time and structure is depictedin Fig. 2.14,wherethe calibration gasshows the same
structure as the air sampleand the classi�cation of already identi�ed VOCs can be
done easily. An intralaboratory study conductedwith an LMCS modulator on the
reproducibilit y of peak positions revealeda standard deviation of 0.2% in the �rst
and 1% in the seconddimensionfor the run-to-run repeatability. The day to day re-

Fig. 2.13: Two-dimensionalchromatogram of a light cycle oil [75]

Fig. 2.14: Chromatograms of a standard (left) and a real air sample(right).
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peatability showed that most components elute within plus or minus onemodulation
period in the �rst dimension [101]. It can be concluded that for a given column
set highly reproducible results are possible, which can be con�rmed in the work
completedin this study with a four-jet cryogenicmodulator.

2.5 Applications of GC � GC

Two-dimensionalgas chromatography has, despite being only recently developed,
already been applied in many �elds. Without doubt, its major application has
beenin the �eld of petrochemistry, such as group-type characterisation [75, 84, 102,
103, 104, 105, 106, 107], biomarker identi�cation [108] and target compound analy-
sis [109, 110, 111].
The 
a vour and fragrancesectoris alsostrongly involved in GC� GC research, mainly
in the area of essential oil analysis[112, 113, 114, 115, 116, 117, 118, 119, 120, 121,
122], quality control development [123] or trace analysisof 
a vours in food [124]. The
technique is very suitable for environmental investigationsof the complexmixture of
volatile organic compounds in air [48, 49, 50, 125, 126], oil spill sourceidenti�ca-
tion [102], polycyclic aromatic hydrocarbons and polychlorinated biphenyls in food,
water, sediments etc. [75, 127, 128, 129, 130, 131, 132, 133], sterols in water [134],
steroids in algae[75] and aerosolmeasurements [135, 136]. Pesticideanalysisin dif-
ferent matricesis alsopro�ting from the application of the system[79,137, 138, 139].
Its high potential in unravelling complexmixtures of fatt y acidsin biological samples
hasalsobeendemonstrated[140, 141].
Recently, comprehensive gaschromatography has beenusedfor the characterisation
of roastedco�ee beansby Mondello et al. [142], cigarette smoke in general[143], as
well as the acidic and basicfractions of cigarette smoke [144, 145]. Progresshasalso
beenmadein the areaof doping control and generaldrug screening[146, 147].

With the increasingpopularity of two-dimensionalgas chromatography, the recent
emergenceof commercially available two-dimensionalgaschromatographswith dif-
ferent detectorslikeFID, ECD or TOF-MS (LECO, M•onchengladbach, Germany and
Thermo Electron Corporation, Dreieich, Germany), the simpli�cation for handling
the hardware and the availabilit y of intelligible software, the variety of applications
can be expected to grow in the future and make its entry into routine laboratory
work in the �elds of research and industry.

2.6 GC � GC-FID system

The GC� GC-FID systemapplied during this study is described here. The system
consistsof a thermodesorptionunit connectedto a gaschromatographcon�gured to
allow two dimensionalseparationvia the four jet systemdescribed in chapter 2.3.4.
The chromatograph is equipped with a Flame Ionisation Detector (FID) operated
at 100 Hz. Two alternative sampling methods were used for trapping the volatile
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organiccompounds(VOCs): thesewerethe thermodesorptionunit directly (on-line)
for ground-basedcampaignsand laboratory work or indirectly by cartridgesthat are
desorbed later. A schematic drawing can be seenin Fig. 2.15,a picture of the system
is shown in Fig. 2.16.

Fig. 2.15: Two-dimensional gas chromatograph with the thermodesorption system for on-
line sampling

Fig. 2.16: Picture of the GC� GC system in the on-line sampling mode
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2.6.1 Tw o-dimensional Gas Chromatograph (GC � GC)

The two-dimensionalgaschromatographic(GC� GC) systemusedcomprisesof a gas-
chromatographGC6890with a 
ame ionisation detector (FID) (Agilent, Wilmington,
DE, USA) and quad jet modulator (Zoex, Lincoln, NE, USA).
The chromatographic system is controlled by the ChemStation software (Agilent,
Wilmington, DE, USA), the GC� GC modulation is controlled and synchronisedwith
the GC via the multipurp oseprocesscontrol module V25 madeat the Max-Planck-
Institute for Chemistry (Mainz, Germany). This pulse generator is linked with the
GC to permit consistent synchronisation betweenthe modulator, the thermodesorber
and the start of the GC run without drift in the seconddimensionretention, which
is critical to the reproducibilit y of chromatograms. Additionally , the controlling se-
quenceprovided by the V25 for the di�eren t jets is crucial to prevent breakthrough
causedby the upstreamhot jet pulsing too long or incompletereleaseof the trapped
analyteswith hot jets pulsing too short.
The starting signal is given by the software of the thermodesorbingsystemso both
the acquisition of data from the 
ame ionisation detector (FID) and the start of the
modulation are triggered with the beginning of the injection of the sampleonto the
column. The inside of the GC oven with the two-dimensionalcon�guration is shown
in Fig. 2.17. The four-jet type modulator usedin thesestudiesallows rapid cooling
and heating of the column (Zoex, NE, USA). It comprisesof two parallel cold jet
tubesat a distanceof 80 mm and two parallel hot-jet tubesat a distanceof 110mm
placedorthogonally to the cold jets, seeFig. 2.18 and 2.19. The cold jets are oper-
ated with gaseousnitrogen at approximately -50� C, the temperature being reached
via conductive cooling, i.e. gaspassingthrough copper tubing bundled insidea dewar
�lled with liquid nitrogen. To keep the gas temperature as low as possibleand to
minimise condensationof ambient water vapour, it is transported to the jets in an
evacuatedouter casing. The hot jets operate with pressurisedair at 2.5 bar, heated
inside the GC oven directly at the tube outlet to temperatures> 200� C.
The modulation is performed on the second,polar column, about 10 cm from the
connectionwith the �rst non-polar column. The columnsare connectedwith a deac-
tivated fusedsilica Press-Tight Connectorsealedwith polyimide glue(RestekGmbH,
Bad Homburg, Germany).
The �rst segment of the short polar column, about 25 cm, is subjected to the GC
oven temperature just as the primary column, whereasthe main part of the second
column is isolated inside a small secondoven. This oven is insulated and its temper-
ature can be regulated separatelyfrom the GC oven by the ChemStation software.
At the end of each run this oven is cooled by gaseousnitrogen to the required start-
ing temperature. An approximately 10 cm long end segment of the column is again
exposedto the air of the main oven beforeit enters the FID.
The FID is set at a temperature of 300� C, with a carrier gas 
o w (helium 6.0,
99,9999%,Messer-Griesheim,Krefeld, Germany) of 30 ml min� 1, and a makeup gas

o w (synthetic air, MesserGriesheim,Krefeld, Germany) of 400ml min� 1. The com-
bustible gasusedis hydrogen5.0 (99.999%,Messer-Griesheim,Krefeld, Germany) at
a 
o w of 30 ml min� 1. The data acquisition rate is set at 100Hz.
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Fig. 2.17: View inside the gaschromatograph oven

Fig. 2.18: Schematics of the jet design

Fig. 2.19: Close-upview of the modulator
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Modulation periods as well as column con�guration and temperature programsare
described in the individual sectionsof the experiments.

2.6.2 Thermo desorption System

Sinceconcentrations of VOCs in the atmosphereare in low ppbV (10� 9) and pptV
(10� 12) levels,a pre-concentration step is required in order to permit detection. This
pre-concentration can be done either by cryogenicfocussingwith liquid nitrogen or
CO2, absorption in a liquid or by adsorbingthe analyteson a suitable material.
Even though cryofocussingand absorptionhave the advantageof producing lessarte-
facts, the adsorption and thermal desorptionmethod was favoured as the sorbent is
contained inside a small tube and can be easily transported and operated even at
remote sites or in aircrafts. Additionally , the chosenadsorbent bedsTenax TA and
Carbograph1TD are suitable for the target compoundsin the C6 to C14 range. This
regionis of interest, asthe chemicalcomplexity is high and many isomericcompounds
can be found.

2.6.3 Thermodesorber Unity

On-line mode

If the measurements aredoneon-line, the sampledair is drawn with a smallmembrane
pump at a rate of 50ml min� 1 through the sampleentranceand concentrated directly
on the cold trap.

The main and most important feature of the thermodesorber 'Unity ' is the cold
trap which concentrates and focussesthe analytes in a low volume accordingto the
preset conditions. The cold trap is a quartz tube �lled with a 2 mm diameter �
60 mm long bed of sorbent, hereTenax TA and Carbograph I, supported by quartz
wool. The sorbent bed can be cooled down with a 2-stagePeltier cell to -10� C in
ambient temperaturesof up to 30� C. In the on-line sampling mode the trap was set
to higher temperatures (10� C at MINATROC, 25� C at HOHPEX) to prevent the
freezing out of ambient water vapour in the trap and the subsequent interference
during measurements. Test runs with a Na�on dryer were completedbut found not
to be suitable due to the lossof somecompounds[50].
After concentrating the target analyteson the cold trap, the trap oven heats fast to
the set desorption temperature. During the �rst critical stageof the desorption, the
rate can reach heating rates in excessof 60� C sec� 1.
The trap is operated in back
ush mode, meaning the samplegasenters and leaves
the cold trap through the samenarrow-bore end. It is possibleto usea seriesof 2
or 3 sorbents with increasingstrength in the trap to capture compoundsof di�eren t
rangesof volatilit y. In sodoing, the high boiling compoundsare retained by the �rst
weaksorbent and quantitativ ely desorbed without ever getting into contact with the
stronger sorbents for the lower boiling compoundsbehind.
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Desorbing the sample from the cold trap can be done in the non-split or the split
mode. With the non-split method, the whole sampleis desorbed and injected onto
the column. In the split mode, a fraction of the sample can be re-collectedwith
another sample tube and analysedagain, or the split air can be vented through a
charcoal �lter to the laboratory environment. To achieve good peak shapeswithout
tailing and avoid overloadingof the analytical column, the sampleinjection is usually
carried out in split mode. A high sample split is helpful to transfer the trapped
analytese�cien tly from the trap without exceedingthe column capacity.
The thermodesorber is connectedto the gaschromatographwith the chromatographic
column inserted into a PTFE 
exible tube embeddedin an insulating silicone foam
transfer line, heatedto a temperatureof 140� C over its entire length with a distributed
heater and heat conduction from the GC oven. At the beginning of this 1 m long
transfer line, the column is connectedwith a push �t coupling to the heatedvalve of
the thermodesorber, which itself functions as connectingunit betweenthe cold trap
and the column. The transfer line enters the GC oven via the unusedback injector
port.

O�-line mode

If the samplingis doneo�-line, i.e. onto cartridgeswhich are analysedlater, the ana-
lytes canbe desorbed from the samplingtube usingthe two-stagethermal desorption
method with the autosampler(seesectionAutosamplerAccessoryUltra), or it canbe
inserted and desorbed in the thermodesorber itself. To extract the analytesof inter-
est retained on the sorbent bed of the cartridge tube during the primary desorption
step, the tube is heatedand purged with an inert gas(helium 30 sccm)and the des-
orbed analytesare subsequently refocussedon the small volume cold trap described
previously.
The tube is inserted directly into the sampletube desorption oven upstream of the
cold trap and sealedwith Viton O-rings into the sample 
o w path. Behind each
O-ring a porousPTFE �lter is placedto prevent contamination of the interior tubing
with high boiling sample material or sorbent particles. The tube desorption oven
can be used at any temperature desired, although it has to be kept in mind that
the desorption temperature of the sampletube should be lower than the maximum
recommendedtemperature of any sorbent used and should not exceedthe highest
temperature set during the chromatographic run.
The desorption oven heatsup rapidly with approximately 100� C min� 1 at the start
of desorption to the required temperature and afterwards cools down from 300� C to
50� C within 10 minutes.

2.6.4 Air Server / MassFlow Controller Accessory

An integrated mass
o w controller accessory, named 'Air Server', can be used for
collecting whole air/gas samples,e.g. air sampleddirectly or from canistersand is
controlled by the thermodesorber software. It contains an electronic mass
o w con-
troller, switching valves and link tubing to interface to the thermodesorber Unity.
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The empty link tube is inserted into the sampleoven of Unity. The on-line sampling
unit hasthree inlet ports which canbe usedfor standard, blank and on-line sampling
or for three di�eren t samplingentrances.
During the sampling phase,air is pumped in and distributed from the Air Server
directly into the cold trap from the thermodesorber. Stripped of the target VOCs,
the gas exits the cold trap and re-enters the mass
o w controller, where the exact

o w is measuredand thus the exact volume can be calculated.

2.6.5 Autosampler AccessoryUltrA

An extensionto the systemdescribed above is an autosampler(UltrA ). This allows a
sequenceof analysesto beperformedwherethe primary tubedesorptionprocesstakes
place starting from there. The capacity of the autosampler is 100 standard tubes,
which can be desorbed with di�eren t temperature programsand sampling order as
necessary.
The analytesare desorbed from the individual sampletube and swept in the carrier
gasstreamthrough heatedand inert connectiontubing directly onto the cold trap of
Unity. The connectionis createdvia an empty link tube, which is similar to the one
usedin the Air Server/ Unity con�guration, except that the whole 
o w path from
the cartridge to the cold trap is heatedto guarantee no sampleloss.

2.6.6 Samplecartridges

The thermodesorber applied in thesestudiescanalsobe usedwith industry standard
steelor glasssampletubes(89 mm � 6.4 mm O.D, 5 mm I.D).
For the identi�cation processdescribed in chapter 3, MarkesSilcosteelSafeLokcar-
tridges (MarkesInternational, Pontyclun, UK) with two di�eren t sorbents wereused.
The sorbents are retained in the cartridge with stainlesssteel gauzesand di�usion
locking inserts, which impededi�usion in and out of the tube during storage. The
di�usion locking technology (seeFig. 2.20) consistsof an insert with a thread cut on
the outside to lengthen the migration path of gasto the sorbents. This signi�cantly
reducesrisk of contamination due to poorly �tted or loosebrasscaps. Additionally
there is no ingressof volatiles from lab air during capping and uncapping and fur-
thermore it is possibleto carry out long-term pumped sampling at 
o w rates lower
than 1 ml min� 1.

The tubeswere closedusing brasscapswith PTFE ferrules to further diminish the
risk of migration from contaminants outside the cartridge during storage or after
cleaning.
Di�Lok caps(Markes International, Pontyclun, UK) with Viton O-rings have to be
usedduring analysiswith the autosamplersystem. Thesecapsaredesignedto provide
an e�ectiv e tube sealuntil pressureis applied and the gasstarts 
o wing, thus also
limiting di�usion from or onto the sorbents to a minimum.
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Fig. 2.20: Samplecartridge

The application and the results obtained with the described thermodesorp-
tion / GC� GC-FID systemare shown in the following chapters 3 to 5.
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3.1. INTR ODUCTION

3.1 In tro duction

From the GC� GC plots shown in Fig. 2.13 and 2.14 on page 30 it is clear that
this powerful separationtechnique can reveal a multitude of peaks. The identi�ca-
tion of unknown compounds from such a plot using solely an FID is very di�cult,
for although the �rst and seconddimensionprovide information about boiling point
and polarity, unequivocal compound identi�cation can be only achieved by injection
of each individual substance. This slow and labour-intensive processcan be short-
enedwith the aid of massspectrometric detection, sincethe obtained massspectra
of unknown analytes can be comparedto spectra already stored in a massspectral
database.However, oncethe peakshave beencharacterised,the samecolumn set can
be attached to the FID, which is easierto calibrate.
Quadrupole massspectrometerscan be applied for this identi�cation, although their
usefulnessfor GC� GC is limited by the detector frequencyof ca. 10 Hz. This is an
important aspect, sincethe peak widths generatedby GC� GC chromatography are
usually betweenonly 100-600ms at the base,and a scanningspeedof approximately
0.5 s producesunsatisfactory results [117]. A time-of-
igh t massspectrometer cou-
pled to the GC� GC provides the fast acquisition rate needed,with scanspeedsup
to 500full spectra per secondit is ideally suited to identify peaksin GC� GC. Indeed
it has beensuccessfullyused for the purpose[75, 109, 138, 143, 148, 149, 150]. In
the order to improve on the separationprovided by the original column set (DB-5
and Carbowax), a new set of columns(DB-1 and BPX-50) wascharacterisedusing a
GC� GC-TOF/MS.
Samplesfrom environments consideredof interest for future study aswell asstandard
mixtures were analysedto determineretention times of a wide rangeof compounds.
Cartridge samplestaken in Pragueadjacent to a busystreet wereusedto characterise
urban anthropogenicallyin
uenced air, while samplestaken from a eucalyptusplan-
tation, pine and mixed forest, respectively, represented terrestrial biogenicemissions.
Several plankton cultureswith di�eren t ageswereusedto characteriseemissionsfrom
the marine environment. The di�eren t samplestypesare listed in Table 3.3.

3.2 Exp erimen tal setup

The multi-dimensional gaschromatographic systemusedhere for the identi�cation
of VOCs with a new column con�guration consisted of the 
o w-controller Air
Server, the multi-tub e autosampler UltrA and the thermal desorption unit Unity
(all three Markes International, Pontyclun, UK) described in section 2.6.2. They
were connected to a gas-chromatograph (GC6890N, Agilent, Wilmington, DE,
USA) equipped with modulator and secondaryoven (Leco, St. Joseph,MI, USA).
Detection was performed with a PEGASUS II I time-of-
igh t mass spectrometer
(Leco). The thermodesorption devices and the starting signal for the GC were
controlled by the software provided by the manufacturer of the thermodesorber
system (Markes). Both the gas chromatograph and mass spectrometer were
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controlled by the software packageChromaTOF (Leco, St. Joseph,MI, USA) which
enabled instrument control, data acquisition, processingand peak deconvolution.
Modulation was conductedon the secondarycolumn via a quad jet system similar
to the one described in the section before, providing two liquid nitrogen cooled
cold jets and two hot jets heated by resistively heated compressedair. The �rst
and second columns were connected with a deactivated fused silica Press-Tight
Connector sealedwith polyimide glue (Restek GmbH, Bad Homburg, Germany).
The secondaryoven is constructed for easy installation of the short column and is
controlled independently from the �rst oven by the software.

Desorbing Data
Desorption Prepurge: 4 min

Desorption: 250� C, 5 min (Tenax TA/Carb ograph I)
Flow Path: 200� C

Analysis data
First column DB-1, 30 m, 0.32 mm I.D., 2� m �lm

35� C, hold 0.2 min, 4� /min to 250� C, hold 10 min
Secondcolumn BPX-50, 1 m, 0.1 mm I.D., 0:1� m �lm

40� C, hold 0.20 min, 4� /min to 255� C, hold 10 min
Analysis time 60 min
Modulation 3 sec,four-jet system (Zoex, USA), nitrogen-cooled

Tab. 3.1: Sampling, desorption and analysis data for the GC� GC TOF-MS identi�cation

Sample Lo cation Volume
Phaeocystis gl. old Lab/NL Headspacegrowth 
asks 1.0 L
Phaeocystis gl. young Lab/NL Headspacegrowth 
asks 1.0 L
Pseudonitzschia sp. Lab/NL Perspex cuvette 1.0 L
Ectocarpus sp. Lab/NL Headspacegrowth 
asks 0.4 L
Emiliania hux. Lab/NL Perspex cuvette 0.4 L
Room Air Lab/NL Laboratory 1.0 L
Prague Air Czech Rep. Ambient air 2.7 L
E. camaldulensis Australia Cuvette outlet 9.4 L
Mixed forest Tenerife Ambient air 3.0 L

Eucalyptus, leaftrees
Pine forest Tenerife Ambient air 3.0 L

Pine trees, shrub
Calibration gas Apel-Riemer, CT, USA 0.5 L

Tab. 3.2: Sampling details of the cartridges analyses

The �rst dimension column used was a nonpolar 100%dimethylpolysiloxane DB-1
(30 m, 0.32mm I.D., 2� m �lm, Agilent, Waldbronn, Germany), the seconddimension
columna polar 50%phenylpolysiloxan BPX-50 (1.5 m, 0.1mm I.D., 0:1� m �lm, SGE
Deutschland GmbH, Darmstadt, Germany). About 1 meter of the DB-1 column was
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embeddedin the heatedtransfer line from the thermodesorber to the gaschromato-
graph. Circa 20 centimeters of the secondcolumn connectedthe gaschromatograph
with the massspectrometer. The recordedmassesrangedbetween35 and 500 amu,
the acquisition rate was200spectra per second,the detector voltagewasset to 1800
Volts. The analysistime was 60 minutes.

Sampleswere taken using standard Silcosteeltubes (Markes International, Ponty-
clun, UK) packed with the sorbents TenaxTA and Carbograph1TD. The tubeswere
closedby brassscrewcapsincluding PTFE ferrulesduring storageand with Di�Lok
capsduring analysis.
In order to map the two dimensionalseparationspaceas extensively as possible,air
samplesweresampledfrom a wide rangeof environments. Marine biogenicemissions
wererepresented by plankton culture samples,terrestrial biogenicemissionswere in-
ter alia taken from eucalyptusforestsand Pragueair was usedas representativ e for
urban anthropogenicair. Storing times for the pine and mixed forest sampletaken
on Tenerife were roughly 8 months, for the eucalyptus sampleof Australia 3 to 4
weeks, for the plankton samplesabout 2 weeksin plastic bags, which were in an
isolated box in the fridge. The samplesof Prague air were analysedimmediately
after the sampling. Details about the sampling and analysesare given in Table 3.2
and Table3.1, respectively. The measurements wererecordedusing the ChromaTOF
software (Leco). This software usesa deconvolution algorithm to separatepartially
co-eluting peaks and then comparesthe massspectra obtained to the NIST mass
spectra library (National Institute of Standardsand Technology, Gaithersburg, MD,
USA). The reports given here include the name of the tentativ ely identi�ed com-
pound, formula, the similarit y, retention times in both dimensions,signal to noise
ratio (S/N), and probability. Several thousandsof peaksweredetectedin each mea-
surement and quality assurancefor identi�cation wasachievedby selectingonly peaks
with a mass-spectral match higher than 900(90%) and a S/N ratio higher than 1000.
Each spectrum was checked, comparedto the suggestedspectrum of the library and
then either discardedor approved.

Retention indices(RI) for the �rst dimensionwerecalculatedusing the formula

RI x = 100�
�

RTx � RTn
RTn +1 � RTn

+ n
�

with RI x as retention index of the compound x, n as carbon number of the last
n-alkane eluting beforecomponent x, RTx , RTn and RTn+1 are the retention times
of component x, the precedingn-alkane with the carbon number n, and the next n-
alkanewith the carbon number n+1, respectively. Sinceoctanecouldnot beseparated
from the cyclotrisiloxane artefact producedby the column, the retention time of the
artefact was usedto calculate the RIs for compoundseluting beforeor after octane.
A procedureto obtain seconddimensionretention indicesemploying polar fatt y acid
methyl esters(FAME) or alcoholshasbeenreported recently [151, 152], but wasnot
performedin this work.
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3.3 Results and discussion

During the identi�cation process,a multitude of peakswas discovered. Fig. 3.1 on
page47 shows a selectionof the speciesidenti�ed in this study. Included are: the
alkanes; 2-alkanones;biogenic compounds; a selection of compounds containing a
heteroatom; and aromatic compounds. Closeexamination of the plot reveals, that
compounds of the samechemical classor family are aligned in the chromatogram.
This can aid the identi�cation of peaks. Some(artefact) peaksare also present in
every chromatogram again aiding orientation and identi�cation, although in some
casestheseoverlap with targeted species. In this con�guration for example,octane
overlapswith hexamethyl-trisilo xane,a degradationproduct of the primary column.
The density of peaksrevealedby the GC� GC separationemphasisesthe high proba-
bilit y of interferencesduring analysiswith a one-dimensionalGC. Either more selec-
tiv e detectorsor more sophisticatedseparationmethods such asGC� GC are clearly
neededfor the analysisof ambient air.

Urban anthrop ogenic emission samples
Ambient Air Prague/Czech Republic

Terrestrial biogenic emission samples
Eucalyptus camaldulensis Australia
Mixed forest (Eucalyptus, leaftrees) Tenerife
Pine forest (Pine trees, shrub) Tenerife

Marine biogenic emission samples 1

Phaeocystis globosayoung2 Lab
Phaeocystis globosaold3 Lab
Pseudonitzschia sp. Lab
Emiliania huxleyi Lab
Ectocarpus sp. Lab
Room Air Lab

Standard
Calibration gas Apel-Riemer, CT, USA

1 University of Groningen Culture Collection; courtesy J. Stefels
2 cells growing
3 cells mostly dead and decomposed

Tab. 3.3: Various samplesusedfor the identi�cation of VOCs

Table 3.4 lists a selectionof the VOCs identi�ed in the samples.The completetable
with identi�ed compounds is alphabetically listed in Appendix A.2. In addition to
retention indices in the �rst dimension,retention times in both dimensionsand the
samplecontaining the speciesare given.
To be included in the table and to be considered'identi�ed' the massspectra had to
satisfy speci�c criteria. First of all, the mass-spectral match, i.e. the similarit y be-
tweenthe massspectra of the tentativ ely identi�ed compound and the massspectra
of the NIST library, had to be higher than 800. Compoundswith a lower similarit y
were discarded. A secondcriterion was the signal-to-noiseratio, which had to be
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higher than 1000. To further eliminate the risk of false identi�cation, the boiling
points of all compoundswere consultedand comparedto their position in the chro-
matogram.
Several compounds could only be identi�ed in the biogenic samplestaken in the
forestsor directly from certain trees. A distinctive emissionof eucalyptustreesis eu-
calyptol. Accordingly, this compound was identi�ed in the E. camaldulensissample,
but also in the mixed forest containing a large number of eucalyptus trees. Inter-
estingly, 2-coumaranone,an aldehyde of benzofuran,was found in all forest samples,
whereasthe terpenesabinenewas only identi�ed in the mixed forest sample. Many
terpenoidspecieswerenot only found in the ambient forest,but alsoin the planktonic
samplesand in the freshly collectedPragueair. The presenceof � -pinene,verbenone,
camphor, norinone, limoneneand camphenein the urban samplewas attributed to
springtime emissionsfrom treeswithin the city.
An unexpected�nding was,that many of the plankton speciesemitted terpenes,with
� -pinene, limoneneand verbenonebeing the most proli�c. Ectocarpus sp. seemsto
be the speciesproducing the widest variety of terpenes,including � -pinene, which
was also present in the mixed and pine forest samples;and cardenewhich was also
found in E. camaldulensis.
6-methyl-5-hepten-2-one(6-MHO) and 6,6-dimethyl-5,9-un-decadien-2-one(geranyl
acetone) are reported to be degradation products of an ozone/vegetation reac-
tion [153]. However they were also detected in the plankton samples,which were
grown in controlled chamber environments that are supposedto not contain ozone.
6-MHO also appearsin the outdoor forest samples,while geranyl acetonewas iden-
ti�ed both in urban air and the eucalyptustree sample.
Curiously, plankton havebeenshown hereto emit many unusualheterogeneousVOCs
containing nitrogen and oxygen including 2-furanmethanol, 2-butyl-furan, benzofu-
ran, chloromethyl-oxirane and benzylnitrile, aswell asunmethylated and methylated
alkanenitriles. Emissionsof the related compound acetonitrile might explain the
highly variable acetonitrile 
uxes measuredin the Tropical Atlantic [154]. To date it
hasbeensupposedthat oceansarepredominantly a sink for acetonitrile [155]. Sulfur-
containing specieslike DMS (Dimethyl sul�de) and DMSO (Dimethyl sulfoxide) were
expected basedon previous measurements [156] and also identi�ed. Carbon disul-
�de, THF (tetrahydrofuran), other furans and pyrazine werenot only determinedin
di�eren t plankton samples,but also in anthropogenicallyin
uenced urban air.
Dimethyl trisul�de was identi�ed both in the plankton E. huxleyiand the Pragueair
sample,with a higher concentration in the former. This compound is associated with
microbial growth [157] or aromastudiesof foods [158, 159, 160, 161] and hasnot been
reported beforein environmental samples.The sulfuric compoundsdimethyl sulfone
and dimethyl sulfoxide, identi�ed only in the plankton, was found in a recent study
in Cheddarcheese[161].
Apart from the biogenicallyemitted terpenesand the aforementioned VOCs, the ur-
ban Pragueair sampleshows typical aromatic and aliphatic anthropogenicallyemit-
ted compounds. Characteristic are benzene,toluene, ethylbenzene,dimethyl- and
trimethylbenzenes,as well as alkanesfrom pentane to tetradecane[4]. Thesesame
compoundswere also present in the biological samplesalbeit at very low concentra-
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tions. For many VOCs it is therefore not possibleto assignthem uniquely to one
emissiontype. The aromatic toluenefor example,usually allocated to anthropogenic
emissions,was unexpectedly found in someof the phytoplankton samples. Toluene
originating from plants has beenpreviously observed in a study on emissionsfrom
stressedsun
ower and Scotspine [162]. Measurements of blank samplesshowed no
indication of any of thesespeciesasa contaminant in the analytical systemand emis-
sions can be attributed to the stated sources. A further example is the family of
heterogeneouscompounds like benzonitrile, benzothiazoleand furfural, which have
not only beenfound in the plankton samples,but also in the urban and forest air.
An interesting group are the alkylated dihydro-2(3H)-furan-ones,which have been
identi�ed in the analysedurban air, plankton, and to someextent in the E. camald-
ulensisand pine forest samples.This homologousseriesof compoundshasalsobeen
identi�ed previously in the Algiers/Algeria city area[163].
Chlorinated compoundssuch as chloroform, methylene chloride, 1,2-dichloro-ethane
and CFC-113 (1,1,2-trichloro-1,2,2-tri
uoro-ethane) were found on occasionsfrom
plankton and urban air. Carbon tetrachloride and chlorobenzenewere detectedad-
ditionally in the mixed forest, and the eucalyptussample,respectively.

The main objective of this study was to obtain retention times for a rangeof species
interesting for future measurements of ambient air applying the GC� GC-FID. The
range of compounds revealedduring the identi�cation processshowed the potential
of applying this analytical technique in variousenvironments. The variety of emitted
VOCs is largest in the plankton samples,although many of the specieshave also
beendetectedin urban air. Many compoundsthus far not associated with plankton
emissionshave been discovered in this study. Further work is however neededto
quantify the compound 
uxes to determinetheir impact on the marine environment.
Although now identi�ed, further work will be required to ascertain these biogenic
emissionsquantitativ ely.
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Fig. 3.1: Retention map of the identi�ed compounds
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Alk anes

Pentane 500.0 � � � � � � �
Hexane 600.0 � � � � � � �
Heptane 700.0 � � � � � � � � �
Nonane 900.0 � � � � � � � � �
Decane 1000.0 � � � � � � � � �
Undecane 1100.0 � � � �
Dodecane 1200.0 � � � � � � � � �
Tridecane 1300.0 � � � � � �
Tetradecane 1400.0 � � �

Aromatics

Benzene 652.2 � � � � � � � � � �
Toluene 752.3 � � � � � � � � �
Ethylbenzene 847.9 � � � � � � � � �
Benzene,1,4-dimethyl- 856.3 � � � �
Benzene,1,3-dimethyl- 859.2 � � � � �
Benzene,propyl- 950.7 � �
Benzene,1-ethyl-3-methyl- 957.5 � � � �
Benzene,1-ethyl-4-methyl- 961.3 �
Benzene,1,3,5-trimethyl- 965.0 � � � � �
Benzene,1-ethyl-2-methyl- 977.3 � � � � � �
Benzene,1,2,4-trimethyl- 991.6 � � � � �
Benzene,1-methyl-2-(1-methylethyl)- 1022.4 � � � �
Benzene,1,2,3-trimethyl- 1022.0 � � � � �
Benzene,1-methyl-3-(1-methylethyl)- 1074.1 � �
Benzene,1,3-bis(1-methylethenyl)- 1270.1 � � �
Benzene,1,4-bis(1-methylethenyl)- 1303.7 � �

Terp enes and
biogenic comp ounds

Cardene 879.9 � � � �
Sabinene 978.0 �
� -Pinene 944.1 � � � � � � � � �
Camphene 960.4 � � � � � � �
� -Pinene 987.6 � � �
Limonene 1033.8 � � � � � � � � �
Eucalyptol 1035.5 � �
Norinone 1131.2 � � � � �
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Camphor 1147.6 � � � � � � �
Verbenone 1205.4 � � � � � � � �
5,9-Undecadien-2-one,6,6-dimethyl- 1424.7 � � � � � � � �
(geranyl acetone)
5-Hepten-2-one,6-methyl- 964.3 � � � � �
(6-MHO)

Nitrogen containing comp ounds

Propanenitrile 538.8 � � � � � �
Propanenitrile, 2-methyl- 592.1 � � � �
Butanenitrile 634.4 � �
Butanenitrile, 2-methyl- 691.3 � � �
Butanenitrile, 3-methyl- 696.2 � � � �
Pyrazine 708.7 � � � �
Pentanenitrile, 4-methyl- 792.7 � � � �
Hexanenitrile 832.1 � �
Benzonitrile 957.6 � � � � � � � � �
Benzyl nitrile 1102.9 � � � �

Oxygen containing comp ounds

Furan 493.7 � � � �
Furan, 2-methyl- 593.5 � � � � � � �
Furan, tetrahydro- 615.4 � � � � � � �
Furfural 789.7 � � � � � � � �
2-Furanmethanol 811.7 � �
2(5H)-Furanone 855.0 � � � � � �
2-Butyl furan 879.1 � �
2(3H)-Furanone, dihydro-5-methyl- 909.3 � � � � � �
2(5H)-Furanone, 5,5-dimethyl- 914.5 � � �
2(5H)-Furanone, 3-methyl- 935.6 � � �
Furan, 2-pentyl- 982.3 � � � � � � � �
Benzofuran 990.3 �
2(3H)-Furanone, dihydro-5-ethyl- 1014.9 � � � � � � � �
2(3H)-Furanone, dihydro-5-propyl- 1119.0 � � � � � �
2-Coumaranone 1209.9 � � �
2(3H)-Furanone, dihydro-5-butyl- 1227.8 � � � � � �
2(3H)-Furanone, dihydro-5-pentyl- 1335.2 � � � �

Chlorinated comp ounds

Methylene Chloride 514.5 � � �
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Ethane, 1,1,2-trichloro-1,2,2-tri
uoro- 524.3 � � � �
Chloroform 602.2 � � � � � � �
Ethane, 1,2-dichloro- 626.5 � � �
Carbon Tetrachloride 657.6 � � � � � �
Oxirane, (chloromethyl)- 691.8 � �
Benzene,chloro- 827.3 � � � �
Benzene,1,3-dichloro- 1001.5 � � �
Benzene,1,4-dichloro- 1006.5 � �
Benzene,1,2-dichloro- 1029.2 �

Sulfur containing comp ounds

Dimethyl sul�de 509.4 � � �
Carbon disul�de 529.2 � � � � � �
Disul�de, dimethyl 727.3 � � � � � � �
Dimethyl trisul�de 962.8 � �
Dimethyl Sulfoxide 781.3 � �
Dimethyl Sulfone 781.3 � � � � �
Benzothiazole 1220.7 � � � � � � � �

Tab. 3.4: Selection of identi�ed compounds with DB-1 �
BPX-50 column con�guration
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4.1. INTR ODUCTION AND SITE DESCRIPTION

4.1 In tro duction and site description

Fig. 4.1: Map of Germany
with the location of
the Meteorological
Observatory Hohen-
peissenberg

The focusof the intensive �eld study HOHPEX 2004
(Hohenpeissenberg OH intercomparisonand Photo-
chemistry EXperiment), was to investigate photo-
chemistry in the rural continental atmosphere. For
this the quanti�cation of atmospheric volatile or-
ganic compounds(VOCs) was important, in partic-
ular the characterisation of local emissionsand of
air massesreaching the Hohenpeissenberg area. An
additional goal was to compareVOC measurements
from the GC� GC systemwith thoseof PTR-MS and
routinely conductedGC-MS measurements.
The campaign was conducted in July 2004 at
the Meteorological Observatory Hohenpeissenberg
(MOHP) in southern Germany. This station is
part of the Global AtmosphericWatch network and
also functions as meteorologicalmonitoring site for
the German Weather Service(Deutscher Wetterdi-
enst, DWD). The station is usedfor long-term stud-
ies[35, 36, 164, 165] and, occasionallyfor short-term
�eld campaigns[166, 167, 168]. The location of the
observatory in Germany is shown in Fig. 4.1,and the
large scalemap in Fig. 4.2 shows the area around
Hohenpeissenberg.

The measurement site is locatedon a mountain at an elevation of 980m asl in a rural
agricultural and forestedarea,approximately 40 km north of the AmmergauerAlps
(47� 48'N, 11� 07'E). The height di�erence from the circumjacent countryside to the
station is approximately 300-400m. As can be seenin Fig. 4.3, the observatory is
surroundedby forest, mostly coniferoustreesand beeches,while grasslanddominates
the submontane region. In closeproximit y, there are two villages situated to the
north and the south. The nearestmajor city is Munich, at a distance of about 70
km to the northeast. Smaller local cities are Kaufbeuren (northwest, ca. 50 km),
and Landsberg/Lech (north, ca. 40 km). The small cities Peissenberg, Schongau
and Peiting with about 11.000inhabitants each are located to the east and west,
respectively. The topography of the area is depicted in Fig. 4.4.

The data presented here is a selection of terpenoid, aromatic and aliphatic com-
pounds. The terpenoidsare all biogenicwhile the aromatic and aliphatic compounds
are predominatelyof anthropogenicorigin. Biogenicallyemitted compoundsare rep-
resented by the terpenes,� - and � -pinene, sabinene,3-carene,campheneand the
oxygenated eucalyptol (1,8-cineol). Representativ e aromatic compounds are ethyl-
benzene,o-xylene and the co-eluting p/m-xylene. Benzeneand toluene are not in-
cluded,asthe GC� GC chromatogramhad a very high background signalor variable
interferencesin thesesections,and thereforecould not be reliably integrated. Alkanes
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4. HOHPEX 2004

Fig. 4.2: Location of urban centres near Hohenpeissenberg (red circle)

Fig. 4.3: Aerial view of the Meteorological Observatory Hohenpeissenberg
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4.2. SITE METEOR OLOGY

Fig. 4.4: Topography of the area surrounding the Hohenpeissenberg observatory. The sta-
tion is marked with a white star

are represented by hexane,heptane,octane and nonane.Details about the GC� GC
instrumentation usedhereare given in section4.4.
The following sectionspresent the meteorologicalconditionsand generalair chemistry
characteristicsaswell asthe measurement resultsobtained with the GC� GC-FID in
the period betweenJuly 7 and July 18, 2004. The VOCs measuredin ambient air by
GC� GC-FID are comparedwith measurements of a GC-MS (MOHP) and PTR-MS
(MPI for Chemistry, MPI-C). Additionally , the calibration results of a compressed
ambient air mixture with the gaschromatographictechniquesGC-MS (MOHP), GC-
MS (MPI-C) and GC� GC-FID are presented. Diurnal cyclesfor the aforementioned
VOCs are shown and discussed. The in
uence of the wind direction on detected
mixing ratios is examinedin combination with the changesbetweenday and night,
and the e�ect of the surfaceboundary layer. The analysisof the data is extendedto
a variabilit y lifetime study. This was the �rst time such a study hasbeenperformed
on short lived (� < 1 day) species.

4.2 Site meteorology

The weather in the Hohenpeissenberg region is mainly a�ected by continental meteo-
rologicalconditions,with cold and warm frontal systemsoriginating over the Atlantic
passingover the site. The area is also occasionallyin
uenced by foehn, a warm dry
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4. HOHPEX 2004

wind coming o� the northern, leeward slopesof the Alps.
Fig. 4.5 shows the meteorologicalconditions throughout the courseof the campaign.
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Fig. 4.5: Meteorologicaldata temperature, wind direction, wind speed,air pressure,relative
humidit y and precipitation betweenJuly 7 and 18, 2004

In generalthe weather during the campaignchangedfrom sunny and warm, to cold
and rainy, then back again. The highest temperaturesmeasuredwere around 25� C,
occurring at the beginning and towards the end of the measurements. The lowest
temperature of 7� C wasreached at night, during the middle sectionof the campaign.
The coolerdaysbetweenthe 11th and14th of July, showedtemperaturesmostly below
15� C, and the weather was generally foggy with short rain showers and an overcast
sky. The rain showers were associated with a seriesof warm and cold fronts that
passedover the site during the campaign. During the middle part of the campaign,
the station was often situated in the clouds or surrounded by fog, which can also
be seenin the relative humidit y. From the 15th to the 18th of July it was sunny,
with scatteredcloudsand short rain showers. The temperatureswerewarm, ranging
between 14� C at night and more than 20� C during daytime. The strong changes
in wind direction at the beginning and the end of the campaignare causedby fast
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4.2. RESULTS AND DISCUSSION

moving warm, cold and occludedfronts.
Diurnal 
uctuations of temperature, global radiation, wind direction and wind speed,
averagedover 10 minutes, are shown in Fig. 4.6. The black line represents the
mean value, with the maximum and minimum valuesdepicted as upper and lower
bars. The red dotted line corresponds to the median of the measuredvalues. The
main wind direction from sunsetto sunrisewas SW, and during daytime S to SW.
Interestingly, the wind direction after noon and beforeevening was highly variable,
whereasduring the night it stayed mostly between SE to W. Wind speedsranged
from almost windstill to 16 m s� 1, with a median of 5.2 m s� 1. The highest wind
speedswere reached in the early morning hours and around midnight, the lowest
speedsweremeasuredbetween6:00and 11:00and again around 21:00. The sun rose
between5:00and 5:30and set again towards 20:00.
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Fig. 4.6: 10-minute averagesof diurnal cycles for meteorological parameters in July 2004.
Mean measuredvalues: black line, minimum and maximum measuredvalues: error
bars, median of measuredvalues: red dotted line

A characteristic and interesting feature of the Hohenpeissenberg mountain is, that
during the night the continental boundary layer (BL) is at a few hundred meters
altitude and the upper part of the mountain is situated in the free troposphere.
This nocturnal surfaceBL cuts o� the station from the continuing anthropogenic
or biogenic emissionsclose to the ground. After sunrise, the surface temperature
increases,the BL risesand reachesthe station around 9:00,bringing the compounds
emitted into the shallow BL during the night and early morning. The further ascent
of the BL tendsto dilute the surfaceemissionspresent into a larger volume,somixing
ratios appear to decrease.Betweennoon and 16:00,Hohenpeissenberg is situated in
the well mixed continental BL, and in this time horizontal transport processesplay
the dominant role for VOCs measuredat the station. The turbulent mixing of the
lower atmosphereceasesshortly beforesunset[2], the BL subsidesagain and around
midnight the station is situated in the free troposphere. The diurnal cycle in BL
height is clearly visible in the diurnal cyclesfor the VOCs presented in the following
sections.
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4. HOHPEX 2004

4.3 Supplemen tary trace gas measuremen ts

The measurements for the trace gasesO3, OH and NO2 over the period of the �eld
campaignare shown in Fig. 4.7.

60

40

20

O
3 

(p
pb

)

09.07.2004 11.07.2004 13.07.2004 15.07.2004 17.07.2004
15

10

5

0

O
H

 (
x 

10
6  m

ol
ec

 c
m

-3
)

09.07.2004 11.07.2004 13.07.2004 15.07.2004 17.07.2004

40

30

20

10

0

N
O

2 
(p

pb
)

09.07.2004 11.07.2004 13.07.2004 15.07.2004 17.07.2004

Fig. 4.7: Measurements of O3, OH and NO2 from July 7 to 18, 2004
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Fig. 4.8: Diurnal cycles of O3, OH and NO2 during the �eld campaign. The black line
shows mean values,upper and lower bars the maximum and minimum measured
value, the red dotted line shows the median value
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4.4. EXPERIMENT AL SETUP

The shown trace gas measurements were routinely conducted within the GAW
framework. Nitrogen oxides were measured by an NO-O3 chemiluminescence
analyser(ECO PhysicsCLD). The atmosphericOH wasmeasuredusing the selected
ion/chemical ionisation mass spectrometer (SI/CIMS) described in Berresheimet
al. [169]. O3 was determined with a UV absorption instrument (Thermo Env. In-
str.).
Mixing ratios of O3 rangefrom 20 ppb to 65 ppb, with a medianof 42.2ppb through-
out the wholecampaign. Nocturnal decreasesof O3 correlatewith increasedlevelsof
NO2, the reaction leadingto this observation is explainedin section1.2. OH wasmea-
suredonly until July 16, mixing ratios go from 0 ppt to 0.60ppt (15� 106 molecules
cm� 3), the median is at 0.03ppt (0.63� 106 moleculescm� 3). The days with strong
sunlight, high temperaturesand higher terpenemixing ratios, at the beginning and
the enddisplay higherOH levelsasexpected. The photochemicalproduction of OH is
explainedin section1.3. Measurement gapswerecausedby rain, sincethe instrument
is not active during precipitation. The mixing ratios for NO2 vary between0.03ppb
to 41 ppb, the medianis 1 ppb. Increasedlevelsof NO2 wereusually observed during
turbulent atmosphericconditions and increasedlevels of anthropogenicVOCs.
Fig. 4.8 shows the diurnal cyclesfor O3, OH and NO2, averagedover 10 minutes.
The hourly meanO3 concentration varied between35 to 48 ppb. A slight decreasein
the meanO3 concentration and an increasein the OH mixing ratios can be observed
between 8:00 and 11:00, the time period of the BL transition, marked by sharply
increasinglevels of VOCs. Mean OH mixing ratios reached their peak around noon
with about 0.25 ppt (6� 106 moleculescm� 3) and were closeto zero at night, the
highest concentration measuredwas 0.46 ppt (11� 106 moleculescm� 3). NO2 mean
mixing ratios varied from 0.7 ppb to 3.8 ppb without an obvious diurnal cycle al-
though curious high valuesare seenin the early morning (3:00 to 5:00) and evening
(20:00to 21:00).

4.4 Exp erimen tal Setup

During the HOHPEX campaign, the GC� GC sampling system was set up in the
automatic on-line measurement mode, combining a 
o w controller, thermodesorber
unit and GC� GC-FID.
An approximately 15 m long, 12.7mm diameter Te
on line was attached to a metal
grid on top of the measurement platform at about 1000m a.s.l., seeFig. A.6 and A.7
on page143 in the Appendix. The line itself was shieldedfrom sunlight inside an
opaquetube, leadingfrom the platform alongthe outsidewall to the laboratory. The
volume
o w through the main inlet wasset to 3.2 L min� 1. The residencetime being
thereforecirca 20 seconds.Air wasdrawn into the cold trap through a 3.2mm Te
on
line at a rate of 50 ml min� 1 using a membrane pump.
The pertinent samplingand analysisparametersare given in Table 4.1. Blanks were
conducted by focussinghelium 6.0 (Messer-Griesheim,Germany) on the cold trap
with the sameparametersasshown for ambient air. The adsorbent trap temperature
was set to 25� C, as the weather was generallyhumid throughout the campaignand
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4. HOHPEX 2004

condensationof water vapour inside the trap had to be strictly avoided. After the
samplewasaccumulated, the trap waspurged for 10 minutes with helium to remove
traces of water vapour, then heated up to 200� C to inject the focussedcompounds
onto the column. For complete desorption, this temperature was maintained for 5
minutes. The columnsusedduring the HOHPEX �eld campaignwere a DB-5 (Agi-
lent, Waldbronn, Germany) in the �rst dimensionand a BPX-50 (SGE Deutschland,
Darmstadt, Germany) in the seconddimension.

Sampling data Flow: 50 ml min � 1

Duration: 60 min
Volume: 3L
Cold trap: 25� C trapping, Tenax TA/Carb ograph I

Desorbing Data
Desorption Prepurge: 10 min

Desorption: 200� C, 5 min (Tenax TA/Carb ograph I)
Flow Path: 140� C

Analysis data
First column DB-5, 30 m, 0.25 mm I.D., 1� m �lm

40� C, 100� /min to 50� C, 3� /min to 140� C,
2.5� /min to 170� C, 3.5� /min to 200� C

Secondcolumn BPX-50, 3 m, 0.1 mm I.D., 0:1� m �lm
30� C, 3� /min to 120� C, 2.5� /min to 150� C,

3.5� /min to 180� C
Analysis time 50 min
Modulation 5 sec,four-jet system (Zoex, USA), nitrogen-cooled

200 ms upstream duration
300 ms downstream duration

Tab. 4.1: Sampling, desorption and analysis data for the HOHPEX campaign

Fig. A.4 on page142 in the Appendix shows a GC� GC chromatogramsectionof an
ambient sampletakenduring the HOHPEX-campaign,the VOCswhich arepresented
in chapter 4 are marked.
Calibration wasdoneusinga 74 compound VOC standard (Apel-Riemer,CT, USA).
Laboratory multip oint calibrations were accomplishedearlier and revealed a good
linear dependencyof peak area to the respective compound mass. Based on this
stabilit y, a one-point calibration of 200ml standard wascarried out every secondday
throughout the rainy period, whereasthe sunny period of four days towards the end
of the campaignwas only disrupted for blanks. Blanks were taken every third day
and showed no high levels for the discussedcompounds. Very high blank valueswere
obtained for benzene,which is why it is not included into the study.
The co-eluting p- and m-xylene were calibrated with o-xylene, the C10-terpenes� -
pinene,sabinene,3-careneand camphenewith � -pinene. This is reasonablesincethe
FID responseis proportional to carbon within a homologousseries,as described in
section2.1.3. The mixing ratios werecalculatedusing the following equation:
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CV OC = CStd �
PeakAr eaS td

PeakAr eaV O C

�
VS td

VV O C

(4.1)

where the indices V OC and Std represent the compound in the ambient air and the
compound in the standardusedfor the calibration, respectively. C and PeakArea are
concentration/mixing ratio and integrated peakarea,respectively, V is the sampling
volume. Since no responsevalue was available for the oxygenated eucalyptol, the
concept of indirect calibration presented in section 2.1.3 had to be applied. The
e�ectiv e carbon number, ECN, of 9 was determined for eucalyptol (10 � (1.0) for
carbon + 1� (-1.0) for the etherlike oxygen), and 10 for � -pinene. To calculate the
concentrations for eucalyptol, the following equation was used:

CV OC = CStd �
PeakAr eaS td

PeakAr eaV O C

�
VS td

VV O C

�
ECNS td

ECNV O C

(4.2)

The calibration curves for toluene, ethylbenzene,o-xylene, � -pinene, heptane, oc-
tane and nonaneare depicted in Fig. A.8 in the Appendix on page144. Shown are
the mean values, the error bars represent � 1 � . A positive intercept was found for
toluene (0.37 � g) and heptane (0.08 � g), a negative for ethylbenzene(0.05 � g), � -
pinene (0.02 � g), o-xylene (0.01 � g), and nonane(0.01 � g). With the exception of
toluene, theseresultsshow no signi�cant o�set. The calibration waslinear acrossthe
range of concentrations measured. For the calibration curves 100 ml, 200 ml, 300
ml and 400 ml of the standard gaswere sampled. The degreeof correlation in the
calibration curveswas good for all VOCs and rangedbetweenR2 0.94and 0.98.
The accuracyfor the compoundsmeasuredby GC� GC-FID was determinedby cal-
culating the geometricalmean of the uncertainties discussedbelow. In
uencing the
accuracyof all organic compounds is the uncertainty in the calibration gasconcen-
trations, which is given by the manufacturer as2%. Further uncertainty is causedby
the peak integration and volume calculationswhich are estimatedto add at most an
additional 5% to the accuracy. The overall accuracyfor the measurements of VOC
contained in the standardwasthereforeestimatedto be 5%, i.e. hexane,heptane,oc-
tane, nonane,toluene, ethylbenzene,o-xylene,p/m-xylene and � -pinene. The same
accuracyis valid for all terpenesdirectly calibrated with � -pinene. The accuracyfor
the oxygenatedeucalyptol is evaluated to be around 11%. This is attributable to the
possibleinaccuracyof the calculatedresponsefactor usedfor indirect calibration via
� -pinene, which adds 10% to the overall accuracy. The accuracyrangesfrom 5 to
11 % for the individual VOC.
Factors in
uencing the precision of the GC� GC-FID are the uncertainties in 
o w
and temperature control during samplingand analysis. Contributing as well are the
uncertainties in baselineremoval, peak integration and peak volume calculation of
the individual compounds. To determine the precisionof the measurements during
the HOHPEX �eld campaign, the 1� standard deviation of all 200 ml calibration
gas measurements was calculated. The precision for the compounds contained in
the calibration standard range from 6.1% for toluene to 10.0%for heptaneand are
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presented in Table 4.2.
Table 4.2 alsoshows the limit of detection (LOD) for the VOCs analysedduring the
�eld campaignas well as the compoundsmeasuredin the standard gasusedfor the
comparisonof GC� GC-FID, GC-FID and GC-MS. The LOD was de�ned as two
times the standard deviation (2� ) of the integrated baselinenoisein the absenceof
a peak. It rangesfrom 0.1 ppt for someterpenesto 6.1 ppt for p/m-xylene.

LOD (2� ) Precision (1� )
ppt %

Hexane 2.8 10.0
Heptane 1.9 10.0
Octane 0.6 9.7
Nonane 0.4 8.7
Toluene 2.8 6.1
Ethylbenzene 0.3 6.5
o-Xylene 1.0 7.1
p/m-Xylene 0.4 7.1
� -Pinene 0.4 7.0
� -Pinene 0.9 7.0
Sabinene 0.1 7.0
Camphene 0.1 7.0
Limonene 0.5 7.0
Eucalyptol 1.5 7.0
3-Carene 0.1 7.0
Methylcyclopentane? 4.9 10.0
Methylcyclohexane? 2.4 10.0
2-methylhexane? 4.1 10.0
2-/4-methylheptane? 2.1 9.7
3-methylheptane? 2.0 9.7
Propylbenzene? 1.4 9.1
1-ethyl-(3+4)-meth yl-benzene? 1.0 9.1
1,3,5-trimethylbenzene? 1.2 9.1
1,2,3-trimethylbenzene? 1.5 9.1
1,3-diethylbenzene? 2.1 6.5
1,4-diethylbenzene? 2.1 6.5

Tab. 4.2: Limit of detection (2� ) and precision (1� ) of the measuredcompounds. VOCs
measured for the calibration gas comparison with GC-FID and GC-MS are
marked with a ?
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4.5 GC � GC-FID V OC measuremen ts: Results and discus-
sion

4.5.1 V OC measuremen ts over time

The results of the VOC measurements made by GC� GC-FID from July 7 to 18,
2004are presented in Fig. 4.9 and 4.10. The markersindicate the middle of sampling
period, all times are in MEZ. The long measurement gapsduring the middle of the
campaignare causedby lack of liquid N2, short gapswere causedby calibration or
blank measurements. Diurnal cyclesare visible for all biogenically emitted VOCs.
More pronouncedpro�les with highermixing ratios canbeseenfor all terpenesduring
the days with temperaturesabove 15� C, at the beginningand towards the end of the
measurements. At temperaturesbelow 15� C, weaker diurnal cycleswith lower mixing
ratios are visible. The middle phasewith cooler temperatureswas mostly overcast,
whereasthe sun was shining on days with high temperatures. VOC mixing ratios
varied as a function of the weather conditions at Hohenpeissenberg as reported in
an earlier study [164]. Higher temperaturesand increasedlight intensitieshave been
shown to enhancethe emissionof biogenicVOCs from di�eren t plant species[7]. The
predominant biogenic VOCs measuredwere � - and � -pinene. These compounds
alsodisplay the highest maximum mixing ratios usually measuredbetween9:00and
10:00. � -Pineneshows the highest with 180ppt, followed by � -pinene,sabineneand
eucalyptol (between 80 and 120 ppt), and 3-careneand camphene(30 to 35 ppt).
The meanconcentrations are betweencirca 15 ppt for campheneand 3-carene,up to
70 ppt for � -pinene.
For the aromatic and aliphatic VOCs, no distinct light driven recurring cyclescan be
seen.There is however a tendencyto higher mixing ratios around 9:00. An emission
temperature dependency, like for the biogenic VOCs, was not found, and higher
mixing ratios were also seenduring the cold periods. The highest maximum mixing
ratios were measuredfor the co-eluting isomersp- and m-xylene with a summed
concentration of 120 ppt. o-Xylene and ethylbenzenewere found at 50 and 45 ppt,
respectively. Mean values vary from around 30 ppt for p-/m-xylene to 15-20 ppt
for the other aromatic compounds. Maximum alkane concentrations were found to
be around 35 ppt for hexane,30 ppt for heptane,20 ppt for nonaneand 10 ppt for
octane. Mean concentrations range from 4 ppt for octane to a three times higher
value for hexaneand heptane.

4.5.2 Comparison of measuremen t metho ds

Accurate and precisemeasurements of organic compounds in the atmosphereare
essential for a better understanding of troposphericprocesses.To assessthe com-
parability of VOCs measuredfrom di�eren t research groupsat di�eren t locations it
is necessaryto evaluate the individual instrument performances.To do this, various
interlaboratory comparisonsof a standardair mixture and ambient air measurements
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have been performed to date [170, 171, 30, 172, 173, 174, 175]. Within the HOH-
PEX �eld campaign, a comparisonof di�eren t VOC measurement techniques from
the Max-Planck-Institute for Chemistry (MPI-C), Mainz, and the Meteorological
Observatory Hohenpeissenberg (MOHP) was completed. This section focusseson
the comparisonof ambient measurements conducted with GC� GC-FID (MPI-C),
PTR-MS (MPI-C) and GC-MS (MOHP) during the HOHPEX �eld campaign. The
following section 4.5.3 investigatesthe correlation of the ambient air measurements
betweenthe instruments. The details of the GC� GC-FID experimental set-up and
the measurement site are given in section4.4.
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Fig. 4.9: Ambient air temperature and mixing ratios of terpenesmeasuredduring the cam-
paign, the markers represent the middle of the sampling. The gaps in the mea-
surements were causedby lack of liq. N2 or calibration and blank measurements
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Fig. 4.10: Ambient air temperature and mixing ratios of measuredaromatic and aliphatic
compounds during the campaign, the markers represent the middle of the sam-
pling. The gaps in the measurements were causedby lack of N2 or calibration
and blank measurements

The sampleinlets for the GC-MS and PTR-MS were�xed at a height of 20 m above
ground to the samemounting as the GC� GC inlet. The PTR-MS sampling line was
an 11 m long 3.2 mm outer diameter Te
on tube. The 
o w rate of air was set to
270 ml min� 1 and each masswas scannedfor 2 s during a 45 s cycle. More details
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about the PTR-MS instrument can be found in [28].
Continuous daily GC-MS measurements were conducted at the observatory within
the GAW network. The sampling was done from a permanently installed 10 m �
40 mm I.D. glasstube 
ushed with ambient air at a rate of 1 m3 min� 1. The sample
wasaccumulated from this glasstube for 20 min at 75 ml min� 1 and the data points
shown here specify the middle of this sampling period. The sampling and analysis
details are given in Table 4.3.
The time period relevant for the GC-MS and GC� GC-FID comparisonwasfrom July
7 to July 18, 2004. The GC-MS measuredduring approximately 77%of the 12 days,
the GC� GC-FID during 73%. The mixing ratios of the biogenic compounds � -,
� -pinene, camphene,3-carene,and eucalyptol measuredby GC-MS and GC� GC-
FID are shown in Fig. 4.11. Fig. 4.12 depicts the anthropogenic aliphatic VOCs
hexane,heptane,octane,nonaneand Fig. 4.13the aromatics: toluene, the co-eluting
p- and m-xylene, o-xyleneand ethylbenzene. In the graphs, the red line illustrates
the GC� GC-FID measurements and the black line the GC-MS measurements. The
markers represent the middle of the sampling time, the upper and lower bars the
measurement uncertainty for the depicted VOC. The measurement uncertainty as
well as the limit of detection (LOD) for the instruments are shown in Table 4.4.
It can be seen,that the LODs for the anthropogenicVOCs for both gaschromato-
graphic systemsare similar. Exceptionsare o-xylene,wherethe GC� GC-FID detec-
tion limit is higher and octane,whereit is lower than the GC-MS. The GC� GC-FID
shows a lower LOD for the biogenicVOCs. The total measurement uncertainties are
lower for the GC� GC-FID. The GC measurements will be comparedto the PTR-MS
data in separategraphs,sincethe measurement periods are slightly di�eren t. Gener-
ally, all the VOCs comparedshow mixing ratios of similar magnitude and degreeof
variabilit y. Tolueneis an exceptionas it shows not only higher mixing ratios in the
GC� GC-FID, but alsodi�eren t diurnal variations.

Sampling data
Preconcentration Flow: 75 ml min � 1

Duration: 20 min
Volume: 1.5L
Cold trap: Tenax TA/Carb oxen
Temperature: 30� C
Desorption: 190� C

Refocussing Cold trap: FS Capillara (0.25 mm I.D., 20 cm)
Temperature: -196� C (liq. N2)
Desorption: 180� C

Analysis data
Column BPX-5, 50 m, 0.22 mm I.D., 1� m �lm (SGE, Germ.)

10� C, hold 10 min, 6� /min to 240� C
Analysis time 48 min

Tab. 4.3: Sampling, desorption and analysis data for the GC-MS (MOHP)
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VOC Uncertainty (%) LOD (ppt)
GC-MS GC� GC GC-MS GC� GC

Toluene 12 6 2.3 2.8
Ethylbenzene 12 7 0.5 0.3
o-Xylene 14 7 0.5 1.0
p-/m-Xylene 13 7 0.5 0.4
Hexane 12 10 2.6 2.8
Heptane 13 10 1.9 1.9
Octane 14 10 1.2 0.6
Nonane 11 9 0.5 0.4
� -Pinene 15 7 1.3 0.4
� -Pinene 12 7 1.0 0.9
3-Carene 19 7 0.9 0.1
Camphene 23 7 1.1 0.1
Eucalyptol 34 7 2.5 1.5

Tab. 4.4: Measurement uncertainties and limits of detection (LOD) for the GC-MS and
GC� GC-FID

During the �rst half of the campaignbetweenJuly 7 and 11, the aliphatic VOCs and
o-xylenefrom the GC� GC-FID systemappear to be higher. As can be seenin the
graphs,high mixing ratios of volatile organiccompoundsfound with the GC-MS are
sometimeslower in the GC� GC measurements and vice versa. Slight di�erences can
be causedby di�ering sampling periods for the individual instruments: the GC-MS
sampled for 20 minutes, while the GC� GC collected for 60 minutes. Nonetheless
there is generally good agreement for the biogenic VOC measurements. This is in
spite of a recent study that showed, that sampling of terpeneson Tenax in presence
of O3 leadsto losses,if no O3 scrubber is used[176]. No scrubber wasapplied during
the GC� GC sampling,but no severedi�erencesto the GC-MS, which had a Na2S2O3

impregnated�lter as a scrubber, measurements can be observed.
Figure 4.14 shows the on-line measurements for PTR-MS, GC-MS and GC� GC.
The blue dots represent the unsmoothed PTR-MS measurements, the black line GC-
MS and the red line GC� GC-FID. The PTR-MS and GC-MS measurements were
performedsimultaneously from July 5 to 14, whereasthe PTR-MS and GC� GC can
be comparedbetweenJuly 7 and 14. A complicating factor in the comparisonwith
the PTR-MS data is that the massdata can correspond to several speciesmeasured
separatelyby GC. In such casesthe candidateVOCsmeasuredby GC will besummed
prior to comparisonwith the PTR-MS. The PTR-MS cannot distinguish betweenthe
various terpenesbut can give us a general idea of the total terpene concentration
present. Generally, terpenestend to fragment after protonation in the PTR-MS,
40%of the signal remaining at the protonated mother mass(mass137) and 60%as
a fragment at mass81. The sum of the terpenes� - and � -pinene, campheneand
3-carenefor GC-MS and GC� GC-FID respectively are alsoincluded in the graph. It
is apparent, that short-term variations are detectedmuch better with the PTR-MS,
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Fig. 4.11: Biogenic VOCs measuredfrom July 7 to 18 during HOHPEX. The black line
illustrates GC-MS measurements, the red line GC� GC-FID. The bars represent
the measurement uncertainty
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Fig. 4.12: Anthropogenicalkanesmeasuredfrom July 7 to 18 during HOHPEX. The black
line illustrates GC-MS measurements, the red line GC� GC-FID. The bars rep-
resent the measurement uncertainty
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Fig. 4.13: Anthropogenic aromatic VOCs measuredfrom July 7 to 18 during HOHPEX.
The black line illustrates GC-MS measurements, the red line GC� GC-FID. The
bars represent the measurement uncertainty
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Fig. 4.14: VOCs measuredfrom July 5 to 18 during HOHPEX. The black line illustrates
GC-MS measurements, the red line GC� GC-FID, the blue dots PTR-MS
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and the measuredmixing ratios are similar to the GC-MS and the GC� GC-FID. In
the middle graph, the PTR-MS mass107,i.e. the sum of all protonated C8 aromatic
compounds,and the sum of the gaschromatographically measuredxylenesand eth-
ylbenzeneare depicted. It appearsas if the individual measurements agreewell, and
the PTR-MS againpicks up temporary 
uctuations much better than both gaschro-
matographs.The lower graph showsmass93, assumedto be toluene. As canbe seen,
the PTR-MS and GC-MS measurements agreewell, whereasthe GC� GC-FID not
only displays higher mixing ratios, but also di�eren t diurnal variations. On closer
inspection, the GC-MS and GC� GC-FID measurements �t well for short periods
during the nights of July 15 and July 17. Systematicerrors can thus be excluded. A
dependencyof the varying mixing ratios on the wind direction could not be found.
Nor did days with high O3 show suspiciousdi�erences comparedto other days. Al-
though the peakseparationachieved with the GC� GC-FID is superior to that of the
GC-MS, we suspect an occasionallyco-eluting compound for the column con�gura-
tion applied. Due to this observation, the toluene measurements are not included in
the discussion.
To further evaluate the data, the correlation for the measuredcompoundsis investi-
gated in the following section.

4.5.3 Correlation of GC-MS, GC � GC-FID and PTR-MS on-line mea-
suremen ts

This sectionexaminesthe correlation betweenthe GC-MS and the GC� GC-FID for
the ambient measurements presented above. Additionally , the correlation between
the individual gaschromatographic techniquesand the PTR-MS measurements will
be examined.
Sincethe cycleand sampleacquisition times for the two gaschromatographicsystems
weredi�eren t, no ambient sampleswerecompletelysynchronised. Rather than inter-
polating onedataset, data points from the GC-MS systemfor which the 20 minutes
samplingtime fell within the 60 minutessamplingtime of the GC� GC-FID arecom-
pared. The correlation plots are depicted in Figs. A.9 and A.10 in the Appendix A.6
on pages145 and 146. The solid line represents the best �t obtained by orthogonal
distanceregression,the dashedline the 1:1 relationship. The correlation parameters
slope, intercept and the squareof the correlation coe�cien t, r2, are also shown in
Table 4.5. The �tted slope and the intercept were determined by orthogonal dis-
tance regression(ODR) instead of standard linear regression(SLR). With the ODR
method, all data points are assumedto have an equal weight and the orthogonal
distancebetweenthe �tted line and the individual data points is minimised, whereas
in the SLR only the distance in the y-direction is optimised. Since both datasets
possessa measurement uncertainty, it is di�cult to chosewhich data to treat as x-
and which as y-values,this problem can be avoided with the ODR.
The slope of the �tted line indicateshigher measuredvaluesof the GC� GC between
8 and 28%for the majorit y of the anthropogeniccompounds. The GC-MS measure-
ments of the biogeniccompoundsare generallybetween4 and 31% higher than the
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GC� GC values. R2 rangesfor all compounds between 0.88 for eucalyptol to 0.14
for toluene, the biogeniccompoundsusually correlatebetter than the anthropogenic
VOCs.
The correlations for the alkanesrange between0.77 and 0.69, only nonaneshows a
poor correlation with 0.41. A positive o�set between1.5 and 2.4 ppt was found for
the GC� GC measurements of hexane,heptaneand octane,nonaneshows a negative
o�set of 0.2 ppt. The mixing ratios measuredwith the GC-MS are generally 9 to
30%lower, except for nonane,which is 97 % lower comparedto the GC� GC. If the
obviously higher measurements beforeJuly 10th are disregarded,the slope decreases
and the GC-MS measurements are only 21 % lower than the GC� GC. The aromatic
compounds with the exception of toluene display an r2 between0.86 and 0.72, the
mixing ratios found with the GC-MS are 8 to 62% lower than the GC� GC-FID
values. Similarly to the nonanemeasurements, a correlation of the o-xylenemixing
ratios after July 10th result in 37% lower valuesfor the GC-MS. Positive o�sets be-
tween 1.5 and 4.5 ppt were again found for the GC� GC, except for toluene. The
poor r2 of 0.14for tolueneis attributed to the co-elution of another compound in the
GC� GC-FID analysis, as discussedearlier. The biogenic VOCs in Fig. A.10 show
an r2 between0.74 and 0.88, which is very good consideringthe high variabilit y of
thesecompoundsand the di�eren t samplingtimes. The slope information shows that
the GC� GC-FID measuresmixing ratios between4 and 31%lower than the GC-MS,
except for eucalyptol. Positive GC� GC o�sets of 0.1 and 0.3 ppt were calculated
for � - and � -pinene, the other biogenic compounds show negative o�sets between
0.1 and 3.1 ppt. Both chromatographic systemsshow a correlation within 25% for
most compoundsexcept toluene and nonane. The o�sets of the compoundsnonane,
ethylbenzene,and the monoterpeneswerenot signi�cantly di�eren t from zero. How-
ever, the remaining VOCs, especially toluene, hexane,o-xylene,p/m-xylene show a
signi�cant o�set.
To correlate the PTR-MS data with the gas chromatographic data, averagevalues
were calculated from the PTR-MS measurements over the sampling period for the
respective GC, i.e. 20 minutes for the GC-MS and 60 minutes for the GC� GC-FID.
A total of 154and 82 data points have beenobtained for the PTR-MS/GC-MS and
PTR-MS/GC � GC-FID correlation plots. The PTR-MS detectsall C8 aromatic com-
pounds, i.e. ethylbenzene,o-, m- and p-xylene, at mass107. Similarly, all terpenes
are detected at mass137 and with partial fragmentation at mass81. To compare
thesemasseswith the GC, the individual compoundsweresummedprior to correla-
tion.
The correlation parametersfor mass137 + mass81 (terpenes),mass107 (xylenes
and ethylbenzene)and mass93 (toluene) measuredby PTR-MS versusthe relevant
compounds measuredby GC-MS and GC� GC-FID are shown in Table 4.5. The
respective correlation plots are depictedon page147in Fig. A.11, seeAppendix A.6.
The correlation for the biogenicVOCs betweenthe PTR-MS and the gaschromato-
graphic systemsis very good, with an r2 of 0.94 for the PTR-MS/GC � GC-FID and
an r2 of 0.77for the PTR-MS/GC-MS comparison.Both GC-MS and GC� GC mea-
sure more terpenesthan the PTR-MS, 16.6 and 11.4 ppt o�set can be seenfor the
PTR-MS comparedto the GC-MS and the GC� GC. The C8 aromatic compounds
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correlate well for all instruments with an r2 of 0.85 and 0.74 for the GC� GC-FID
and GC-MS measurements, respectively. The PTR-MS apparently measureslower
mixing ratios than the gas chromatographic systems,37% higher than the GC-MS
and 50%higher than the GC� GC-FID. As well as for the terpenes,a positive o�set
was found for the PTR-MS. For mass93, the r2 for the PTR-MS and the GC-MS
amounts to 0.74,the valuesmeasuredwith PTR-MS are30%lower. The toluenemix-
ing ratios determinedby GC� GC-FID show, asexpectedfrom the earlier �ndings, a
poor correlation coe�cien t with the PTR-MS as well. All o�sets can be considered
signi�cant, except for the comparisonof mass107 between the PTR-MS and the
GC� GC.

Good correlations were found for the examinedcompounds, with the exception of
nonanefor the GC-MS and GC� GC-FID comparisonand toluenefor the comparison
of the GC� GC-FID with the other instruments. The GC-MS measuredthe highest

VOC slope intercept r2

(ppt)
GC � GC vs GC-MS
Hexane 1.09� 0.05 2.41 0.69
Heptane 1.28� 0.05 1.91 0.77
Octane 1.10� 0.06 1.46 0.69
Nonane 1.97� 0.10 -0.21 0.41
Toluene 5.58� 0.49 -95.0 0.14
Ethylbenzene 1.08� 0.04 0.92 0.86
o-Xylene 1.62� 0.07 4.42 0.72
p-/m-Xylene 1.10� 0.03 2.97 0.85
� -Pinene 0.87� 0.02 0.13 0.83
� -Pinene 0.96� 0.02 0.33 0.74
3-Carene 0.73� 0.02 -0.08 0.77
Camphene 0.69� 0.03 -0.59 0.81
Eucalyptol 1.20� 0.11 -3.09 0.88
mass107 1.19� 0.04 8.66 0.83
mass137+81 0.96� 0.05 -11.40 0.81
PTR-MS vs GC-MS
mass137+81 0.80� 0.05 16.63 0.77
mass107 0.63� 0.02 11.43 0.74
mass93 0.66� 0.03 5.21 0.81
PTR-MS vs GC � GC
mass137+81 0.51� 0.04 11.42 0.94
mass107 0.50� 0.05 1.95 0.85
mass93 0.06� 0.01 34.02 0.14

Tab. 4.5: Correlation parametersslope, intercept and coe�cien t of variation (r 2) of VOCs
measuredby GC-MS, GC� GC-FID and PTR-MS. Mass 107 represents all C8
aromatics, mass137+81 the measuredterpenesand mass93 toluene.
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anthropogenic mixing ratios, followed by the GC� GC-FID and the PTR-MS. For
the terpenesat mass 137+81, the GC-MS found the highest values, followed by
the GC� GC-FID and the PTR-MS. The PTR-MS measuredgenerally lower mixing
ratios than the gaschromatographicsystems.Sincea comparisonfor acetone(mass
59) between the PTR-MS and GC-MS revealed a good agreement, it is suspected
that the PTR-MS is lessaccuratefor higher masses.This may be related to changes
in the transmissione�ciency of ions in the PTR-MS. Although determined at the
start of the campaign,the transmissionmay have changedwith time.

4.5.4 Calibration of compressed ambien t air with two GC-MS systems
and GC � GC-FID

The secondpart of this instrument comparisonwasto quantify VOCsin a compressed
ambient air sampleusing the gaschromatographic instruments GC-MS (MOHP and
MPI-C) and the GC� GC-FID (MPI-C).
The VOC standard usedin this experiment was generatedby compressingambient
air in Mainz into a 20 L stainlesssteelcylinder usinga three stageRIX oil-freepiston
compressor[177]. The compressedgasmixture wasassumedto bestableand analysed
during the �eld campaignin July 2004by the GC-MS systemsand in December 2004
for the GC� GC-FID. The results are shown in Fig. 4.15. The blue colour represents
mixing ratios measuredwith the GC-MS from the MOHP, yellow the GC-MS values

Fig. 4.15: Overview of the measurement results with error bars for the ambient air sample.
The blue bar represents the MOHP GC-MS, yellow the GC-MS from the MPI-C
and red the GC� GC-FID
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Compound GC-MS Error GC-MS Error GC� GC-FID Error
(MOHP) (MPI-C) (MPI-C)

(ppt) (%) (ppt) (%) (ppt) (%)

Aromatic V OCs
Benzene 212.9 7.0 186.8.0 10.0 -
Toluene 566.3 7.0 500.0 12.0 548.3 14.0
Ethylbenzene 92.5 8.0 104.6 12.0 91.2 14.0
o-Xylene 47.6 7.0 30.0 14.0 44.6 15.0
p/m-Xylene 156.5 8.0 173.7 14.0 177.8 15.0
1,2,3-trimethylbenzene 2.4 12.0
1,2,4-trimethylbenzene 4.2 18.0 15.5 14.0 - 12.0
1,3,5-trimethylbenzene 2.0 18.0 5.2 14.0 2.4 12.0
propylbenzene 10.3 27.0 12.5 15.0 13.6 8.0
3/4-ethyl-1-methylbenzene 33.6 8.0
3-ethyl-1-methylbenzene 18.4 17.0 10.0 20.0
4-ethyl-1-methylbenzene 8.1 18.0 23.4 20.0
1,3-diethylbenzene - 10.0 20.0 12.9 14.0
1,4-diethylbenzene - 23.4 20.0 9.3 14.0
p-Cymene 1.6 22.0 67.8 + m 9.0 43.1 14.0
m-Cymene 0.5 20.0 20.4 14.0
Aliphatic V OCs
Hexane 88.6 6.0 89.8 6.0 - 14.0
2-methylhexane 46.2 10.0 31.5 6.0 42.0 13.0
Heptane 44.0 7.0 50.4 10.0 66.2 13.0
3-methylheptane 15.4 11.0 11.8 7.0
2/4-methylheptane 45.2 11.0 16.5 7.0
Octane 30.8 12.0 33.7 20.0 29.3 7.0
Nonane 28.2 11.0 25.2 15.0 35.1 8.0
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Compound GC-MS Error GC-MS Error GC� GC-FID Error
(MOHP) (MPI-C) (MPI-C)

(ppt) (%) (ppt) (%) (ppt) (%)

Undecane 4.6 17.0 4.7 10.0 9.0
methylcyclopentane 45.2 11.0 68.1 13.0
methylcyclohexane 25.8 11.0 23.7 10.0 27.0 13.0
Biogenic V OCs
Camphene 0.8 25.0 0.8 10.0

Tab. 4.6: Mixing ratios and systematic error of the ambient
air sample measuredby GC-MS (MOHP and MPI-C) and
GC� GC-FID
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from the MPI-C and red the GC� GC-FID. The black bars indicate the estimated
measurement error for the individual compound. Fig. 4.15 A depicts acyclic and
cyclic aliphatic VOCs, and Fig. 4.15 B and C aromatic compounds analysedby all
three systems.The averagesof the measuredvaluesincluding the error are addition-
ally presented in Table 4.6. Terpenescould not be comparedas they werebelow the
detection limit in this cylinder for all except camphenewhich was 0.8 ppt for the
GC-MS (MOHP) and GC� GC-FID, respectively.
A good agreement can be observed between all instruments for the aliphatic com-
poundsin Fig. 4.15A. Exceptionswereheptaneand methylcyclopentane, wherethe
GC� GC-FID is much higher than the other participating GCs with 50% and 31%
comparedto GC-MS (MOHP) and GC-MS (MPI-C), respectively. For the co-eluting
2-/4-methylheptane, the GC-MS (MOHP) shows an almost three times higher value
than the GC� GC-FID.
The comparisonof the aromatic compounds is displayed in Fig. 4.15 B. Very good
agreement can be seenfor the aromatic compoundsmeasuredin the campaign. The
good correlation with respect to toluene further supports the earlier assumptionof a
co-eluting compound in the GC� GC-FID analysisof ambient air.
Fig. 4.15C shows substituted aromatic compoundswhich werenot comparedfor the
�eld campaignand which exhibit signi�cant di�erences betweenthe individual mea-
surement systems. The compounds 3- and 4-Ethyl-1-methylbenzeneco-elute only
in the GC-MS analyses. The isomersp- and m-cymeneare co-eluting for both the
GC-MS and the GC� GC-FID. To compare these VOCs, the separately measured
compounds were added up. The summedmixing ratios found for 3- and 4-ethyl-1-
methylbenzenedisplay excellent agreement betweenthe two GC systemsof the MPI,
but both agreelesswith the GC-MS from Hohenpeissenberg. For the individually
measured3- and 4-ethyl-1-methylbenzene,which are resolved in both GC-MS mea-
surements, the mixing ratios curiously display an inversedratio. The sum of the
cymene isomersagreeswell for the GC� GC-FID and GC-MS from the MPI, but
not for the GC-MS from the MOHP, which shows a 30 times lower value. Signi�-
cant di�erences are alsovisible for the diethylbenzenesmeasuredby the GC-MS and
GC� GC-FID from the MPI-C.
Generally, the calibration measurements show with few exceptionsa good agreement
within the measurement error for the gaschromatographicsystems,especially for the
VOCs analysedduring the �eld campaign.

4.5.5 Diurnal cycles

The diurnal cyclesof the VOCs analysedby GC� GC-FID during the �eld campaign
are shown in Fig. 4.16.The black line illustrates the hourly meanvalueof the mixing
ratios, the lower and upper bars represent the minimum and maximum measured
value respectively and the dotted line the median value. To determine the hourly
meanmixing ratio, the main samplingtime intervals of the individual measurements
wereassessed(hour� 30 minutes) and the acquiredmixing ratios averaged.
The e�ects of the diurnally changing boundary layer height described in section4.2
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4.5. RESULTS AND DISCUSSION

can be observed for all measuredVOCs in the late morning around 9:00, when the
ascendingBL reachesthe station. In the night, the usually low BL and the stations'
isolation from the ground basedsourcesleadsto lower VOC levels.
All biogenicallyemitted compoundsfollow a similar trend: a slow increaseof mixing
ratios beginning at sunrise,a strong increaseat the arrival of the BL, then an ad-
ditional maximum around 14:00,and for someterpenesalso later in the afternoon.
Theseobserved diurnal cyclesare causedby the proximit y of the emitting sources
(e.g.forest) and the dependenceof the emissionon meteorologicalconditionslike light
and temperature. Resultingfrom the mixed spruceforestsurroundingthe station, the
most abundant biogeniccompounds are � - and � -pinene. TheseVOCs, along with
campheneand 3-carene,are known to be emitted by sprucetrees [178, 179]. Con-
tinuouselevated mixing ratios for theseterpeneshave beendetectedon someof the
cooler nights, indicating a constant releasefrom the storagepools in the needles[10].
In contrast, sabinenehasbeenreported to be mainly emitted from beech and decid-
uoustrees[180, 181]. At Hohenpeissenberg, sabineneis almost only observed during
daytime, suggestingthat the emissionis dependent on light. This phenomenonhas
beenobserved in earlier studies[182, 183] and was alsoreported for beech and birch
leaves,whereemissionin the dark gradually decreasedfor all measuredmonoterpenes
at a constant temperature [181, 184]. Eucalyptol alsomakesa signi�cant proportion
of the total terpenes. Previous studies have indicated that it is emitted from vari-
ous plants such as rape, birch, spruce,hornbeamand grassland[185, 186, 187]. The
emissionfrom grasslandis reported to be particularly strong at elevated tempera-
tures and after mowing [185]. Short-term increasesin mixing ratios for all terpenes
have beendetectedoccasionallyduring the night, curiously mainly in the cold and
rainy phaseof the �eld campaign,seeFig. 4.9. A recent study suggesteda positive
in
uence of relative humidit y and rainfall on the emissionof monoterpenesfrom pine
trees [188], and a further study suggesteda connectionbetweencontact stimulation
and strongeremissionof terpenesin Japanesecypresses[189]. Both hypothesesmight
be relevant for nocturnal emissionsoriginating from the mixed spruceforest around
the Hohenpeissenberg, as the observed wind speedat night was mostly higher than
8 m s� 1, the humidit y was very high and precipitation occurred frequently.
The anthropogeniccompoundsshow a slightly di�eren t diurnal cycle to the biogenic
VOCs. The meanatmosphericmixing ratios for anthropogeniccompoundsalsopeak
between9:00and 10:00,but remain approximately constant at this level until around
noon, when the boundary layer is completely mixed. The 
uctuating courseof the
mixing ratios throughout the rest of the day are probably driven by variations in
anthropogenicemissionsand/or a changing fetch area. The prolongedelevated mix-
ing ratios in the early evening around 21:00are likely generatedby VOCs from rush
hour tra�c in all neighbouring conurbations. The lowering of the BL between22:00
and 1:00 is accompaniedby an almost steady or decreasinglevel of anthropogenic
VOCs during the night, until the BL ascendsover the station again the following
morning. Vacillating anthropogenicnighttime mixing ratios were usually measured,
when the nocturnal BL did not develop as a result of a turbulent atmosphereand
the station was not situated in the free tropospherebut still in
uenced by surface
sourcesthrough horizontal transport processes.
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Fig. 4.16: Hourly averageddiurnal cycles of VOCs measuredby GC� GC. The black line
shows meanvalues,upper and lower bars the maximum and minimum measured
value, the red dotted line shows the medianvalue. All times are MEZ (GMT + 2)

78



4.5. RESULTS AND DISCUSSION

40

30

20

10

0

E
th

yl
be

nz
en

e 
(p

pt
)

24211815129630
Time (MEZ)

50

40

30

20

10

0

o-
X

yl
en

e 
(p

pt
)

24211815129630
Time (MEZ)

120

80

40

0

p/
m

-X
yl

en
e 

(p
pt

)

24211815129630
Time (MEZ)

Fig. 4.16: contd.

Fig. 4.17 and 4.18 display the mixing ratios of the biogenic compounds as well as
the anthropogenically emitted VOCs as a sum and a fractional contribution. The
biogenicspeciesshow a smooth threefold increaseduring the daylight hours with a
local minimum around 13:00and almost constant low mixing ratios at night. The
anthropogeniccompounds show a much lessintensecontrast betweenmixing ratios
measuredduring day and night and are lessvariable due to their longer lifetimes,
although maxima at 9:00 and 20:00 and three minima at noon, 16:00 and 21:00
are visible. Another di�erence between anthropogenic and biogenic VOCs can be
observed in these graphs in the morning: After sunrise, when temperatures �rst
rise and the mixing ratios for terpenesincreaseagain, the anthropogeniccompounds
continue to stay at a low level. This suggeststhat the top of the mountain is still
in the free tropospherewithout contact to the plain and the terpenesoriginate from
the vegetationsurrounding the station.

4.5.6 In
uence of wind direction

The in
uence of vertical transport processesduring the BL transition period has
been examined in the previous section. The analysis is now extended to examine
the e�ect of the wind direction and horizontal transport on mixing ratios. The
polar plots in Fig. 4.19show the biogenicallyemitted compounds,Fig. 4.20displays
the anthropogenicaromatic and aliphatic VOCs. The di�eren tly coloured markers
represent the time periods day (blue, 5:00-20:00MEZ), night (black, 20:00- 5:00
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Fig. 4.17: Sum and fractional contribution of the measuredbiogenic VOCs to the diurnal
concentrations

Fig. 4.18: Sum and fractional contribution of the measuredalkanesand aromatics to the
diurnal concentrations
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Fig. 4.19: Wind direction dependencyof measuredbiogenic compounds (mixing ratios in
ppt). Blue dots represent daytime measurements, black dots nighttime measure-
ments and red dots measurements during boundary layer breakthrough
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Fig. 4.20: Wind direction dependencyof measuredanthropogenicVOCs (mixing ratios in
ppt). Blue dots represent daytime measurements, black dots nighttime measure-
ments and red dots measurements during boundary layer breakthrough
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MEZ) and BL transition period (red, 7:30-10:30MEZ). The graphsillustrate that the
main wind direction during the campaignand during the day is from the west. The
main wind direction during the transition period rangedbetweenwest and south.
In the transition period, the biogenic speciesshow lower mixing ratios in westerly
winds than southerly, despitethere being a large wooded areato the west (Fig. 4.4).
Another forest is situated around 5 km to the south and transport from there only
takes15 to 30 minutes at low to averagewind speeds.It should be noted that these
suppressedmixing ratios may be attributable to lower sunlight and temperatureson
the west facing slope, and consequently lower terpene emissions. A closer look at
the topography in Fig. 4.4 reveals a ridge-like area on the mountain slope to the
southwest, cutting o� the westernside from possiblewarm air 
o ws. There are too
few data during hot periods with westerlywind, for thesehypothesesto be con�rmed
in this study. The highest biogenic mixing ratios during transition period and the
day were found for the 8th and 17th July 2004, both were hot days with morning
temperaturesaround 24� C and sunshineencouragingthe emissionof VOCs.
The highest mixing ratios for the aromatic xyleneswere measuredas the BL �rst
crossedthe site, whereasthe aliphatic speciesaswell asethylbenzeneshow similarly
high or higher mixing ratios in the daytime. During the day the main wind direction
is west. There are indications, however, that higher levelsof all anthropogenicVOCs
are transported with air massescoming from the larger settlements to the north-
west (Landsberg/Lech, Kaufbeuren)and northeast (Weilheim,Munich) and lessfrom
western direction (Schongau, Peiting). Interestingly, anthropogenicemissionsseem
to be very low between 100� and 180� (east to south). A closer look at the map
in Fig. 4.2 revealsno major settlements into this direction. Garmisch-Partenkirchen
could be a sourcefor anthropogeniccompounds, but it is enclosedbetween moun-
tains and the valley runs from southwest to northeast,sodirect transport of emissions
seemsunlikely. The mixing ratios during the day arewith few exceptionshigher than
during the night. The high nocturnal valuesvisible to the east occurred in the late
evening around 21:00,when the station was still situated in the mixed BL. Higher
nighttime levelsof anthropogenicVOCs wereonly found if the station wasnot in the
free troposphere.

4.5.7 Lifetime and variabilit y of V OCs

VOCs are removed from the atmospheremainly through reaction with the hydroxyl
radical (OH), but reactions with O3 and the nitrate radical (NO3) also play a role
in oxidising the ambient VOCs, seechapter 1.3. Through oxidation, VOCs can be
converted into more polar and hydrophilic forms, which makes the photooxidation
productsmoresusceptibleto wet removal by rain or dry removal at surfaces.The resi-
dencetime, or lifetime, � of an organiccompound in the atmosphereis chie
y a�ected
by theseaforementioned physical processesand reactions. The speci�c chemical life-
time of a VOC is expressedas the time neededfor its initial concentration in the
atmosphereto be reducedto 1/e times the initial concentration [190]. Compounds
displaying a high reactivity with the oxidants above (OH, O3, NO3) are removed
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faster than lessreactive ones.
The lifetime is de�ned as

� V O C =
1

rate of removal
(4.3)

The rate of removal is the product of the reaction rate coe�cien t kOx , which is
speci�c for every compound/oxidant pair, and the concentration of the oxidant in
the atmosphere,[Ox]:

� V O C =
1

kO x [Ox]
(4.4)

� V OC represents the lifetime of the VOC with respect to the speci�ed oxidant. The
atmosphericremoval of the VOCs described heremainly dependson their reactivity
with the oxidants O3 and OH and to a smallerextent NO3. A detailed description of
the oxidation cycle is given in section1.3.

In Table 4.7 the reaction rate coe�cien ts of selectedcompounds with their corre-
sponding calculated atmospheric lifetimes with respect to OH and O3 during the
HOHPEX campaignare shown. The concentrations of OH and O3 were determined
by calculating the campaign median from measurements of both species,1.7� 106

moleculescm� 3 (0.071 ppt) and 1� 1012 moleculescm� 3 (42.2 ppb) for OH and O3

respectively. The total lifetime (� total ) of each VOC wascalculatedusingthe equation

1
� total

=
1

� O H

+
1

� O3

(4.5)

which is equal to

� total =
1

kO H [OH ]
+

1
kO3

[O3]
(4.6)

wherek is the rate constant of the oxidant OH or O3 reacting with the organiccom-
pound, [OH] and [O3] are the concentration of the oxidants OH and O3, respectively.

The atmospheric lifetimes of the speciesdiscussedhere vary from approximately 1
hour (sabinene)to 1.2 days (hexane). In general the biogenic specieshave shorter
atmospheric lifetimes than anthropogenicspecies. This higher reactivity with both
OH and O3 is causedby the unsaturated double bonds contained in most of the
biogenicVOCs.
The atmospheric lifetime of a speciesdetermines the extent to which it may be
transported. As can be seenin Table 4.8, the emitted VOCs can be transported over
long distances,depending on their respective lifetime. At high wind speeds,e.g. in
fast moving frontal systems,the longer lived speciescan be transported thousands
of kilometers away from their sourceswithin one lifetime. They therefore have an
impact not only on the local, but also on the regional, continental or even global
scale. The very reactive terpeneswith the shorter lifetimes, however, are relevant
only in the regional to local scale.

84



4.5. RESULTS AND DISCUSSION

k(OH) � OH k(O3) � O3 � OH + O3

� 10� 12 in days � 10� 17 in days in days
cm3 molc� 1 s� 1 cm3 molc� 1 s� 1

Biogenic comp ounds
Isoprene 101.0 0.07 1.28 0.90 0.063
� -Pinene 53.7 0.13 8.70 0.13 0.065
� -Pinene 78.9 0.09 1.50 0.77 0.078
Sabinene 115.7 0.06 8.70 0.13 0.041
3-Carene 80.0 0.09 3.70 0.31 0.067
Camphene 52.6 0.13 0.09 12.86 0.128
Eucalyptol 5.7 1.19 0.001 1157.41 1.19
Aromatic comp ounds
Ethylbenzene 7.10 0.96 n.r
(p+m)-Xylene 13.70 0.50 n.r
o-Xylene 18.95 0.36 n.r
Alk anes
Hexane 5.61 1.21 n.r
Heptane 7.08 0.96 n.r
Octane 8.68 0.78 n.r
Nonane 10.00 0.68 n.r

Tab. 4.7: Reaction rate coe�cien ts k and atmospheric lifetimes � in days of selectedcom-
pounds in presenceof 1.7� 106 moleculescm� 3 (0.071ppt) OH and 1� 1012 mole-
culescm� 3 (42.2 ppb) O3. (n.r.= not relevant, sinceatmospheric lifetimes are >
4.5 years)

The variabilit y of a VOC cangivevaluableinformation on its sourcesand sinks. Intu-
itiv ely, we may expect a high variabilit y from speciesthat are most rapidly removed
from the atmosphere. If the transport time from sourceto measurement location
varieswith time, then the largest rangeof concentrations measured(variabilit y) will
be seenfor the most reactive compound. In contrast, long-lived specieswill be rela-
tiv ely insensitive to the transport time and henceshow smallerrangesin measurement
concentration (i.e. variabilit y). The lifetime-variabilit y dependencyfor atmospheric
specieswas �rst investigatedin the 1970sby Junge [191] for long lived species,who
noticed that the relative standard deviation of a data set is inverselyproportional to
the residencetime (or lifetime) in years. Later it was found empirically that for such
studiesthe variabilit y for compoundswith shorteratmosphericlifetimes canbebetter
expressedby using the standard deviation of the ln of the mixing ratio [192]. The
concepthasbeenapplied in many subsequent studies[41, 193, 194, 195, 196, 197].
The equation

Sln(X ) = A� � b (4.7)

has beenusedto de�ne the variabilit y lifetime relationship of VOCs, where Sln(X)
represents the standard deviation of the logarithm of the mixing ratios of compound
X, � the chemical lifetime, and A and b empirical �tting parameters. It has been
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� V O C Distance,km Distance,km Distance,km
@wind speed @wind speed @wind speed

5 m s� 1 1 m s� 1 15 m s� 1

Isoprene 1.5 h 27 5 81
� -Pinene 1.6 h 29 6 87
� -Pinene 1.9 h 34 7 102
Sabinene 1.0 h 18 4 54
Camphene 3.1 h 56 11 168
3-Carene 1.6 h 29 6 87
Eucalyptol 1.2 d 518 104 1554
Ethylbenzene 23 h 414 83 1242
p/m-Xylene 12 h 216 43 648
o-Xylene 8.6 h 155 31 465
Hexane 1.2 d 518 104 1554
Heptane 23 h 414 83 1242
Octane 18.7h 337 67 1011
Nonane 16.3h 293 59 879

Tab. 4.8: Rangeof dispersion areacorresponding to one lifetime of VOCs at di�eren t wind
speeds.The valuesfor � V O C in presenceof O3 and OH are taken from Table 4.7.
The wind speed 5 m s� 1 is the median value during the campaign, 1 and 16 m
s� 1 are approximately the lowest and the highest wind speeds. The distance to
Munich for example is around 80 km

shown that the exponent b indicatesthe proximit y of the measurement to the source
region. A value of b=0 indicates a nearby source,wherethe sourceemissionsrather
than the chemistry de�nes the variabilit y, and b=0.5 indicatesa remotesource,where
the variabilit y is strongly in
uenced by the chemistry and thus the dependencybe-
tween variabilit y and lifetime can be seen. The coe�cien t A has been interpreted
as de�ning the rangeof air massagesarriving at a measurement site [41]. A low A
suggestsa narrow distribution of air massages,whereasa high A indicates a strong
variation in air massages.Variabilit y studies for longer-lived VOCs (1 to 500days)
in assortedenvironments were carried out by Jobson et al. [193] and revealed a b
value of 0.18 for measurements conducted over the Harvard forest. This indicates
sourcescloseto the measurement site. In comparison,the samestudy assessedthe
variabilit y at a remotelocation on seaicenorth of Alert, Canada,to a b valueof 0.92.
This dependenceshows that the variabilit y is dominatedby chemicalloss. A study of
Gros et al. [41] revealeda value of b=0.23 for a site a�ected by sourcesbetween300
to 700km away. A similar b was found for the Hohenpeissenberg measurement site.
However, since the lifetimes of the VOCs examinedin this study are much shorter
than in the mentioned work of Gros et al. (an hour to 2 days as comparedto one
day to 270years),

"
remote\ sourcesare still on a regional scale.

A further possiblein
uence on variabilit y is a sourcethat changeswith time. The
emissionsof biogenic compounds are highly variable, being strongly dependent on
the weatherconditions, light intensity, sourceactivit y and position. This may induce
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extra variabilit y on top of that coming from chemistry and transport. In the caseof
sabinene(as noted previously) there is no emissionby night which is in contrast to
the other terpenes.

Fig. 4.21illustrates the variabilit y-lifetime relationship for a selectionof VOCs. Life-
times are calculated basedon reactionswith OH and O3. The atmosphericconcen-
trations for the oxidants assumedarederived from the meanvaluescalculatedduring
the campaign, i.e. for OH 1.7� 106 moleculescm� 3 (0.071 ppt) and for O3 1� 1012

moleculescm� 3 (42.2 ppb). Circles show the atmospheric lifetime with respect to
OH and O3, squaresto O3 only and triangles with OH only. As wasseenin Table4.7
the lifetime of someVOCs is in
uenced by the presenceof OH, but not O3. A good
examplefor a slow VOC/O 3 reaction is eucalyptol, leadingto an atmosphericlifetime
of > 4.5 years,comparedwith 1 day in presenceof OH. Similarly the aromaticsand
alkanesareunreactivewith ozone.A strong in
uence of O3 on the total lifetime � can
be observed in the biogenic terpenoid compounds like sabineneor 3-carene,where
the reactionswith OH and O3 combine to give a signi�cantly shorter lifetime than
with either onealone.

4

5

6

7

8

9

1

2

 S
ln

(X
)

0.1 1 10 100 1000
 lifetime (days)

sabinenesabinenesabinene

a-pinenea-pinene

b-pineneb-pineneb-pinene

3-carene3-carene3-carene

camphenecamphene

eucalyptoleucalyptol

p/m-xylene

nonane

octane

heptane

hexane

o-xylene

ethylbenzene

 VOC + OH + O3 
 VOC + OH
 VOC + O3

Fig. 4.21: Lifetimes of VOCs in presenceof OH and/or O3

Fig. 4.22shows the relation betweenthe measuredVOC variabilit y and their corre-
sponding lifetimes in the presenceof OH and O3. A relatively high variabilit y can
be observed in all biogenic compounds, particularly sabinene. The reasonfor this
high variabilit y is a combination of both the high reactivity and the dependency
of emissionon factors such as light, temperature, or moisture which varied consid-
erably during the HOHPEX campaign. Also, the distribution of plant speciesand
their respective emissionpatterns play a major role. Spruceand beech treesare the
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predominating tree speciessurrounding the station. From previous studies spruce
trees are known to emit � - and � -Pinene, and 3-carene[178, 179], deciduoustrees
like beeches primarily emit sabinene[180]. The emissionof sabinenefrom beeches
dependsstrongly on temperature. A decreasefrom 25� to 10� C leadsto a signi�cant
reduction in leaf emissions[180, 185].
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Fig. 4.22: Logarithmically scaled graph showing the variabilit y of measured short-lived
VOCs. The black line is a �t through all VOCs, the dotted line is with bio-
genically emitted compounds only. Assumed concentration for OH is 1.7� 106

moleculescm� 3 (0.071 ppt) and for O3 1� 1012 moleculescm� 3 (42.2 ppb)

The VOC variabilit y and lifetime data are �tted to the function Sln(X)=A � � b.
The coe�cien ts derived for all discussedcompounds are A=0.5414 � 0.067 and
b=0.2646 � 0.054. The exponent b=0.2646 indicates that there is a signi�cant de-
pendencyof the variabilit y on lifetime of thesespeciesand therefore that chemistry
is playing an important role in the concentrations measured.If only the biogenically
emitted compoundsare considered,b amounts to 0.2982� 0.134,which indicates an
even stronger in
uence of chemistry on theseVOCs.
Basedon evidenceof previous studies this is a surprising �nding, since it is clear
that Hohenpeissenberg is closeto a strong source,seeFig. 4.4. For compoundswith
lifetimes of 2 day and greater, it has been shown that measurement sites in close
proximit y to sourcesshow no variabilit y lifetime dependence.In such casesthe vari-
abilit y is dominated by the emissions. However in this study, very reactive species
havebeenconsidered,chemicalremoval may thereforecompetewith mixing processes
even near to heterogeneousspruceforestssurrounding Hohenpeissenberg. It was ex-
amined, whether di�erences betweenday and night variabilities are observable. To
minimise the dynamic e�ects during the morning BL transition period, only values
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measuredbetween10:00and 19:30wereconsideredfor the day data. For the noctur-
nal variabilit y the valuesmeasuredbetweensunsetand sunrise,19:30until 5:30,were
chosen. To obtain representable data, the mean concentrations of the atmospheric
O3 and OH werecalculatedaccordingly. The meanOH during the day was3.05� 106

moleculescm� 3 (1.26 ppt) and O3 1.06� 1012 moleculescm� 3 (44.4 ppb). During
the night, the OH concentration was much lower with (0.08� 106 moleculescm� 3

(0.03 ppt), whereasthe O3 was only slightly higher with 1.01� 1012 moleculescm� 3

(42.5 ppb). The obtained coe�cien t A is higher during the night with a value of
0.8695� 0.020as comparedto 0.5221� 0.089during the day. The low A for both
periods indicates air massesof similar agesarriving in the Hohenpeissenberg area,
but with a higher age di�erence during the night. The day and night b values do
not di�er signi�cantly. A b of -0.1459� 0.066was found for the day data and a b
of -0.1324� 0.020for the night. Although b may be expected to be higher for the
nighttime case,since the station is cut o� from the surfacelayer and the emitting
sources,the OH levels are much lower. After restricting the timeframe to between
22:00and 5:30, the time around which the BL descendsbelow the station and be-
fore the light-induced terpeneemissionstarts, b increasedto 0.1837� 0.049. This
similarit y of the b valuesto the whole dataset is presumablycausedby the instable
weather conditions during somenights. The nocturnal BL could not develop and
thus surfacelayer air massesa�ected the variabilit y of the VOCs. The proximit y of
the vegetation to the station and their occasionalnocturnal emissionsalso have the
e�ect of decreasingb.

4.5.8 Estimation of OH and NO 3 radical concentration

Several studieshave usedthe variabilit y lifetime relationship to estimate the radical
concentration in the atmosphere[193, 194, 198]. If the atmosphericconcentrations of
oneor moreVOC oxidants, e.g.O3 or NO3, are available, it is in principle possibleto
estimate the concentration of an unknown reactant, assumingthat all reaction rates
are known. This is accomplishedby keepingthe known concentrations constant and
only varying the concentration of the unknown oxidant species.This technique gives
rise to di�eren t distributions of the data points on the variabilit y lifetime plot with
di�ering �ts. The assumedconcentration of the oxidant that gives the best �t to
the data can be interpreted as the averageconcentration of the said oxidant. The
goodnessof a �t is expressedby the � 2 value, which evaluatesthe correlation of the
least squares�t and indicates the discrepancybetweenthe �tting function and the
data. The lower � 2, the better the �t to the data.
This method wasapplied herefor the �rst time to the short-lived VOCs, to compare
the result with the in-situ OH measurements carried out during the HOHPEX �eld
campaign. To do so, the O3 concentration was kept constant at 1 � 1012 (42.2 ppb)
and the OH concentration was varied, thus changing the lifetimes of the VOCs sus-
ceptible to OH. The assumedOH concentrations versus� 2 are shown in Fig. 4.23A.
The best �t for all VOCs with the lowest � 2 lies at approximately 5.55 � 105 OH
moleculescm� 3 (0.023 ppt). From the in-situ measurements made at the MOHP,
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a higher averageOH concentration of 1.7 � 106 moleculescm� 3 (0.071 ppt) was
obtained. To understand this di�erence it must be consideredwhat the OH value
derived from the terpene variabilit y represents: It expressesthe averageOH con-
centration experiencedby the VOCs in the time taken to travel from the point of
emission(e.g. in the canopy) to the point of measurement. A fraction of the time
will have beenspent in the shadedcanopy which has lower OH than the more sunlit
areawherethe OH measurement took place. For this reasonwe may expect that the
VOC derived OH value will be lower than the in-situ, and this is indeedthe case.

Fig. 4.23: A . Variation of the OH concentration versus � 2 for the HOHPEX data. The
optimum is at 5.55 � 105 moleculescm� 3 (0.023 ppt) B . Variation of the NO3

concentration versus� 2. The optimum is at 2.7 � 108 moleculescm� 3 (11.3 ppt)

As described in section4.3,signi�cant NO2 concentrations wereoccasionallyobserved
at night. This can give rise to NO3 radicals,which can alsooxidise VOC species.To
investigate the levels of this unmeasuredoxidant, the variabilit y analysis was ex-
tended to include NO3. NO3 is the main atmosphericoxidant for reactive organic
speciesduring the night and equally important asOH during the day. The chemistry
involved is described in section1.3. For the calculation, the O3 and OH concentra-
tions were kept constant at the measuredmeanvalues,and the NO3 concentrations
were varied. The reaction rate coe�cien ts used for the calculations are shown in
Table 4.9. A broad optimum is obtained, the optimal mean NO3 mixing ratios cal-
culated for the GC� GC measurements amounted to 2.7 � 108 moleculescm� 3 (11.3
ppt). The results of the NO3 variation are shown in Fig. 4.23B.
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This is the �rst attempt to examine the variabilit y-lifetime dependencieson the
local scale and comparable analyses for the very short-lived and reactive com-
pounds has not been reported. It has been proposed by Ehhalt et al. to de-
rive an averageOH concentration using the variabilit y lifetime relationship [199].

k(NO3)
cm3 molc� 1 s� 1

Isoprene 6.78 � 10� 13

� -Pinene 6.16 � 10� 12

� -Pinene 2.51 � 10� 12

Sabinene 10.00 � 10� 12

3-Carene 9.10 � 10� 12

Camphene 6.60 � 10� 13

Eucalyptol 1.90 � 10� 16

Ethylbenzene 5.70 � 10� 16

(p+m)-Xylene 4.50 � 10� 16

o-Xylene 3.80 � 10� 16

Hexane 1.05 � 10� 16

Heptane 1.45 � 10� 16

Octane 1.82 � 10� 16

Nonane 2.41 � 10� 16

Tab. 4.9: Atmospheric reaction rate
coe�cien ts k, for selected
VOCs with NO3. The val-
uesare taken from [200]

Williams et al. also determined an OH con-
centration from VOCs measuredover a rain
forest [194]. However in both cases,since the
compounds usedhad lifetimes betweenseveral
days to months, the OH concentration derived
had to be interpreted as the radical abundance
along the air mass back tra jectory. In the
case of the reactive compounds measuredin
HOHPEX, the OH derived represents the lo-
cal OH.
As shown, the variabilit y concept can be used
for an estimate of the atmosphericmixing ra-
tios of OH radicals, if su�cien t VOCs with
di�eren t atmospheric lifetimes as well as O3

are measured at the site. A broad opti-
mum wasobtained for the calculations,ranging
from 4.1 � 105 moleculescm� 3 (0.017 ppt) to
6.5 � 105 moleculescm� 3 (0.027ppt), with an
optimised value at 5.55 � 105 moleculescm� 3

(0.023ppt).
The calculation of the nighttime NO3 radi-
cal concentration throughout the campaignre-
vealedalsoa broad optimum of 2.2 to 5.0 � 108

moleculescm� 3 (9.2 ppt to 21 ppt). An at-
mosphericmeanconcentration of circa 2.7 � 108 moleculescm� 3 (11.3 ppt) was the
optimised value. This result is in general agreement with several previous in-situ
measurements of NO3. In the marine BL of R•ugen Island, Germany, a similar noc-
turnal averageof 6-10 ppt was reported [201]. NO3 mixing ratios measuredin the
free troposphereat Iza~na, Tenerife,showed a nocturnal averageof 8 ppt during early
summer [202]. Lower values of 4.5 ppt were determined in the marine BL in the
easternMediterranean[203], and an averageof 4.6 ppt was found in the continental
boundary layer near Berlin [204].

4.6 Conclusions

During the �eld campaignHOHPEX at the MeteorologicalObservatory Hohenpeis-
senberg (MOHP) in July 2004, anthropogenic and biogenic VOCs were measured
applying GC� GC-FID.
To investigate the reliabilit y of the on-line GC� GC-FID measurements, the mixing
ratios were comparedto PTR-MS (MPI-C) and routinely conducted GC-MS mea-
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surements during the sameperiod. All systemsshow a good correlation for ambient
samples.The exceptionis toluene,wherethe correlation is signi�cantly worsefor the
comparisonof the GC-MS and the PTR-MS with the GC� GC-FID. We suggestthis
is causedby a co-eluting compound. The GC-MS measuredthe highest mixing ra-
tios for the anthropogenicVOCs, followed by the GC� GC-FID, the PTR-MS found
in the ambient air up to almost 45% lower values than the GCs. For the biogenic
compounds,the GC-MS measuredthe highestambient mixing ratios, followed by the
GC� GC-FID and the PTR-MS. The detectionlimits arelowest for the GC� GC-FID,
followed by the GC-MS and the PTR-MS.
A compressedambient air samplewas analysedusing two di�eren t GC-MS systems
(MOHP and MPI-C) and the GC� GC-FID. With few exceptions,all gaschromato-
graphic instruments measuredVOC concentrations within the instrumental uncer-
tainty. Of the VOCs measuredby the GC� GC-FID in the calibration task, only
heptanedid not agreewith the value estimated using the GC-MS. Interestingly, for
the GC� GC-FID heptanewas found to be higher in the calibration, whereasduring
the �eld campaignthe measuredvalueswereusually lower.
Pronounceddiurnal cycles were found for the biogenically emitted compounds � -
and � -pinene,camphene,sabinene,3-careneand eucalyptol. The mixing ratios were
strongly in
uenced by the mixed forest surrounding the station as well as the para-
meters light and temperature. In agreement with previous studies, cool and cloudy
days showed lessterpeneemissionthan warm and sunny days. Diurnal cyclesfor the
anthropogenicaromatic and aliphatic compoundswerealsofound, but with di�eren t
characteristicsto thoseof the biogenics.The highestmixing ratios for all VOCswere
measuredin the morning when the boundary layer roseover the station.
Several nights deviating from a normal nocturnal cyclewith decreasingmixing ratios
for biogenicand anthropogeniccompoundshave beennoted. This can in most cases
be attributed to frontal systemspassingthrough the area and changing air masses.
Relative humidit y, precipitation and wind speedappear to have played a role during
nocturnal emissionof the terpenes[188, 189].
The wind direction is an important factor for the mixing ratio levelsof anthropogenic
VOCs measuredduring the day. The highest valueswere found for west, south and
east,wherethe cities Schongau(west), Kaufbeuren(north), and Munich (northeast)
are situated.
The variabilit y-lifetime relationship of the measuredshort-lived VOCs has beenex-
amined for the �rst time. The weak but signi�cant b dependenceof the measured
compoundsshowed, that their respective sourcesare relatively closebut that chem-
istry is playing a role their concentration variabilit y. This is expected for the an-
thropogenicVOCs as there are several towns nearby, and for the biogenic terpenes
as the site is surroundedby forest. The relationship was also usedto estimate the
atmosphericmean OH concentration during the GC� GC measurements. The cal-
culated value of 5.55 � 105 moleculescm� 3 (0.023 ppt) presents an approximation
of the averageOH concentration acting upon the discussedVOCs from emissionto
measurement. By extending the analysis, the NO3 nighttime radical concentration
was estimatedusing the samemethod to be 2.7 � 108 moleculescm� 3 (11.3 ppt).
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5.1. INTR ODUCTION AND SITE DESCRIPTION

5.1 In tro duction and site description

The aim of the MINATROC (MINeral dust And TROpospheric Chemistry) cam-
paign held between July 15th and August 15st , 2002 was to investigate the e�ects
of heterogeneousreactionsinvolving mineral aerosolon troposphericchemistry. The
project included �eld measurements, laboratory experiments and model studies. As
part of the �eld study, GC� GC-FID measurements were carried out to characterise
the in
uence of anthropogenicand biogenicsourcesduring the day, when the station
is partly in
uenced by the boundary layer; and the night, when it is situated in the
free troposphere. Additionally , the in
uence of a Saharandust storm on the VOC
measurements was examinedat Iza~na, Tenerife.

Fig. 5.1: Canary islands location to the west of the north African coast. Tenerife is close
to the 16� longitude

The �eld campaigntook placeon the island Tenerife(28� 18'N, 16� 30'W), Spain,circa
400km west of the coastof Africa in the Atlantic Ocean,seeFig. 5.1. The island is
the largestof the Canary islandswith an areaof 2059km2, a length of approximately
100km, and width of between16 and 48 km.
The measurement instruments were sited at the meteorologicalstation Iza~na, oper-
ated by the Instituto Nacional de Meteorolog��a (INM). This station is part of the
Global Atmospheric Watch (GAW) network and has beenusedpreviously for both
long-term and short-term studiesof the freetroposphere[205, 206, 207, 208, 209, 210].
The observatory is locatedon a northeastern
ank plateau of the volcaniccrater Pico
del Teide (3700m), at an elevation of 2360m asl (above sealevel), seeFig. 5.2 and
Fig. 5.3. The horizontal distancesto the northwest and southeastcoastare about 15
km. Located about 1 km away from the meteorologicalstation are the astrophysical
observatory of the Instituto de Astrof��sica de Canarias(IA C) as well as a television
station, the roads leading there are closedto public tra�c and only about 10 to 20
employeecarspassthe station every day. The main tourist road from La Laguna to
the Teide is about 100m downhill and a few hundred metersto the north; up to 60
carsand busespassper hour, especially in the morningsand late afternoon. Major
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Fig. 5.2: Orography of the island Tenerife, Spain. The Iza~na observatory, the mountain
Teide and the inversion layer are shown

Fig. 5.3: Map of Tenerife, the Iza~na observatory in the middle of the island is marked with
a red star. Major towns relevant to this study are Puerto de la Cruz, La Laguna,
G•u��mar and Santa Cruz de Tenerife,dark areasillustrate forest
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cities on the island are the capital Santa Cruz de Tenerife(population 200000) and
La Laguna(125000)to the northeast,Puerto de la Cruz (27 000)and La Orotava (36
000) to the north and Los Cristianos to the southwest. Above 1000m asl the island
is almost uninhabitated. Two airports are located on Tenerife,a smaller onemainly
for domestic 
igh ts is closeto Santa Cruz, whereasthe major international airport
is situated on the southern tip of the island. The major industry is an oil re�nery in
the vicinit y of Santa Cruz, and two oil-�red power plants to the eastand south of the
station. A busy industrial harbour is also located in Santa Cruz, tankersand freight
shipspassthe island mainly to the south. High precipitation causedby the northeast
trade wind leadsto subtropical vegetationon the lu� side,whereasthe southernside
of the island has more characteristicsof a semi-desert.An evergreenlaurel forest is
predominating in the lower regionsof the island, covered mainly with trees such as
Canary laurel (Laurus azorica), tree heath (Erica arborea), or bog myrth (Myrica
gale) [211]. Endemic Canary Pine forests(Pinus canariensis) predominatebetween
1200m and 2000m aslall around the island, at higher altitudes, subalpineand alpine

ora prevail. The ground surrounding the station itself is looselycovered with light
volcanic material, the vegetation is sparse(mostly the broom speciesSpartocytisus
supranubius and Adenocarpus viscosus).

The GC� GC-FID data presented in this chapter is a selectionof biogenicand anthro-
pogeniccompounds, instrumentation details are given in section 5.4. The biogenic
VOCs include � -pinene,camphene,3-careneand eucalyptol (1,8-cineol), the anthro-
pogenicVOCs are represented by the aromatic speciesbenzene,toluene, ethylben-
zene,o-xyleneand the co-elutingp- and m-xylenesaswell asthe aliphatic compounds
heptane, octane, nonaneand decane. In the following sections,the meteorological
conditionsand characteristicsaswell asmeasurement resultsobtained with GC� GC
are discussed. Diurnal cycles for the biogenic and anthropogenic compounds are
shown, as well as the in
uence of the wind direction on the measuredspecies. The
in
uence of Saharandust on the measuredVOC is alsoexamined.

5.2 Site meteorology

The weatheron the Canary Islandsis in
uenced by marinemeteorologicalconditions.
A characteristic feature for subtropical oceanicislandsadjacent to the westernparts
of continents like the Canary Islands, is a distinct temperature inversion layer. This
inversionlayer separatesthe dry freetroposphere(about 20% relativehumidit y) from
the moist andcoolermarineboundary layer (MBL, circa55%relativehumidit y) which
is in
uenced by the tradewinds[212]. On Tenerife,this temperature/trade wind inver-
sion occursbetween1200m and 1800m asl throughout most of the year. In summer
the upper boundary of this inversion layer lies at about 1400m asl, which is signi�-
cantly lower than the altitude of the station. This inversion impedestransport from
the oceanand coastalcities to the site. During daytime the local thermal and dynam-
ical upslope surfacewinds dominate, and marine boundary layer air mixed with local
anthropogenicand biogenicemissionsreachesthe station. Thesewinds ceaseslowly
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in the evening and, becauseof the inversion, the station is located in the free tro-
posphereduring the night. In this time, downslopewinds from the upper troposphere

Fig. 5.4: Satellite picture of the Sa-
haran dust event originat-
ing from West Africa. The
image was taken on July
30th , 2002. Tenerife is
marked with a red dot

generallyprevail.
Air masses reaching the station during the
GC� GC measurement phase originated either
from over the Atlantic Oceanto the north of the
Canary Islands or from the northeasternpart of
Africa. Several incidencesof Saharandust were
detectedat the island. Of theseevents, one was
signi�cantly larger than the others and occurred
between July 28th and August 1st , 2002 [213].
Aerosol index images from the TOMS satellite
show that the origins of the dust particles lay in
western Algeria at the border region with Mali
and Mauritania. A satellite picture of the main
dust event over the Canary Islands originating
from the westcoastof Africa is shown in Fig. 5.4.

The meteorological parameters temperature,
wind direction and speed,air pressureand rela-
tiv e humidit y during the GC� GC measurements
are shown in Fig. 5.5, the data is shown as 30
minute averages. The period of the main dust
event is shadedgrey. The temperature ranged
from a minimum of 9.6� C in the morning of Au-
gust 1st to a maximum of 26.2� C in the afternoon

of July 22nd . The averagetemperature was18.8� C with a medianof 18.9� C. Temper-
aturesbelow the campaignaverageweremeasureduntil July 19th , betweenJuly 26th

and 28th and againat the beginningof August. The main wind direction wasbetween
westnorthwest,with occasionalperiodsof easterlywinds. BetweenJuly 27th and 31st ,
the wind variedbetweeneastand south. Wind speedsduring the measurement period
varied betweenwindstill (0.6 m s� 1) and 19.5 m s� 1. The averagewind speedwas
8.2 m s� 1 and the median 7.4 m s� 1. Relative humidit y was, as expected in the free
troposphere,very low. The relative humidit y occasionallyincreasedabove the mean
valueof 16.3%during someshort periods beforeJuly 19th and during a longerperiod
betweenJuly 29th and 31st . The minimum relative humidit y found was around 1%
during the night, the maximum of 63%during the dust event, the medianwas12.8%.
The air pressurewas measuredon July 18th and 19th , and continuously after July
23r d. Lower pressureprevailed betweenJuly 26th and 29th , the valuesranged from
a minimum of 769 hPa to a maximum of 780 hPa. Superimposedon this trend are
diurnal cyclespeakingaround noon and midnight. The sun rosearound 6:00and set
again shortly after 20:00.

The averagediurnal cyclesof the meteorologicalparameterstemperature, wind direc-
tion, windspeed,relative humidit y and air pressurearedepictedin Fig. 5.6. The data
are 30 minute averages,the graphson the left show the diurnal variations during the
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5.2. RESULTS AND DISCUSSION

completeGC� GC measurement period, the middle graphsshow the low dust period
betweenJuly 16th and 27th and the graphson the right show the meteorologicalcon-
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Fig. 5.5: Meteorological parameters temperature, wind direction, wind speed,air pressure
and relative humidit y, 30 minute averages,between July 16th and August 1st ,
2002.

ditions during the dust event from July 28th to August 1st . The black line illustrates
the mean measuredvalue, the red dotted line the median value and the upper and
lower bars the maximum and minimum measuredvalue, respectively. The term 'low
dust' arosefrom LIDAR measurements which revealed,that Saharandust waspresent
at low concentrations throughout the courseof the campaign[213].
As can be seenin the graphs, the mean daily temperature during the dust event
was lower than during the low dust period (17.2� C as compared to 19.1� C). The
variations in minimum and maximum temperatures during the nights of the dust
event were much smaller. The median wind direction during the dust event was
betweensouth and east. The meancalculatedvaluesindicate a predominating wind
direction of betweensouth and west. This is causedby a strong changeof the wind
direction from the southeastto the north towards the end of the dust event. During
the low dust period the meanand medianwind direction waswesterly. Wind speeds
show a greater diurnal variation and higher averagespeed during the dust event.
Moreover, the meanrelative humidit y was between20 to 30%(mean 26%), whereas
the atmosphereduring the low dust period was drier with 10 to 20% (mean 13%).
Surprisingly the dust ladenair from the Saharadeserthasa higher relative humidit y
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than average. This may indicate that it has mixed with marine boundary layer air,
either during the transport from Africa or more locally at the island.
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complete GC� GC measurements, middle: during the low dust period, July 16th

to 27th , right: during the dust event, July 28th to August 1st
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Fig. 5.7: Trace gasmeasurements during the MINA TROC �eld campaign

5.3 Trace gas measuremen ts

The measurements of the trace gasesO3, NO2, CO, SO2 and formaldehyde (HCHO)
from July 16th to August 1st , 2002are displayed in Fig. 5.7.
The instruments for all shown gases,except the CIMS used for SO2 measure-
ments [214], wereoperated from a laboratory container by the Max-Planck-Institute
for Chemistry, Mainz (MPI-C). O3 was measuredwith the UV absorption method
(Ansyco 41M). An in-situ GC with a gas reduction (HgO) detector was applied to
measureCO. A tunable diode laser absorption spectrometer was usedfor the mea-
surement of NO2. These instruments are described in Fischer et al. [215]. For the
HCHO measurements, a liquid chemistry 
uorescencedetector (AERO laser model
AL4021) wasused. This instrument waspreviously usedfor airborne campaignsand
is described in detail in [216].
O3 varies from 25.1 ppb to 96.6 ppb, the averageO3 concentration is 56.6 ppb, the
median62.7ppb. The data shows higher O3 levelsat the beginningof the �eld cam-
paign, whereasduring the main dust event the valuesare below the average. This
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5. MINA TR OC 2002

phenomenonof a lower O3 concentration in air originating from the Saharahasbeen
observed in several previousstudiesand attributed to heterogeneousremoval of ozone
on mineral dust [208]. NO2 mixing ratios rangebetween0.05ppb and 1.2 ppb. The
averagevalue is 0.12ppb, the median 0.11ppb. A diurnal cycle is visible with NO2

increasingin the morning to a maximum around 12:00UTC and decreasingagain in
the evening,minimum concentrations are measuredduring the night. CO shows con-
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Fig. 5.8: Diurnal cyclesof the trace gases.The black line illustrates the meanvalue, upper
and lower bars the maximum and minimum measured value and the red line
the median of the hourly data. Graphs on the left: during complete GC� GC
measurements, middle: during the low dust period, July 16th to 27th , right: during
the dust event, July 28th to August 1st

centrations between69 ppb and 288ppb, with an averageof 99 ppb and a medianof
89ppb. For the �rst day, a continuouslyhigh CO level wasseenduring day and night,
afterwards regular diurnal cyclesoccur. However, the daytime CO concentration was
decreasinggradually after July 22nd until July 28th . During the dust event, only very
weak diurnal cyclescould be observed and the CO was higher than the days before.
SO2 rangesfrom below the detection limit of around18ppt to a maximum of 1.7ppb.
For most of the time, the atmosphericconcentration was below the detection limit,
weak diurnal cyclescould be observed. Fig. 5.8 illustrates the diurnal cyclesof the
trace gasesO3, NO2, CO, SO2 and HCHO averagedover 1 hour. Somehigher SO2

levels during the day were measuredat the beginning of the campaignand, with a
smaller magnitude, during parts of the main dust event. The valuesfor HCHO were
between6 ppt and 2 ppb. Highest mixing ratios were reached around noon, lowest
during the night when the site was in the free troposphere.The averagemixing ratio
is 0.49 ppb, the median is 0.56 ppb. Again, diurnal pro�les and higher variabilit y
can be seenuntil the main dust event on July 29th , wherethe mixing ratios are also
elevated during the nights and the diurnal cyclesare suppressed.It is apparent, that
the mixing ratios for all gasesare somewhatlower during the dust event. Diurnal
cyclescan be observed for all trace gasesdue to the upslope 
o ws on the mountain
during the day (seesection5.2).
The diurnal cycle for O3 shows a decreasethroughout the morning leading to a min-
imum around 11:00. Higher levels are measuredduring the night when the station
is situated in the free troposphereand O3 rich air from the upper troposphereis
descending. The diurnal cycle during the dust event is much lesspronouncedand
the measuredconcentrations are lower. NO2 shows a diurnal pro�le in which concen-
trations start rising in the morning as the site is in
uenced from the boundary layer
and decreasingin the eveningwhenthe site is in the freetroposphere.The maximum
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is reached around noon. During the high atmosphericdust content, a similar cycle
can be observed, but with lower concentrations. Similarly, the CO concentrations
measuredat the beginning of the campaigndisplay a diurnal cycle with low values
in the early morning hours. The steady high concentration betweennoon and 17:00
is a marker for anthropogenicin
uence originating from the marine boundary layer.
After 17:00,with the calming of the upslope winds, the CO concentration decreases
again. During the dust event, this cycleis only weakly pronouncedand the meancon-
centrations appear to be much lower. However, a comparisonof the diurnal median
shows, that the valuesduring the dust event ascomparedto the low dust period are
only marginally lower. SO2 is low during the night, increasesquickly in the morning
around 10:00, decreasesuntil noon and then increasesagain throughout the early
afternoon. A similar but weaker trend can be seenduring the high atmosphericdust
load. The mediansof both CO and SO2 are signi�cantly lower than the mean. This
indicatesthat the site hasbeena�ected by short-term pollution events. For SO2, this
mainly happensduring the day, whereasfor CO this can be observed during day and
night. Comparedto the period with low dust, the measurements of HCHO during
the dust event indicate higher nocturnal mixing ratios, but lower mixing ratios dur-
ing the day. The diurnal cycle shows a �rst peak in the morning around 8:00and a
secondpeak in the afternoon, both for low dust and high dust conditions.

5.4 Exp erimen tal Setup

The instruments operated by the MPI-C were situated in a container closeto the
Iza~na observatory, seeFig. A.12 and A.13 on page148in the Appendix. The sample
air inlet was installed on the roof of the container about 4 m above the ground. The
main samplingline wasa 9 mm i.d. Te
on line through which ambient air wasdrawn
constantly at a 
o w rate of 75 l min� 1. Attachedto this line werethe GC� GC-FID, a
PTR-MS and a canister samplingdevice,in this order. The GC� GC wasconnected
to the main line via a T-piece 9.5 m from the inlet. The residencetime in the main
sampling line from the inlet to the GC� GC was calculatedto be about 0.5 seconds.
During the MINATROC �eld campaignthe GC� GC systemdescribedin section2.6.1
wassetup in the on-linemeasurement mode,with the thermodesorbingunit, the 
o w
controller and the GC� GC-FID. To concentrate the VOCs, a streamof 50 ml min � 1

air wasdrawn from the main sampling line, through a 3.2 mm diameter Te
on tube,
and into the cold trap of the GC� GC using a membrane pump. The exact details
of samplingand analysisare shown in Table 5.1. Beforethe actual samplingstarted,
ambient air or, in the caseof a blank samplehelium, waspurgedthrough the system
without gas 
o wing into the cold trap, then the stream was directed onto the cold
trap for a given time. To avoid the condensationof water, the cold trap temperature
was set at 10� C, which was suitable for the target C6-C14 organic compounds. After
sampling, the cold trap was purged with helium for 4 minutes to remove any water
present, and then heated up to 250� C in lessthan 5 secondsto inject the focused
compoundsonto the analytical column. This temperature was held for 5 minutes to
ensurecompletedesorption.
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5.4. RESULTS AND DISCUSSION

For the gaschromatographicseparation,a nonpolar 95%dimethylpoly- siloxaneDB-5
column(30 m, 0.25mm I.D., 1� m �lm, Agilent, Waldbronn, Germany) wasemployed
in the �rst dimensionand a polar polyethyleneglycol Carbowax column(1 m, 0.1mm
I.D., 0:1� m �lm, Quadrex, Woodbridge, CT, USA) in the seconddimension. Blank
measurements with helium werecarried out every 10 samples(15 hours), calibrations
weredoneonceevery 2 days with a 74 compound VOC standard (Apel-Riemer,CT,
USA) attached directly to the sampling inlet of the cold trap. Laboratory calibra-
tions revealed a good linearity for the discussedVOCs, seealso the experimental
description of the HOHPEX-campaign (section 4.4). Based on this stabilit y, only
2-point calibrations werecarried out during the campaign.
The co-elutingp- and m-xylenewerecalibrated with o-xylene,the terpenescamphene
and 3-carenewere calibrated using � -pinene. Eucalyptol was indirectly calibrated
with � -pinene. The calculations applied to obtain the atmosphericmixing ratios of
the directly and indirectly calibrated compounds are described in the experimental
part of the HOHPEX �eld campaign,seesection4.4.

Sampling data Flow: 50 ml min � 1

Duration: 60-80min
Volume: 3-4L
Cold trap: 10� C (Tenax TA/Carb ograph I)

Desorbing Data
Desorption Prepurge: 4 min

Desorption: 250� C, 5 min (Tenax TA/Carb ogr. I)
Flow Path: 200� C

Analysis data
First column DB-5, 30 m, 0.25 mm I.D., 1� m �lm

40� C, 100� /min to 50� C, 2.5� /min to 200� C,
Secondcolumn Carbowax, 1 m, 0.1 mm I.D., 0:1� m �lm

40� C, 2.5� /min to 180� C (until 23.07.2002)
30� C, 2.5� /min to 180� C (from 23.07.2002)

Analysis time 60 min
Modulation 6 sec,four-jet system (Zoex, USA), nitrogen-cooled

200 ms upstream duration
300 ms downstream duration

Tab. 5.1: Sampling, desorption and analysis data during the MINA TROC campaign

The limit of detection (LOD) for the VOCs measuredduring the MINATROC cam-
paign are shown in Table 5.2. The LOD was de�ned as two times the standard
deviation (2� ) of the integrated baselinenoise in the absenceof a peak. It ranges
from 0.1 ppt for campheneto 10.0ppt for benzene.The high LOD for benzeneis a
result of a higher baselineat the beginningof the chromatogram.
The precisionfor the compoundsmeasuredduring MINATROC rangesfrom 2.9%for
heptaneto 11.3%for octane and are alsopresented in Table 5.2. Factors in
uencing
the precisionof the GC� GC-FID are the uncertainties in 
o w and temperature con-
trol during samplingand analysis. Also contributing are the uncertainties in baseline
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removal, peak integration and peakvolumecalculation of the individual compounds.
To determine the precisionof the measurements during the MINATROC �eld cam-
paign, the 1� standard deviation of all 250 ml calibration gas measurements was
calculated.
The measurement accuracy for the VOCs discussedwas determined from the geo-
metrical mean of the relevant uncertainties. In
uencing the accuracyof all organic
compound measurements is the uncertainty in the calibration gas concentrations,
which is given by the manufacturer as 2%. The peak integration

LOD (2� ) Precision (1� )
ppt %

Heptane 2.0 2.9
Octane 0.5 11.3
Nonane 0.5 5.0
Decane 0.7 9.6
Benzene 10.0 10.2
Toluene 2.5 10.2
Ethylbenzene 0.5 8.3
o-Xylene 5.0 9.4
p/m-Xylene 0.5 7.2
� -Pinene 0.3 6.7
Camphene 0.1 6.7
Eucalyptol 0.5 6.7
3-Carene 0.5 6.7

Tab. 5.2: Limit of detection (2� ) and precision (1� ) of the measuredcompounds for the
MINA TROC �eld campaign

and volume calculations also add to the uncertainty with an estimated 5%. The
overall accuracy for the measurements of the organic compounds contained in the
standard was assessedto be 5%, i.e. heptane, octane, nonane, decane,benzene,
toluene, ethylbenzene,o-xylene, p/m-xylene and � -pinene. The same accuracy
is valid for the terpenes 3-carene and camphene, which are directly calibrated
with � -pinene. The accuracy for the indirectly calibrated oxygenated eucalyptol
is evaluated to be around 11%. This is attributable to the possibleinaccuracy of
the calculated response factor used, which adds an estimated 10% to the overall
accuracy. The determinedaccuracyrangesfrom 5 to 11 % for the compounds. Since
similar compounds were analysedas during the HOHPEX campaign, the accuracy
is in agreement with the valuesshown in chapter 4.
Fig. A.5 on page142 in the Appendix shows a GC� GC chromatogramsectionof an
ambient sampletaken during the MINATROC �eld campaign,the VOCs which are
presented hereare marked.
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5.5 GC � GC-FID V OC measuremen ts: Results and discus-
sion

5.5.1 V OC measuremen ts over time

The results of the ambient air GC� GC-FID measurements between July 16th and
August 1st , 2002 are shown in Fig. 5.10, 5.11 and 5.12. The long interruption in
the measurements between July 19th and 23r d was causedby a failed delivery of
liquid N2, the short gapstowards the end of July were causedby a malfunctioning
valve. Otherwise the measurements were interrupted only by calibration and blank
measurements. The main Saharandust event betweenJuly 28th and August 1st is
marked with grey shading. The impact of the dust particles on the visibilit y during
the major dust event is illustrated in Fig. 5.9. The left picture was taken during a
low dust period, the Pico del Teidein the background is at a distanceof about 10 to
15 km. The right photograph was taken during the major dust event on

Fig. 5.9: View of the Pico del Teide from the measurement site. The left picture was taken
during the low dust period in July, the right picture from the sameposition during
the major dust event on July 29th , 2002

July 29th , the visibilit y being sostrongly reducedthat the mountain can not be seen.

Shown in this section are the group of biogenic compounds including � -pinene, 3-
carene,campheneand eucalyptol. Also shown are the anthropogenicaliphatic com-
pounds heptane, octane, nonaneand decaneas well as the anthropogenicaromatic
compoundsbenzene,toluene, ethylbenzene,o-xyleneand p-/m-xylene, the so-called
BTEX compounds. The lowest and the highest measuredmixing ratios were found
for the biogenicallyemitted VOCs.
Pronounceddiurnal cyclesare visible for the biogenically emitted VOCs � -pinene,
camphene,3-careneand eucalyptol in Fig. 5.10. To date there have beenonly few
studies on the VOC emissionsof Canary pine trees, but they are known to emit
mainly the monoterpenes� - and � -pinene,myrceneand limonene[8, 217]. Investi-
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gationsof another pine tree species,the Scotspine, revealedamongstother terpenes
the emissionof all four biogeniccompoundsdiscussedin this section[15]. As already
mentiond, the vegetationin the lower parts of the island is dominatedby the Canary
laurel L. azorica, which is mainly emitting � -pinene and eucalyptol [218] and tree
heath E. arborea, which is a strong isopreneemitter. The in
uence of temperature
on terpene emissionfrom conifers has been documented in earlier studies where it
was observed, that higher temperatures lead to an enhancedemission[7, 219]. In a
recent study it wasalsonoted, that the emissionof oxygenatedVOCs like eucalyptol
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Fig. 5.10: Mixing ratios of measuredbiogenic VOCs. The markers represent the middle of
the sampling, the grey shading indicates the major dust event. The gaps in the
sampling betweenJuly 19th and 23r d are causedby liquid N2 delivery failure, the
small gaps later by technical problems

from Scots pine is not only temperature, but also light-dependent [15]. A light-
dependent emissionof the monoterpeneshas also been observed in young conifer
needles [10]. A strong light dependencefor terpene emissionswas established
in several previous studies on the holm oak (Quercus ilex) and other deciduous
trees [220, 221, 222, 184, 13]. These �ndings might also be relevant for the shrub
present within the Canary pine forest. In accordancewith theseaforementioned stud-
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ies, the measuredmixing ratios of all biogeniccompounds start to increasearound
sunrisewith rising temperaturesand light intensity and rapidly decreaseagain after
sunset,whentemperaturesalsodecline. A generalcorrelation betweenthe magnitude
of the presented compoundsand temperature can alsobe observed. However, during
the main dust event after July 29th , the mixing ratios are lower for � -pinene, cam-
pheneand eucalyptol, even though temperaturesduring the day are relatively high
(above20� C). In this period, the mixing ratios of 3-careneappearto follow no cycleat
all, but instead an almost constant level was observed. It is interesting to note, that
during the dust event a two day period of increasedrelative humidit y, with a mean
of 42%ascomparedto 13%during the rest of the �eld campaign,wasobserved (July
29th to 31st ). In this period, camphene,3-careneand eucalyptol show higher than
normal mixing ratios during the night. Studiescarried out on the plant speciesQuer-
cus ilex (evergreenoak) and Pinus pinea (Mediterraneanpine) showed, that drought
and decreasedrelative humidit y inhibit the emissionof biogenicVOCs [223, 224]. It
can be speculated whether the emissionof terpeneswas favoured by the increased
water content in the atmosphereor alternatively that other factors such asmarkedly
di�eren t local meteorologyunder dust conditions played a more important role. The
mixing ratios of the biogenicVOCs measuredat Iza~na are the result of the light and
temperature depending emissionand the VOCs individual reactivities and lifetimes
in the atmosphere. All biogenic compounds are below the detection limit at least
during onenight, � -pineneand eucalyptol are detectedonly rarely during the night,
whereascampheneand 3-careneshow increasedlevelson several occasions.The max-
imum mixing ratio found for the biogeniccompounds was � -pinenewith 260.6ppt,
followed by eucalyptol with 49.3ppt, 3-carenewith 23.8ppt and camphenewith 16.4
ppt. The mean valuesare for � -pinene 45.0 ppt, eucalyptol 11.4 ppt, 3-carene4.1
ppt and camphene3.1 ppt. The median of the mixing ratios is lower than the mean
value, with � -pineneat 33.7ppt, eucalyptol 9.8 ppt, 3-carene4.0 ppt and camphene
2.4 ppt.
The measurements of the aliphatic compoundsare depictedin Fig. 5.11. The alkanes
heptane,octane, nonaneand decanediscussedin this chapter originate mainly from
car exhaust, gasolinespillagesand solvents [4]. On closeinspection these anthro-
pogenicVOCs exhibit weak diurnal cycleswith gently rising and falling gradients.
This e�ect is causedby transport of local pollution with the upslopewinds developing
during the day as described in section 5.2. At the beginning of the GC� GC mea-
surements, the mixing ratios of the aliphatic aswell asthe aromatic compoundswere
slightly higher than during the remaining period. This is accompaniedby continu-
ously high concentrations in CO (about 180ppb) and O3 (about 80 ppb), indicating
the presenceof polluted air massesat Iza~na. Back-tra jectories showed, that the
smoke plume from large forest �res in Quebec, Canada, could have been in
uenc-
ing the measurements in that period. Higher levels of CO were occasionally also
measuredduring the dust event, however, theseevents appear to be associated with
local emissions.The highest mixing ratio measuredwas 23.1 ppt for octane at the
beginningof the campaign,followed by 21.3ppt for heptane,18.4ppt for decaneand
10.9 ppt for nonane. Minimum measuredvalueswere below the detection limit for
octane, 0.7 ppt for nonane,1.3 ppt for decaneand 2.3 ppt for heptane. The mean
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Fig. 5.11: Mixing ratios of measuredaliphatic VOCs. The markers represent the middle of
the sampling, the grey shading indicates the major dust event. The gaps in the
sampling betweenJuly 19th and 23r d are causedby liquid N2 delivery failure, the
small gaps later by technical problems

value calculatedfor the measurement period is 9.2 ppt (median 9.1 ppt) for heptane,
5.9 ppt (median 4.7 ppt) for octane, 4.2 (median 4.4 ppt) for nonaneand 5.3 ppt
(median 5.3 ppt) for decane.
The aromatic BTEX compoundsare illustrated in Fig. 5.12. Benzene,toluene, eth-
ylbenzeneand the xylenesare mainly emitted from petroleum, chemicaland re�ning
industries as well as car exhaust [4, 225]. Similar to the aliphatic compounds, the
BTEX group shows higher mixing ratios during the �rst 2 days and alsodisplay weak
diurnal cyclesthroughout the measurement period. The continuously high level of
benzeneuntil July 18th can be attributed to the biomassburning plume mentioned
earlier. The maximum measuredmixing ratio was found for benzenewith 158.2ppt,
o-xylenewith 101.3,toluenewith 109.7,ethylbenzenewith 16.1ppt and the co-eluting
p-/m-xylene with 8.9 ppt. They are thereforemostly at much higher concentrations
than the aliphatic compounds that have similar sources. Minimum mixing ratios
measuredduring the campaign were 0.7 ppt, 0.9 ppt, 3.1 ppt, 10.5 ppt and 14.1
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ppt for ethylbenzene,p-/m-xylene, toluene, o-xyleneand benzene,respectively. The
calculated mean valueswere 3.5 ppt for ethylbenzene(median 3.0 ppt), 3.0 ppt for
p-/m-xylene (median 3.0 ppt), 18.5 ppt for toluene (median 14.8 ppt), 35.2 ppt for
o-xylene(median 29.8ppt) and 63.5ppt for benzene(median 59.4ppt).
The diurnal cycles of the anthropogenic and biogenic compounds shown here are
discussedin the following section.
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Fig. 5.12: Mixing ratios of measuredaromatic VOCs. The markers represent the middle of
the sampling, the grey shading indicates the major dust event. The gaps in the
sampling betweenJuly 19th and 23r d are causedby liquid N2 delivery failure, the
small gaps later by technical problems
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5.5.2 Diurnal cycles

The diurnal cyclesfor the compoundsmeasuredwith GC� GC-FID during the �eld
campaignare shown in Fig. 5.13,5.14and 5.15. The hourly meanswereobtained by
assigningthe meansampling time to the nearestwhole hour. In the left column,
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Fig. 5.13: Diurnal cycles of measuredbiogenic VOCs, averaged over 1 hour. Shown are
measurements during di�eren t periods. Left column: July 16th to August 1st ,
2002,middle: beforethe main dust event, July 16th to 27th , right column: during
the dust event, July 28th to August 1st . The black line shows meanvalues,upper
and lower bars the maximum and minimum measuredvalue, the red dotted line
represents the median value. All times are in UTC, which was 1 hour behind
local time
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5.5. RESULTS AND DISCUSSION

hourly meansof all analysesduring the �eld campaignfrom July 16th to August 1st ,
2002 are depicted. The graphs in the middle column contain only data from the
measurements carried out before the main dust event, i.e. from July 16th to 27th .
As already mentioned in section5.2, Saharandust waspresent at low concentrations
throughout the course of the campaign [213], and hence this period was termed
'low dust'. The graphs in the right-hand column show the diurnal cycles of the
measurements during the main dust event, July 28th to August 1st .
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Fig. 5.14: Diurnal cycles of measuredaliphatic VOCs, averagedover 1 hour. Shown are
measurements during di�eren t periods. Left column: July 16th to August 1st ,
2002,middle: beforethe main dust event, July 16th to 27th , right column: during
the dust event, July 28th to August 1st . The black line shows meanvalues,upper
and lower bars the maximum and minimum measuredvalue, the red dotted line
represents the median value. All times are in UTC as in previous �gure
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Fig. 5.15: Diurnal cycles of measuredaromatic VOCs, averagedover 1 hour. Shown are
measurements during di�eren t periods. Left column: July 16th to August 1st ,
2002,middle: beforethe main dust event, July 16th to 27th , right column: during
the dust event, July 28th to August 1st . The black line shows meanvalues,upper
and lower bars the maximum and minimum measuredvalue, the red dotted line
represents the median value. All times are in UTC, as in previous �gure
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Due to technical problemsin this period and the limited duration of the event, only
a small dataset is available (two data points per hour). In the graphs, the black
lines illustrate the hourly meanvalue of the measuredmixing ratios, the upper and
lower bars represent maximum and minimum measuredvalue, respectively and the
red dotted line the median value. All graphshave the samescalingon the ordinate
to illustrate contrasts betweenthe individual periods.
The biogenically emitted VOCs � -pinene, 3-carene,campheneand eucalyptol in
Fig. 5.13 show clear diurnal cycles,albeit with di�ering patterns. Maximum mean
mixing ratios for � -pinenewere measuredaround noon, whereas3-careneshows the
highest mixing ratios in the evening between19:00and 21:00. Campheneand euca-
lyptol display no apparent maximum in the meanmixing ratios throughout the day,
but instead a relatively constant high level. Measuredmixing ratios of the terpenes
are low during the night and increasein the morning with rising temperature and
increasinglight, as already mentioned in section5.5. An indication for nocturnal � -
pineneemissionof the broom vegetation surrounding the station can be taken from
the plots. The biogeniccompounds eucalyptol, campheneand 3-careneare closeto
the instruments' detection limits most of the time, whereas� -pineneexhibits mean
mixing ratios clearly above the detection limit. Transport of VOCsemitted from veg-
etation in lower regionscan be excluded,sincethe atmosphericlifetime of � -pinene
during the night is as short or shorter than the lifetimes of the other biogenicVOCs
(seeTab. 1.1 on page11). During the dust event, meanmixing ratios are generally
lower for all biogenic compounds and the diurnal patterns are lesspronouncedor
absent comparedto the remaining measurement period.
The aliphatic compoundsheptane,octane,nonaneand decaneareshown in Fig. 5.14.
The highest meanmixing ratios were measuredaround 14:00for all alkanes,a daily
minimum is visible around 17:00,followed by a secondpeak. The lowest valueswere
found in the early morning, sincemeanmixing ratios generallydecreaseslowly during
the night, when the station is isolated from local sources. Mean mixing ratios are
lower during the dust event. Octanewasmostly closeto the detection limit, whereas
the other alkanesshow strong hourly variations during the day.
The diurnal cyclesof the BTEX compounds are illustrated in Fig. 5.15. Similar to
the alkanes, the mean mixing ratios peak around 14:00 and 18:00 during the low
dust period. Additionally , the mean mixing ratios show the sameminimum around
17:00and lower valuesduring the night. This diurnal pattern was found to be only
weakly pronouncedfor benzeneand o-xylene. During the dust event, toluene and
o-xyleneshow almost no di�erence in mixing ratios betweenday and night, whereas
the remaining aromatic VOCs show similar hourly variations than during low dust
conditions.
Generally it can be said, that the increasefor the mixing ratios of the anthropogenic
compounds observed in the late morning is causedby the upslope transport of pol-
lutants. Presumably, these dynamic vertical winds intensify with continuing solar
irradiation and warming of the ground, thus shortening the transport time from the
coastalareato the measurement site. For an averagevertical wind speedof 1 m s� 1,
transport takes4 hours, whereasfor an averagevertical wind speedof 5 m s� 1, the
transport time is shortenedto 50 minutes. Contributing to the increasedlevels of
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anthropogenicVOCs throughout the day is tourist tra�c passingthe station to the
north in a distanceof a few hundred meters. The measurements of biogenicVOCs
arealreadyin
uenced in the morning from emissionof surroundingvegetationaswell
as from the forest above the inversion layer. In the afternoon, the upslope wind ad-
ditionally carriesemitted compoundsfrom below or in the inversionlayer. The mean
mixing ratios of all measuredVOCs are lower during the dust event and weakened
or no diurnal cyclescan be observed.

5.5.3 In
uence of wind direction

The in
uence of the wind direction on the mixing ratios of the measuredVOCs dur-
ing the low dust period (July 16th to July 27th , 2002)and the dust event (July 28th

to August 1st , 2002) is examinedin this section. Fig. 5.16, 5.17 and 5.18 illustrate
the mixing ratios found, the graphs on the left side show the time period with low
dust in the atmospherewhereasthe graphs on the right side show the time during
the elevated dust load. The black markers represent measurements carried out dur-
ing the night (22:00 to 6:00 UTC), when the station is assumedto be in the free
troposphere[208], the blue markers represent measurements during the day (6:00 to
22:00UTC). As can be seenin the polar plots, the main wind direction is northwest.
This direction prevailed at the beginning of the campaign,but turned to the south-
eastduring the dust event.
Fig. 5.16 shows the wind directional plots of biogenically emitted VOCs. Measure-
ments conductedin the daytime show higher mixing ratios than at night for the low
dust period. For air massesarriving from the northwest, the mixing ratios arehighest,
only 3-careneshows additionally higher levels to the south. Studies show, that the
emissionof biogenicVOCs dependsstrongly on factors like climate, vegetative cover,
leaf biomassand the emissioncharacteristicsof the individual species[7, 226, 8]. A
possibleexplanation for the di�erences in biogeniccompound mixing ratios is there-
fore provided in the meteorologicalconditions and the resulting vegetation on the
island, seesection5.1 and 5.2. While the southernpart of the island is dry with only
sparsevegetation,the northern part is subtropical with a greaternumber and variety
of plant species,and presumablystronger VOC emission.
During the main dust event from July 28th , the mixing ratios are lower than during
the earlier measurement period, � -pinenefor examplehasa calculatedmeanmixing
ratio of 52.3 ppt for the low dust period as comparedto 28.2 ppt during the dust
event. However, if only the air massesarriving from the southeasterndirection are
considered,the mixing ratios during the dust event are higher. As can be seen,the
measuredmixing ratios in the period of the higher atmosphericdust load are similar
during day and night, except for � -pinene. The possiblein
uence on the biogenic
mixing ratios causedby the increasedatmospherichumidit y or changesin the local
meteorologyhasalready beendescribed in section5.5.
The alkanesheptane,octane, nonaneand decaneare depicted in the polar plots of
Fig. 5.17. With the exceptionof octane, the mixing ratios during the days with low
dust are higher than during the respective nights. The highest mixing ratios were
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Fig. 5.16: Wind direction plots of measuredbiogenic VOCs, the mixing ratios are in ppt.
Blue markers represent daytime measurements (6:00 to 22:00UTC), black mark-
ers nighttime measurements (22:00 to 6:00 UTC). Graphs on the left show the
low atmospheric dust period (July 16th and 27th , 2002), the right graphs the
measurements during the dust event (July 28th and August 1st , 2002)
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Fig. 5.17: Wind direction plots of measuredalkanes, the mixing ratios are in ppt. Blue
markers represent daytime measurements (6:00 to 22:00 UTC), black markers
nighttime measurements (22:00 to 6:00 UTC). Graphs on the left show the low
atmospheric dust period (July 16th and 27th , 2002), the right graphs the mea-
surements during the dust event (July 28th and August 1st , 2002)
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Fig. 5.18: contd.
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Fig. 5.18: Wind direction plots of measuredaromatic compounds, the mixing ratios are in
ppt. Blue markers represent daytime measurements (6:00 to 22:00UTC), black
markers nighttime measurements (22:00 to 6:00 UTC). Graphs on the left show
the low atmospheric dust period (July 16th and 27th , 2002), the right graphs the
measurements during the dust event (July 28th and August 1st , 2002)

found in air massesarriving from the southeast,but elevated levelswerealsodetected
from the northwest. Sourcesof the alkanesexaminedhereinclude car exhaust,gaso-
line spillagesand solvents [4]. Elevated mixing ratios measuredin northerly and
westerly wind direction can be explainedby the road passingthe station closeby to
the north and the emissionsof Puerto de la Cruz (north to the site, seeFig.5.3) that
are channeledand transported through the Orotava valley. The coastal road and
the power station located downhill to the south and east of the observatory could
explain the higher aliphatic mixing ratios observed in thesedirections. Transport of
VOCs from the northern or southern coast to the observatory takes approximately
4 hours at an assumedwind speed of 1 m s� 1 or 50 minutes at a wind speed of 5
m s� 1, sincethe distance is only 15 km. Generally, the alkane mixing ratios during
the dust event were lower than during the low dust period. In the dust event, only
octane stayed closeto the detection limit, the other alkanesshow elevated mixing
ratios. The highest levels for aliphatic VOCs were measuredfor air massesarriving
from southeast. Curiously, except for nonane,the nocturnal mixing ratios arriving
from northwest were equally high or higher than daytime mixing ratios. This co-
incideswith the observation of elevated SO2 levels and indicates the presenceof an
anthropogenicallypolluted air mass.
The aromatic compounds are shown in Fig. 5.18. In the �rst few days of the cam-
paign, benzeneand o-xylene,maintain high mixing ratios during the nighttime even,
when the station is obviously situated in the free troposphere.This observation co-
incideswith the biomassburning plume from Canadareaching the station. The high
levels measuredduring the night are most likely causedby the presenceof the �re
emissions. Aromatic compounds have similar sourcesto the alkanes, such as the
chemicaland re�ning industry aswell ascar exhaust[4, 225], which is why they show
similar wind direction dependenciesfor all observedanomalies.During the dust event
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the measuredmixing ratios were much lower except for benzeneand the co-eluting
p-/m-xylene.
All measuredcompoundsanalysedin this sectionshowed similar di�erences between
the low dust and high dust period. Anthropogenicmixing ratios weregenerallylower
during the dust event at the end of July. Biogenically emitted VOCs show higher
mixing ratios with air massesarriving from the northwest, whereasanthropogenic
compounds display increasedmixing ratios from all prominent wind directions, i.e.
betweenwest and northwest as well as betweeneastand south.

5.6 Summary and conclusion

During the MINATROC �eld campaign at the meteorological observatory Iza~na
(Tenerife,Spain) in July and August 2002,C6 to C14 organic compoundsweremea-
sured using a new GC� GC-FID analytical system. The main aim was the charac-
terisation of the measurement site with respect to anthropogenicand biogenicVOCs
during the day when the site is in
uenced by dynamic transport processesoriginat-
ing from the boundary layer, and the night, when the site is situated in the free
troposphere. Furthermore, the in
uence of Saharandust on the measuredmixing
ratios was examined.

Fig. 5.19: Schematic diagram of the daytime and nighttime function of the inversion layer
on Tenerife during the low dust period. A. The left picture shows the upslope
winds passingthe inversion layer during the day. B. On the right picture during
the night, no transport from pollution below the inversion layer to the station
occurs

Generally, the measurement site Iza~na is in
uenced by biogenically emitted com-
pounds by both day and night. It was also observed, that locally emitted anthro-
pogeniccompounds a�ect the site mainly during the day, although someevidence
of long distance transport of biomassburning pollution was also seenon one occa-
sion. The upslope wind transports the anthropogenicand biogenic emissionsfrom
the boundary layer from the early to the late afternoon, seethe schematic diagram
in Fig. 5.19 A. This can be seenparticularly in the diurnal cycles of the anthro-
pogenic compounds, which are mostly emitted at the coast. Mixing ratios start
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to increaseshortly before noon and decreaseagain after 18:00. Transport of an-
thropogenicVOCs from the coastal city Puerto de la Cruz for examplewould take
approximately 50minutesat assumedwind speedof 5 m s� 1. Similar transport times
can be expected for pollution originating from the east, where the small industrial
town G•u��mar (population 15 000) and a fuel gas power plant are situated, or the
south, with mainly smaller villages, the coastalroad and a further power plant. Ad-
ditionally, the emissionsof the tra�c passingthe observatory on the tourist road can
in
uence the measurements, particularly in the afternoon. Both dynamic processes
and varying car emissionsduring the day causethe observed anthropogenicdiurnal
cycle. Comparedto the day, the nocturnal mixing ratios are low and tend to show
almost no 
uctuation. The in
uence of the MBL and the coastalcities is stopped by
the inversionlayer and background free troposphereconcentrations predominate,see
Fig. 5.19B.
In contrast, the biogenic compounds show a di�eren t pattern with a slow increase
in the early morning beginning at sunrise and rising with temperature, remaining
steadyat high mixing ratios throughout the daylight period, and a quick decreaseat
sunsetwith the onsetof cooler temperatures. During the night, the measuredmixing
ratios wereconsiderablylower ascomparedto the day. Similar temperature and light
intensity dependencieshave beenalsoobserved in other studies[7, 15, 219, 220] and
werediscussedearlier in section5.5. A small fraction of the early morning increases
in biogenic VOC emissionscan certainly be assignedto the sparsevegetation sur-
rounding the station. However, the major role is played hereby the emissionsof the
pine forest situated above the inversion layer. The inversion is at an approximate
altitude of 1400m during the summer, cutting o� the lower part of the forest and
the populated areasin the boundary layer. However, sincethe pine forest extendsto
approximately 2000m, VOCs emitted above the inversioncan be mixed up quickly
to the measurement site. As can be seenin Fig. 5.3, the forestedareais at a distance
of around 5 km to the north and much closer to the south. The transport from
the forest situated in a north/north westerly direction would take approximately 45
minutes and from the south even lessat a wind speedof 1 m s� 1. For an assumed
wind speedof 5 m s� 1, transport would take only 20 minutes.

During the dust event from July 28th to August 1st , 2002, measuredmixing ratios
in the daytime for both anthropogenic and biogenic compounds were generally
lower than in the period before. Interestingly, a few hours after the dust plume
arrived at Tenerife,the CO concentration increasedto around 80 ppb and remained
almost constant at this level throughout day and night, seeFig. 5.7. This suggests
anthropogenic pollution in the dust laden air massesarriving at Iza~na. A similar
e�ect can not be observed for the aromatic and aliphatic compounds measured,
however the atmosphericlifetime of CO is with around 2 months much longer than
the lifetimes of the anthropogenic VOCs measuredwith GC� GC (1 day to 15
days). We therefore assumeaged but polluted air a�ected the site in this time.
The relative humidit y levels also increasedmarkedly, indicating mixing of the more
humid MBL air with the dry, free troposphericair. Temperature soundingslaunched
from Santa Cruz de Tenerifeshowed, that the inversionlayer was lower down during
the night of July 29th . The temperature inversion re-establisheditself at around
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1.5 km on August 1st , 2002. Measurements of the wind direction showed that from
sea-level to the observatory air arrived from betweensouth and southeast. On July
30th , however, the wind direction turned east before swinging to the north during
the night. LIDAR measurements conductedduring the campaign showed that the
dust layer extended to about 7 km altitude, and hazy conditions prevailed down
to sealevel throughout the event [213]. From the observations presented it can be
assumed,that the inversion was weakenedor did not exist during parts of the dust
event. In which casethe marine boundary layer was not clearly separatedfrom the
free tropospherein this period. Fig. 5.20 shows a schematic diagram of the 
o w
regimesat the onset of the Saharan dust on the left side and for the well mixed
dust in
uenced troposphere,i.e. without the separationin BL and free troposphere
during the dust event.

Fig. 5.20: Schematic diagram of inversion layer during the dust event. The left picture
shows the beginning of the dust period, the inversion layer is still separating the
BL from the free troposphere.The right picture shows the rest of the dust event,
where the BL and the free troposphereare well mixed

Weakdiurnal cyclescan be observed for someof the anthropogenicallyemitted com-
pounds,but toluene,ethylbenzene,o-xyleneand octanedisplay no cycleat all during
the dust event. Their mixing ratios remain low in the range of the nocturnal free
troposphericair measurements. This can be either attributed to the lesspopulated
area with lessindustry towards the southeastor to dust related dynamic e�ects. A
comparisonof the measurements conductedduring the low dust period with the dust
event is di�cult, sincethe wind direction changedfrom northwest to southeasterly.
However, the wind direction did change24 hours prior to the arrival of the dust and
a comparisonof the measuredvaluesfrom July 27th with the days after shows, that
the mixing ratios during the dust event are lower until July 30th . On that particular
day, the increaseof anthropogenicmixing ratios in the morning is accompaniedby
higherSO2 concentrations, suggestingthat local anthropogenicpollution is e�ectiv ely
transported from the boundary layer to the station. This e�ect is possiblycausedby
the changein wind direction from southeasterlyto east. Only small settlements and
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no industry canbe found in the southerly direction prevailing during the beginningof
the dust event. On July 30th , the wind direction changedtowards the east,wherethe
industrial areaof G•u��mar and a fuel gaspower plant are situated, leading to higher
mixing ratios for the anthropogenicspecies.
Compared to the low dust period, the biogenically emitted compounds � -pinene,
camphene,3-careneand eucalyptol show lower mixing ratios during the days of the
dust event. The original diurnal cycle can be observed to a weaker extent for � -
pinene,campheneand eucalyptol. The morning emissionsstart later at around 8:00.
This could be attributed to the di�use light conditions in the morning causedby the
dust particles in the air. Although in the dust period the temperature is as high
as during other parts of the campaign, biogenic mixing ratios in the daytime are
generally lower. As already noted, the wind direction changed shortly before the
dust plume arrived, and the lower concentrations might be ascribed to the more arid
conditions and associated vegetationprevailing in the southern part of Tenerife. On
closeinspection it can be seenthat the nocturnal mixing ratios of the biogeniccom-
pounds only increasein the secondnight of the dust event simultaneously with the
relative humidit y. 3-Carenefor exampleshows an almost constant level throughout
day and night betweenJuly 30th and 31st . Also, the biogenicVOC degradationprod-
uct HCHO showed higher mixing ratios during the nights of the dust event compared
to the low dust period.
As recent studies showed, drought stressconstricts the emissionof biogenic VOCs
from pine trees, whereasan increasein relative humidit y increasesthe emissionof
for example3-carene[223, 224, 188]. Similar behaviour with respect to relative hu-
midit y is observed in this study not only during the dust event, but alsoin the night
between July 25th and 26th . During that particular night, the humidit y was with
approximately 20% higher than during other nights (about 10%), and all terpenes
showed mixing ratios clearly above the detection limit. It may be hypothesised,
whether the increasedconcentrations in nocturnal terpenesmay be driven by higher
emissionsdue to the changesin humidit y. Additionally , the impact of mineral dust
on the emissionof biogenic VOCs has not been studied yet. In a study investi-
gating the e�ects of contact stimulation on the emissionof VOCs, japanesecypress
seedlingswere rotated inside a chamber with the leaves touching each other. An
increasedemissionof terpeneswas observed for thesetreesas comparedto seedlings
that remained �xed [189]. It can be further speculated, whether the dust particles
hitting the leaves at high wind speeds(circa 10 m s� 1) during the dust event also
had an increasinge�ect on the emission. Another possibleexplanation is that the
higher relative humidit y lead to enhancedscavengingof the nighttime oxidant NO3,
as various studies have shown this to be an important removal pathway in the ma-
rine boundary layer [227, 228]. An increasein the heterogeneouslossreaction of the
NO3 with water vapour in the atmospherecan lead to longer lifetimes of the reactive
species,which translates to higher nocturnal mixing ratios, since the reaction with
O3 is much slower, seeTab. 1.1. A mean atmosphericNO3 concentration of 8 ppt
wasmeasuredduring an earlier �eld study at Iza~na in May [202]. Using this �gure, a
nocturnal removal rate of 30 ppt/h canbe calculatedfor the highly reactive 3-carene,
the lessreactive campheneis still removed with about 1 ppt/h. A strong decrease
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in NO3 can thus lead to an e�ectiv e increaseof the biogenically emitted VOCs. On
the other hand, eucalyptol is known to react very slowly with NO3 (removal < 0.01
ppt/h), the higher mixing ratios observed for this compound are thus most likely
causedby an increasedemission. The observed higher nocturnal mixing ratios of
the biogeniccompoundsare probably the result of increasedemissiondue to higher
relative humidit y and contact stimulation from the high wind during the dust period
together with longer lifetimes.

The VOC measurements in the free troposphereat the meteorologicalobservatory
Iza~na with the new analytical GC� GC-FID technique revealed a strong in
uence
of local anthropogenicand biogeniccompounds on the site. This in
uence can not
only be observed during the day, but alsooccasionallyat night. The highly reactive
terpenesarepresent evenat night asa consequenceof the emitting vegetationpresent
above the inversion layer. Anthropogenic VOCs were measuredduring pollution
events and during the day, when the dynamic upslope winds originating from the
boundary layer reach the station. The measurements during the dust event from
July 28th to August 1st showed no apparent direct e�ect of the mineral dust on the
anthropogenicand biogenic speciesthrough heterogeneousreactions. The di�eren t
diurnal cyclesof the anthropogeniccompoundsduring the dust event weremorelikely
to be causedby the changingwind direction. For the biogeniccompounds,however,
changesin the vertical temperatureandhumidit y structure leadto a di�eren t emission
pattern during the dust event. Thesee�ects must be taken account of in future if
the Iza~na site is usedto characterisefree troposphericair.
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APPENDIX A.

A.1 Data Analysis soft ware

Commercially available software for peak detection and integration was found to be
slow and unsuitable. Additionally , the ensuingnecessarycontrol for proper integra-
tion of the peaksinto all directions is a slow task asthe bordersfrequently needto be
corrected. An integration procedurewaswritten within IgorPro 4.0 software (Wave-
Metrics Inc., OR, USA) as part of this work to allow semi-automaticdata analysis
processingof selectedpeaks. The data were exported as csv-�les to the processing
software with the export-function of the ChemStation software (Agilent, DE, USA).
Backgroundremoval is an important �rst stepfor the quantitativ eanalysis.The back-
ground subtraction for the HOHPEX campaignwas basedon the observation, that
the background level of the chromatogramsis not rising with increasingtemperatures
towards the end of the analysis. Thereforeit was possibleto calculatea meanvalue
from the �rst 15000pixels of the chromatogramand subtract it from all data points.

Fig. A.1: Peak maximum as shown with the
integration program

Fig. A.2: Peak borders shown in the integra-
tion software

Baseline removal for the MINATROC
campaign had to be performed di�er-
ently, since the background was rising
with increasingtemperatures. The mean
baselinevalue was obtained for each in-
dividual peak by calculating an aver-
agevalue of the lower part of the chro-
matogram beneath the peak of interest
that does not contain any peaks. The
obtainedvaluewasthen subtractedfrom
the chromatogramprior to peakintegra-
tion. This step wascarried out for every
peak. Thorough checks haveproventhat
both methods result in a nearzeroback-
ground surrounding the particular peak.
The peaksof interest have to be de�ned
within an upper, lower, left and right
border and an identi�cation name. As
the retention times in both directions do
not changeor only vary slightly, i.e. one
or two modulation cycles/pixelsinto the
horizontal �rst dimension retention di-
rection and only a few mseconds/pixels
into the vertical seconddimensionreten-
tion direction, the chosenframe almost
always enclosesthe peak.
Oncethe areais de�ned, the peakmaxi-
mum is computedand depictedasshown
in Fig. A.1. In caseof a falseindication,
the peakmaximum canbe identi�ed and marked manually by moving the cursorand
clicking the

'
continue'-button provided.
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Fig. A.3: Encircled peak

Starting from the maximum, the left and
right bordersof the peak are calculated.
Di�eren t criteria canbeset for peakbor-
der detection. In this study, the be-
ginning and the end of the peaks were
reachedassoon asthe threshold reached
0.08or the valuefraction of pixel A+1 to
A (or A-1 to A) wasbiggerthan 0.99,an
indication for a very gentle tailing of the
peak or the end of the slope. The peak
borders can also be changedby moving
the beginning or ending cursor in case
this algorithm has failed, seeFig. A.2.

The peak borders into all directions are shown with marks on top of the displayed
peak image, seeFig. A.3. If it is apparent that the peak end or beginning is not
properly calculated, the false values can be checked with the cursor and changed
manually in a pop-up table.
If the peak identi�cation is �nished, the software computesthe peakvolumeby sum-
ming up the areacalculatedunderneathevery labeledsliceof the peak in agreement
with [60]. The results are inserted into the table assignedto the name,seeTab. A.1.
The table additionally showsthe �rst dimensionretention time, the seconddimension
retention time and the peak maximum.

PeakArea Peak tR1 Peak tR2 PeakMax Filename
114.348 0.53 29.3333 4.88518 HOPE 172

Tab. A.1: Output-T able of the integration program
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A.2 Comp ounds iden ti�ed by GC � GC/TOF-MS
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(min) (sec) Index
1(3H)-Isobenzofuranone 42.32 0.84 1327.4 � � �
1,3,5-Cycloheptatriene 15.70 0.52 750.0 � �
1,3-Dioxolane, 2-methyl- 10.67 0.50 630.9 � � � � � �
1,4-Dioxane 11.64 0.53 687.9 � � � � � �
1-Butanol 10.88 0.52 643.073 � � � � � � � �
1-Butene 2.38 0.39 440.3 �
1-Decene 26.85 0.49 988.3 � �
1-Dodecene 44.31 0.56 1390.1 � �
1-Heptene 11.64 0.46 687.9 � � � � � � �
1-Hexanol 21.33 0.54 839.5 � � � � � � � �
1-Hexanol, 2-ethyl- 29.53 0.55 1012.8 � � � � � � �
1-Hexene 8.03 0.44 586.2 � � �
1-Hexene,4-methyl- 11.69 0.46 691.2 � �
1H-Inden-1-one,2,3-dihydro- 39.73 0.77 1268.0 � � � �
1-Nonanol 35.91 0.59 1155.1 � � �
1-Nonene 22.51 0.48 887.1 � � � � � � � �
1-Octene 16.25 0.47 775.4 � � � � � �
1-Pentanol 15.51 0.52 741.1 � � � � � � � �
1-Propanol, 2-methyl- 10.32 0.51 610.3 � � �
1-Tetradecene 44.30 0.57 1389.5 �
2(3H)-Furanone, dihydro-5-butyl- 38.47 0.71 1227.8 � � � � � �
2(3H)-Furanone, dihydro-5-ethyl- 29.59 0.73 1014.9 � � � � � � � �
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2(3H)-Furanone, dihydro-5-methyl- 24.71 0.71 909.3 � � � � � �
2(3H)-Furanone, dihydro-5-pentyl- 42.58 0.71 1335.2 � � � �
2(3H)-Furanone, dihydro-5-propyl- 34.77 0.71 1119.0 � � � � � �
2(5H)-Furanone 21.70 0.79 855.0 � � � � � �
2(5H)-Furanone, 3-methyl- 25.43 0.76 935.6 � � �
2(5H)-Furanone, 5,5-dimethyl- 24.85 0.65 914.5 � � �
2,3-Pentanedione 11.31 0.51 668.2 � � � �
2-Butanone 7.82 0.49 571.1 � � � � � � � �
2-Butanone, 3-methyl- 10.79 0.50 638.3 � � � � �
2-Butenal 10.54 0.53 623.2 � � � � � � �
2-Butenal, 3-methyl- 15.67 0.57 747.0 � � � � �
2-Butenoic acid, butyl ester 29.71 0.56 1019.3 � � � �
2-Coumaranone 37.90 0.77 1209.9 � � �
2-Cyclohexen-1-one 24.62 0.64 905.9 � � � � � � � �
2-Cyclopenten-1-one 16.48 0.64 786.2 � � � � � � � �
2-Cyclopenten-1-one,2-methyl- 22.24 0.62 876.6 � � �
2-Cyclopentene-1,4-dione 21.20 0.67 835.0 � � �
2-Decanone 36.54 0.59 1175.0 � � � � � � �
2-Decenal 39.02 0.61 1245.5 � � �
2-Dodecanone 43.98 0.61 1379.7 � � �
2-Ethylacrolein 10.96 0.50 648.1 � � � �
2-Furanmethanol 20.60 0.60 811.7 � �
2-Heptanone 21.92 0.53 863.2 � � � � � �
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2-Heptanone,6-methyl- 25.43 0.53 935.7 � � � �
2-Heptenal 25.37 0.61 933.9 � � �
2-Hexanone 15.87 0.52 757.4 � � � � � �
2-Hexenal 20.64 0.55 813.6 � �
2-Hexene,5,5-dimethyl- 14.89 0.46 711.0 � � � � �
2H-Pyran-2-one, tetrahydro- 29.46 0.80 1009.0 � � � � � �
2-Butyl furan 22.31 0.52 879.1 � �
2-Nonanone 31.29 0.56 1073.1 � � � � �
2-Nonenal 35.48 0.61 1141.0 � � �
2-Octanone 26.38 0.54 970.9 � � � � � � � �
2-Oxepanone 34.36 0.80 1104.9 � � �
2-Pentanone 11.23 0.50 663.7 � � � � � � �
2-Propenal 2.58 0.44 476.8 � � � � �
2-Propenal, 2-methyl- 7.49 0.48 546.8 � � � � � �
2-Propenenitrile 2.69 0.49 497.2 � � �
2-Propenoic acid, butyl ester 22.08 0.53 869.5 � � � �
2-Pyrrolidinone, 1-methyl- 29.26 0.75 1003.8 � � �
2-Thiophenecarboxaldehyde 26.44 0.71 973.4 � �
2-Undecanone 40.01 0.60 1276.8 � � � � � � � �
3-Penten-2-one 14.90 0.54 712.0 � � � � � � � �
3-Pentenenitrile 15.36 0.57 733.9 � �
4-Nonene 22.65 0.48 892.6 � � � � � �
5,9-Undecadien-2-one,6,6-dimethyl- 46.25 0.64 1424.7 � � � � � � � �
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5-Hepten-2-one,6-methyl- 26.20 0.56 964.3 � � � � �
Acetic Acid 7.63 0.55 557.1 � � � � � �
Acetone 2.60 0.45 479.2 � � �
Acetonitrile 2.56 0.50 472.2 � � � �
Azulene 37.04 0.69 1191.4 � �
Benzaldehyde 25.56 0.67 940.6 � � � � � � �
Benzaldehyde, 3-methyl- 30.69 0.66 1055.8 � �
Benzaldehyde, 4-methoxy- 38.66 0.75 1233.9 � � � � � � � �
Benzaldehyde, 4-methyl- 30.67 0.64 1053.2 � � � �
Benzene 11.03 0.49 652.2 � � � � � � � � � � �
Benzene,1,2,3-trimethyl- 29.80 0.55 1022.0 � � � � � �
Benzene,1,2,4-trimethyl- 26.94 0.54 991.6 � � � � � �
Benzene,1,2-dichloro- 30.00 0.61 1029.2 �
Benzene,1,3,5-trimethyl- 26.22 0.54 965.0 � � � � � �
Benzene,1,3-bis(1-methylethenyl)- 39.80 0.63 1270.1 � � �
Benzene,1,3-dichloro- 29.19 0.58 1001.5 � � �
Benzene,1,3-dimethyl- 21.85 0.54 859.2 � � � � � �
Benzene,1,4-bis(1-methylethenyl)- 41.57 0.64 1303.7 � �
Benzene,1,4-dichloro- 29.34 0.60 1006.5 � �
Benzene,1,4-dimethyl- 21.73 0.53 856.3 � � � � �
Benzene,1-ethyl-2-methyl- 26.55 0.55 977.3 � � � � � � �
Benzene,1-ethyl-3-methyl- 26.02 0.54 957.5 � � � � �
Benzene,1-ethyl-4-methyl- 26.14 0.54 961.3 � �

135



A
P

P
E

N
D

IX
A

.

Iden ti�ed comp ound 1st R.T 2nd R.T Retention A
m

bi
en

t
ai

r

P
ha

eo
cy

st
.

gl
.

yo
un

g

P
ha

eo
cy

st
.

gl
.

ol
d

E
ct

o
ca

rp
us

sp
.

E
m

ili
an

ia
H

.

P
se

ud
on

itz
sc

hi
a

sp
.

La
b

or
at

or
y

E
.

ca
m

al
du

le
ns

is

M
ix

ed
fo

re
st

P
in

e
fo

re
st

C
al

ib
ra

tio
n

(min) (sec) Index
Benzene,1-methyl-2-(1-methylethyl)- 29.80 0.54 1022.4 � � � �
Benzene,1-methyl-3-(1-methylethyl)- 31.31 0.55 1074.1 � �
Benzene,chloro- 20.97 0.55 827.3 � � � �
Benzene,propyl- 25.83 0.53 950.7 � � �
Benzeneacetaldehyde 29.74 0.66 1020.1 � � � � � � �
Benzenepropanenitrile 37.79 0.77 1206.0 � � � � �
Benzofuran 26.90 0.61 990.3 �
Benzonitrile 26.02 0.66 957.6 � � � � � � � � �
Benzothiazole 38.25 0.77 1220.7 � � � � � � � �
Benzyl Alcohol 29.46 0.68 1010.4 � � � � � � � �
Benzyl nitrile 34.32 0.76 1102.9 � � � �
Bicyclo[2.2.1]heptan-2-one,1,7,7-trimethyl- 1 35.68 0.60 1147.6 � � � � � � �
Bicyclo[2.2.1]heptane,2,2-dimethyl-3-methylene- 2 26.09 0.51 960.4 � � � � � � �
Bicyclo[3.1.0]hexane,4-methylene-1-(1-methylethyl)- 3 24.50 0.51 978.0 �
Bicyclo[3.1.1]hept-2-ene,2,6,6-trimethyl- 4 25.65 0.50 944.1 � � � � � � � � � �
Bicyclo[3.1.1]hept-3-en-2-one,4,6,6-trimethyl- 5 37.76 0.67 1205.4 � � � � � � � �
Bicyclo[3.1.1]heptan-2-one,6,6-dimethyl- 6 35.17 0.64 1131.2 � � � � �
Bicyclo[3.1.1]heptane,6,6-dimethyl-2-methylene- 7 26.83 0.52 987.6 � � �
Bicyclo[4.2.0]octa-1,3,5-triene 8 22.34 0.55 879.9 � � � �
Biphenyl 44.14 0.72 1384.6 � � �
Butanal, 2-methyl- 10.88 0.49 643.3 �

1 Camphor 2 Camphene 3 Sabinene 4 � -Pinene 5 Verbenone 6 Norinone 7 � -Pinene 8 Cardene
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Butanal, 3-methyl- 10.72 0.49 633.4 � � � � � �
Butane, 1-bromo- 14.95 0.50 714.5 � � � �
Butane, 2,2,3-trimethyl- 10.56 0.44 623.1 � � � �
Butane, 2,2-dimethyl- 7.29 0.42 532.0 � � � � � � �
Butanenitrile 10.73 0.55 634.4 � �
Butanenitrile, 2-methyl- 11.70 0.54 691.3 � � �
Butanenitrile, 3-methyl- 11.78 0.56 696.2 � � � �
Caprolactam 38.14 0.82 1216.9 � � � � �
Carbon disul�de 7.25 0.46 529.2 � � � � � �
Carbon Tetrachloride 11.13 0.47 657.6 � � � � � �
Chloroform 10.19 0.48 602.2 � � � � � � �
Cinnamaldehyde 39.23 0.74 1252.0 � � � � � � � �
Cyclohexane 11.20 0.46 662.3 � � � � � �
Cyclohexane,isocyanato- 26.82 0.56 987.2 � � � �
Cyclohexane,methyl- 15.13 0.46 723.1 � � � � � � � � � �
Cyclohexanone 22.02 0.60 867.3 � � � � � � � �
Cyclohexene 11.48 0.47 678.1 � � � � � � � � �
Cyclohexene,1-methyl- 15.91 0.49 760.0 � �
Cyclohexene,1-methyl-4-(1-methylethenyl)- 8 30.14 0.52 1033.8 � � � � � � � � �
Cyclopentane, methyl- 10.62 0.45 628.3 � � �
Cyclopentanone 15.79 0.58 753.9 � � � � � � � �
Cyclopropane,ethylidene- 6.91 0.43 504.1 � � �

8 Limonene
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Decanal 36.98 0.59 1189.4 � � � � � � �
Decane 29.15 0.49 1000.0 � � � � � � � � � �
Diazene,dimethyl- 2.61 0.44 481.8 � �
Dimethyl sul�de 6.98 0.47 509.4 � � �
Dimethyl sulfone 21.42 0.86 843.1 � � � � �
Dimethyl Sulfoxide 16.35 0.76 781.3 � �
Dimethyl trisul�de 26.16 0.62 962.8 � �
Disul�de, dimethyl 15.22 0.54 727.3 � � � � � � �
Dodecanal 44.45 0.61 1394.4 � � �
Dodecane 37.60 0.52 1200.0 � � � � � � � � �
Ethane, 1,1,2-trichloro-1,2,2-tri
uoro- 7.18 0.42 524.3 � � � �
Ethane, 1,2-dichloro- 10.60 0.52 626.5 � � �
Ethanol 2.48 0.46 462.5 � � � �
Ethanol, 2-butoxy- 22.50 0.56 887.2 � �
Ethanol, 2-phenoxy- 37.25 0.71 1198.2 � � � �
Ethanone, 1-(4-methylphenyl)- 36.43 0.68 1171.6 � �
Ethyl Acetate 8.18 0.48 596.8 � � � �
Ethylbenzene 21.52 0.53 847.886 � � � � � � � � � �
Eucalyptol 30.14 0.54 1035.535 � �
Formamide, N,N-diethyl- 24.55 0.62 903.0 � � � � � � �
Formamide, N,N-dimethyl- 15.51 0.66 742.3 � � � � �
Furan 2.67 0.43 493.7 � � � �
Furan, 2-methyl- 8.13 0.47 593.5 � � � � � � �
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Furan, 2-pentyl- 26.69 0.53 982.3 � � � � � � � �
Furan, tetrahydro- 10.41 0.49 615.4 � � � � � � �
Furfural 16.52 0.62 789.7 � � � � � � � �
Heptanal 22.27 0.54 877.5 � � � � � � � � �
Heptane 14.65 0.45 700.0 � � � � � � � � � �
Hexanal 16.06 0.53 766.4 � � � � � � �
Hexanal, 2-ethyl- 25.54 0.53 940.0 � � � � � �
Hexane 10.15 0.43 600.0 � � � � � � � �
Hexane,2,3-dimethyl- 16.23 0.46 785.7 � � � �
Hexane,2,5-dimethyl- 15.24 0.45 727.9 � � � � �
Hexane,2-methyl- 11.25 0.45 665.5 � � � � � � � �
Hexane,3-methyl- 11.42 0.45 675.3 � � � � � � � � �
Hexanenitrile 21.11 0.58 832.1 � �
Indane 30.25 0.59 1037.9 � �
Isopropyl Alcohol 2.63 0.46 486.8 � �
Methane, bromo- 2.44 0.41 454.1 � � � � �
Methanethioamide, N,N-dimethyl- 26.56 0.81 977.7 � �
Methyl Isobutyl Ketone 15.02 0.50 717.8 � � � � � � �
Methylene Chloride 7.05 0.46 514.5 � � �
Methylstyrene 26.48 0.56 974.6 � � � � � �
Naphthalene 37.03 0.69 1191.0 � � � � � � � �
Naphthalene, 1-methyl- 41.63 0.70 1305.5 � � �
N-Formylmorpholine 31.39 0.81 1081.4 � � �
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Nonanal 31.66 0.58 1086.3 � � � � � � � �
Nonane 24.45 0.48 900.0 � � � � � � � � � �
Octanal 26.72 0.56 983.7 � � � � � � � �
Octane, 1-chloro- 30.73 0.53 1054.1 � � �
Octane, 4-methyl- 21.80 0.48 859.1 �
Oxirane, (chloromethyl)- 11.70 0.56 691.8 � �
Pentanal 11.39 0.51 673.5 � � � � � � � � �
Pentane 6.85 0.41 500.0 � � � � � � � �
Pentane, 1-chloro- 15.41 0.49 736.2 �
Pentane, 2,3-dimethyl- 11.32 0.45 669.2 � � � � � � � �
Pentane, 2-methyl- 7.74 0.43 565.1 � � � � � � �
Pentane, 3,3-dimethyl- 11.09 0.45 655.6 � � � � �
Pentane, 3-methyl- 7.96 0.43 581.0 � � � � � � � �
Pentanenitrile, 4-methyl- 16.59 0.56 792.7 � � � �
Phenol 25.80 0.64 949.7 � � � � � � � �
Phenylethyne 21.76 0.56 857.6 � � �
Propanal, 2-methyl- 7.34 0.47 536.0 � �
Propanenitrile 7.39 0.53 538.8 � � � � � �
Propanenitrile, 2-methyl- 8.11 0.53 592.1 � � � �
Pyrazine 14.82 0.59 708.7 � � � �
Pyrrole 15.16 0.57 724.8 � � � � � � �
Styrene 22.33 0.55 879.7 � � � � � � �
Tetradecane 43.42 0.57 1400.0 � � �
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Thiocyanic acid, methyl ester 11.32 0.65 669.4 � �
Thiophene, tetrahydro-, 1,1-dioxide 35.91 0.93 1154.2 � � � � �
Toluene 15.75 0.51 752.3 � � � � � � � � � �
Tridecane 41.45 0.54 1300.0 � � � � � �
Undecanal 40.48 0.60 1292.0 � � � � � � � �
Undecane 34.20 0.50 1100.0 � � � � �

Tab. A.2: Identi�ed compoundson a DB-1 � BPX-50 column
con�guration
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APPENDIX A.

A.3 Example chromatograms

Fig. A.4: HOHPEX ambient air sample taken on July 8, 2004, between 11:00 and noon.
The compounds discussedfor the HOHPEX �eld campaign are marked

Fig. A.5: MINA TROC ambient air sample collected on July 24, 2002, between 13:30 and
14:40. The compounds discussedfor the MINA TROC �eld campaignare marked
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A.4 Photographs of HOHPEX measuremen t site

Fig. A.6: View of the Meteorological Observatory Hohenpeissenberg

Fig. A.7: View of the measurement platform
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APPENDIX A.

A.5 Calibration curv es
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Fig. A.8: Calibration curvesfor the HOHPEX �eld campaign
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A.6 Correlation plots HOHPEX 2004
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Fig. A.9: Linear correlation plots of the alkanesand aromatic VOCs for GC� GC vs GC-
MS. The mixing ratios are in ppt, the solid lines show the �tting results of the
ODR analyses,the dashedlines the 1:1-relationship
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Fig. A.10: Linear correlation plots of the terpenesmeasuredby GC� GC vs GC-MS. The
mixing ratios are in ppt, the solid lines show the �tting results of the ODR
analyses,the dashedlines the 1:1-relationship
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APPENDIX A.

A.7 Photographs of MINA TR OC measuremen t site

Fig. A.12: View of the Iza~na measurement station, Tenerife, Spain. The buildings in the
background belong to the observatory, the containers in the foreground contain
the measurement instrument for the intensive �eld campaign

Fig. A.13: View of the Max-Planck-Institute containers. The GC� GC instrument was set
up in the blue container to the right
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