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1       Introduction 

 

The overall aim of this thesis is to improve our understanding of the global 

distribution of non-methane hydrocarbons (NMHC) in the atmosphere and study 

implications for the global oxidation chemistry. Particular emphasis is placed on assessing 

the global distribution of the main atmospheric oxidant: the hydroxyl radical (OH). This work 

focuses on reactive, non-oxygenated C2-C7 atmospheric NMHC. These compounds can 

yield insight into various atmospheric processes such as transport, source structure and 

oxidative chemistry. However, the global meridionally varying background distribution of 

most NMHC has been largely unknown. Therefore, the scientific understanding of the 

earth’s atmosphere can be significantly enhanced by the knowledge of the global 

distribution of the most important NMHC.  

In this section we present a detailed overview of the current knowledge on 

atmospheric trace gases relevant to this thesis. The main sources of anthropogenic volatile 

organic compounds to the atmosphere are presented. We then describe the main 

atmospheric oxidation mechanisms and their implication for the NMHC budget. 

Furthermore, we describe the NOAA cooperative air sampling network which provided us 

with the air samples. Subsequently, a novel technique, based on the variability lifetime-

relationship to estimate the 24 h average OH mixing ratio an air sample was exposed to 

during transport, is presented. Finally, the specific research aims and the outline of this 

thesis are detailed. 
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1.1 Non-methane hydrocarbons in the atmosphere 

 

1.1.1   Sources 

The natural to anthropogenic emission ratio for NMHC to the atmosphere was 

estimated to be approximately 2 (van Aardenne et al., 2001). However, biogenic emissions 

were mostly characterized by unsaturated, highly reactive species with lifetimes on the 

order of a couple hours (Guenther et al., 1999). Therefore, these species mostly have local 

effects on atmospheric chemistry. Anthropogenic NMHC emissions are usually dominated 

by saturated short-chained compounds with lifetimes on the order of several days (hexane) 

to months (ethane) (Atkinson, 1994). These species can impact atmospheric chemistry on 

a regional to hemispheric scale. The following sections will exclusively focus on the 

atmospheric chemistry of the long-lived anthropogenic C2-C7 organic trace gases since 

one of the primary scientific aims of this thesis is to determine the global distribution of 

these compounds.  

The global anthropogenic non-methane hydrocarbon (NMHC) emissions to the 

atmosphere are dominated by fossil fuel usage, notably their evaporative loss and 

incomplete combustion. Natural and technical combustion processes such as internal 

combustion engines or furnaces are always incomplete to a certain degree. Reasons may 

include the lack of oxygen, low combustion temperatures or the residence time in the 

burning zone being too short. Minor emissions develop from fossil fuel exploitation and 

production, biofuel use as well as from anthropogenic biomass burning, the latter 

considering that most fires are human-induced (Singh et al., 2000). However, these minor 

processes may dominate the source structure of atmospheric NMHC in remote regions. A 

brief summary of NMHC emission sources to the atmosphere is shown in table 1.1. The 

main source regions for anthropogenic NMHC emissions are located in the mid-northern 

latitude region (30-60 °N) as the vast majority of industrialized countries are located. The 

emissions in this region are dominated by incomplete combustion of fossil fuels. Significant 

NMHC emissions from fossil fuel exploitation can be expected in the Arctic region as well 

as near the latitudinal region of the Tropic of Cancer (23.5 °N). Large biomass burning 

emissions periodically occur in the Arctic regions (Siberia, Canada and Alaska) as well as 

in tropical regions and Australia (Riano et al., 2007). Biofuel burning for energy production 
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becomes an important emission source for the developing countries mostly located south 

of the Tropic of Cancer. The dominant sink for all these species is reaction with the 

hydroxyl radical and is detailed in a later section. 

 

Table 1.1: anthropogenic NMHC emission sources to the atmosphere 

Compounds Source Reference

Acetylene and ethene biomass burning Singh et al., 2000

Acetylene flaming combustion Blake et al., 1996

C2-C5 alkanes flare emissions Kim et al., 2005

Ethane natural gas cobustion Na and Kim, 2001

Ethane biofuel burning Bertschi et al., 2003b

Ethane, propene residual smoldering combustion Bertschi et al., 2003a

Ethane, propane leakage liquefied petroleum gas Sahu and Lal, 2006

Ethane, propane gas leakage Yang et al., 2005

Ethane, propane refinery Kim et al., 2005

C2-C5 NMHC motor vehicle exhaust Kim et al., 2005

Ethene and 1,3-butadiene fresh biomass burning plumes Blake et al., 1996

Propane fossil fuel production Olivier et al., 1996

Propane smoldering combustion Blake et al., 1996

Propane biomass burning Gros et al., 2003, 2004

Propane, butane natural gas burning Mugica et al., 2001

Butane isomers solid waste incineration Leach et al., 1999

Butane isomers gasoline evaporation Lee et al., 2006

Isopentane fossil fuel evaporation from cars Hopkins et al., 2005

Isopentane traffic Tsai et al., 2006

Pentane isomers, butane traffic John, 1997

Pentane isomers, hexane nontailpipe, evaporative loss Lee et al., 2006

hexane and aromatics traffic Batterdam et al., 2002

Alkanes long range pollution from oil exploration Blake et al., 1992

Aromatic hydrocarbons urban areas, gasoline usage Christensen et al., 1999

Aromatic hydrocarbons urban areas, gasoline usage Derwent et al., 2000

 

 

1.1.2   Global distribution of NMHC 

The current knowledge of the atmospheric distribution of NMHC is based on an 

integrated approach over a few long term NMHC measurements (e.g.: Gautrois et al., 

2003, Hakola et al., 2006) and intensive field campaigns such as TOPSE (Blake et al., 

2003). Rudolph (1995) compiled all available ethane data into a global meridionally and 

temporally resolved 3-D distribution. It was found that the global background distribution of 

reactive anthropogenic NMHC in the lower troposphere is dominated by two factors: 1. a 

large north-south gradient and 2. a distinct seasonal cycle anticorrelated to the seasonality 

of the hydroxyl radical (see section 1.2) which is hemispherically inversed (Rudolph, 1995, 

Gautrois et al., 2003).  
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Most anthropogenic NMHC are emitted in the northern hemisphere since the main 

part of the global energy consumption occurs in this region (see also table 1.1). Significant 

mixing ratios even for short-lived compounds were observed at very remote sampling 

stations e.g.: the Arctic (Gautrois et al., 2003). This source distribution was found to cause 

a large north south interhemispheric gradient (Rudolph, 1995, Bonsang and Boissard, 

1999). This gradient was found to be higher for shorter-lived species such as pentane 

isomers than for longer-lived species such as ethane (e.g.: Gautrois et al., 2003, Rudolph, 

1995). Rudolph (1995) found that a significant source of longer-lived NMHC in the southern 

hemisphere is interhemispheric transport smoothing the interhemispheric gradient for these 

species. In the month of December, interhemispheric ratios of 20 (ethane) and 30 

(propane) were observed (Boissard et al., 1996). 

The seasonal cycle of atmospheric NMHC was linked exclusively to the seasonality 

of the hydroxyl radical distribution (Goldstein et al., 1995). Northern hemispheric maximum 

NMHC mixing ratios were observed during late winter and minimum mixing ratios during 

late summer (Gautrois et al., 2003, Hakola et al., 2006). The seasonal amplitude (latitudinal 

maximum/minimum) was highest in the mid northern latitudes and lowest near the equator 

(Bonsang and Boissard, 1999). The southern hemispheric seasonal amplitude compared to 

the northern hemisphere was lower due to the presence of less continental sources and the 

existence of some interhemispheric transfer (Rudolph, 1995).  

However, the understanding of NMHC distribution is limited; no coherent datasets 

with high regional and temporal resolution are available. Researchers to date have to rely 

on several individual datasets and need to account for instrumental and calibration bias 

(Apel et al., 2003, Plass Dülmer et al., 2006). A global NMHC sampling network relying on 

a single instrumental and calibration method was therefore desired to further investigate 

the atmospheric distribution of NMHC as well as the contribution of these species to 

atmospheric oxidation chemistry (Krol and Lelieveld, 2003, WMO report, 1995). 
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1.2 Atmospheric oxidation chemistry 

 

Reaction with the hydroxyl radical (OH) is the dominant sink for light, saturated 

atmospheric NMHC. This section describes the atmospheric chemistry of the OH radical 

and its global distribution. The atmospheric chemistry of other oxidants (nitrate and halogen 

radicals as well as ozone) will also be presented. 

 

1.2.1 Hydroxyl radical chemistry 

The OH radical formation is initiated by the photolysis of ozone and subsequent 

reaction of the oxygen radical with water vapor (rct. 1.1 a, b). 

 

)(1

3 DOhO  → ν       rct. 1.1a 

OHOHDO  → 2)(1 ; yield: < 10%    rct. 1.1b    

     

The O(1D) radical is very instable and the majority of O(1D) radicals is quenched to the 

ground state O(3P) by air molecules to reform O3 (Lelieveld et al., 2004). The OH yield of 

reaction 1b is therefore strongly dependent on atmospheric humidity. Additional minor 

sources include the ozonolysis of unsaturated NMHC such as pentene, methylcyclohexene 

or biogenic VOC with OH fractional yields close to 1 (Atkinson and Aschmann, 1993, 

Atkinson et al., 1995, Faloona, 2001).  Further radical sources develop from the photolysis 

of ketones such as acetone (Atkinson et al., 1989). The atmospheric cycle of the hydroxyl 

radical is presented in figure 1.1. The atmospheric oxidation of methane by reaction with 

the hydroxyl radical (Ehhalt et al., 1991) is shown exemplarily in rct. 1.2a – f. 

 

OHOCHOOHCH 2234
2 +⋅→⋅+     rct. 1.2a 

2323 NOOCHNOOCH +⋅→+⋅     rct. 1.2b 

⋅+→+⋅ 223 HOHCHOOOCH     rct. 1.2c 

22 NOOHNOHO +⋅→+⋅      rct. 1.2d 

)(2 2 ONONO
h +→ ν      rct. 1.2e 
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)(2 32 MOMOO +→++      rct. 1.2 f 

─────────────────────────────────────── 

OHOHCHOhOCH 2324 224 ++→++ ν           net 

 

The OH radical reacts with carbon monoxide, methane and NMHC to water and an 

organic peroxy radical (rct. 1.2a). The peroxy radical forms an oxygenated radical via 

reaction with NO (rct. 1.2b). The methane oxidation product is formaldehyde which is 

formed by oxidation of the oxygenated radical with molecular oxygen under the formation of 

HO2 (rct. 1.2c). The conversion of HO2 to OH occurs via reaction of HO2 with ozone or NO 

(rct. 1.2d).  
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Figure 1.1: atmospheric OH cycle (Ehhalt et al., 1991). Thick arrows represent dominant 
processes; small arrows minor processes; OH formation by reactions 1a, b is not shown to 
improve figure readability 
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Atmospheric OH is in equilibrium with HO2 with HO2 being more abundant by 

approximately a factor of 100. The net atmospheric oxidation products of methane in the 

presence of NO are formaldehyde and two ozone molecules. Further formaldehyde 

oxidation leads to additional ozone production and ultimately the oxidation of methane to 

CO2. Similar oxidation pathways over the respective aldehydes (e.g.: propane oxidation 

product is acetone) are expected for most NMHC. The mean lifetime of OH with respect to 

reaction 1.2a was estimated to be on the order of 1s (Atkinson et al., 1994). The more 

stable peroxy radical represents the atmospheric reservoir for the hydroxyl radical. 

 

1.2.2 OH distribution 

Direct OH measurements are very elaborate and therefore expensive (Heard and 

Pilling, 2003). The global average OH mixing ratio was thus mostly determined by model 

calculations based on the removal of methyl-chloroform (CH3CCl3) from the atmosphere 

(Krol et al., 1998, 2003, Spivakovsky et al., 2000, Prinn et al., 2001). Local OH mixing ratio 

was found to be a direct function of photolytic active (actinic) radiation under conditions that 

are neither water- nor ozone-limited (Rohrer and Berresheim, 2006). OH formation is thus 

believed to be highest in tropical regions due to the high solar zenith angle and the reduced 

absorption of the actinic radiation by the ozone layer (Lelieveld et al., 2004). OH mixing 

ratios were shown to decline towards the polar region proportional to the available actinic 

radiation. Concentrations during polar summer and winter were estimated at ~ 5 105 molec 

cm-3 and < 105 molec cm-3 respectively. 

Several direct measurements, taken during intensive field campaigns, generally 

confirm the model derived OH distribution by Spivakovsky et al. (2000) (see also chapter 

4). However, tropical OH mixing ratios appear to be underestimated by the model 

compared to direct OH measurements (Brauers et al., 2001, Tan et al., 2001a). 

Additionally, atmospheric effects (e.g.: strong pollution → high NO) can significantly impact 

local OH mixing ratios. Polluted regions often exhibit elevated OH mixing ratio as high NOx 

mixing ratios push the OH - HO2 equilibrium towards high OH mixing ratios and contribute 

to ozone formation (George et al., 1999). Since global models integrate over large regions 

a high NO background is assumed over industrialized areas. In contrast, intensive field 

campaigns are usually conducted in remote regions (low NO → lower OH). Significant 
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differences between modeled and measured OH can be expected in these regions. 

Similarly, higher OH mixing ratios than predicted by the model (Spivakovsky et al., 2000) 

were discovered at Amundsen Scott South Pole station (Mauldin et al., 2001, 2004). These 

large OH mixing ratios were correlated to surprisingly high surface concentrations of NO. 

The NO build-up was probably related to a very shallow boundary layer at approximately 

100 m above ground and very stable, stratified air. This effect cannot be reproduced by 

global models and may explain the differences between observations and model 

calculations.  

The global average OH mixing ratio of approximately 106 molec cm-3 (Spivakovsky 

et al., 2000) is fairly well constrained. However, possible atmospheric trends in the hydroxyl 

radical distribution are currently disputed (Prinn et al., 2001, 2005, Lelieveld et al., 2004, 

2006). The fundamental question appears to be the sensitivity of the OH budget (as 

presented in figure 1.1) towards anthropogenic or natural perturbations such as El Niño 

events, large volcanic eruptions and global climate change (Bousquet et al., 2005, 

Lelieveld et al., 2006). 

 

1.2.3 Other oxidative reactions (nitrate, ozone, halogens) 

The nitrate radical (NO3) is produced by the reaction of NO2 with ozone and is in 

equilibrium with nitrogen pentoxide (rct. 1.3a, b).  

 

2332 ONOONO +→+                rct. 1.3a 

32 NONO +        52ON      rct. 1.3b 

 

However, this radical is photolyzed rapidly and reacts with NO (rct. 4a-c) so that typical 

daytime NO3 mixing ratios are below 1 pptv (Atkinson, 1991, Platt and Heintz, 1994). 

 

23 )700( ONOnmhNO +→<+ λν    rct. 1.4a 

ONOnmhNO +→<+ 23 )580(λν    rct. 1.4b 

23 NONONO →+       rct. 1.4c 
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NO3 24h average mixing ratios were found to be up to 2 orders of magnitude higher 

than OH during parallel measurements of OH and NO3 radicals at a marine boundary layer 

site in Crete (Vrekoussis et al., 2004). However, the reaction of nitrate with saturated 

NMHC is typically 5 orders of magnitude slower than the reaction with OH (Atkinson, 1994). 

Consequently nitrate chemistry can probably be considered negligible compared to NMHC 

oxidation by OH, especially in remote NOx-poor environments. 

The third major atmospheric oxidant is ozone. Ozone chemistry is limited to 

reactions of ozone with unsaturated NMHC and even these reactions are generally 

significantly slower than the reaction with OH and therefore negligible (Atkinson, 1994). 

However, tropospheric ozone formation is closely related to the availability of atmospheric 

VOC (volatile organic carbon) (presented in a simplified mechanism in rct. 1.5a-d). 

 

ONOhNO +→+ ν2     rct. 1.5a 

MOMOO +→++ 32     rct. 1.5b 

223 ONONOO +→+     rct. 1.5c 

⋅+→+⋅ RONONORO 22     rct. 1.5d 

 

The conversion of NO to NO2 as shown in rct. 1.5d (and also rct. 1.2b) limits the 

removal of ozone by reaction with NO. Rapid ozone production as seen for industrialized, 

urban areas is only possible under high NOx and high VOC conditions. 

Bromine and chlorine radicals play an important role in the arctic troposphere during 

the period of the polar sunrise (Jobson et al., 1994). It was suggested that photolabile 

halogen species (particularly Br2 and BrCl) are emitted to the atmosphere from sea ice at 

the onset of the arctic summer. Significant decrease of NMHC mixing ratios was observed 

(e.g. Ramacher et al., 1999, Boudries and Bottenheim, 2000). However, further research 

indicated that this depletion is only of importance in coastal areas and therefore no 

significant effect on the global NMHC distribution is expected (Swanson et al., 2003). In 

contrast, it was suggested that Cl radical chemistry may have significant impact on the 

atmospheric oxidation of NMHC comparable to OH (Pszenny et al., 2007, Arsene et al., 

2007). 
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1.3 NOAA – ESRL cooperative air sampling network 

 

The Global Monitoring Division (GMD) of NOAA – ESRL (National Oceanic and 

Atmospheric Administration – Earth Systems Research Laboratory) operates a global flask 

sampling network to provide essential constrains to our understanding of the global carbon 

cycle. In addition to the flask network four in-situ observatories as well as several routine 

aircraft projects are in progress. Measuring NMHC from the network flasks could generate 

the regional and temporally resolved measurements desired by the WMO report, 1995 and 

Krol and Lelieveld, 2003. In this section a first description of the cooperative sampling 

network is given. Details on the quantification of the individual flask samples are given in 

chapter 5. 

The NOAA cooperative flask sampling program began in 1967 with regular flask 

sample collection at the Niwot Ridge high altitude research side (lat: 40.02 °N, long: 105.34 

°W, alt:  3345 m asl). The number of cooperative flask sampling stations has increased to 

69 since then. Most network stations are located in remote regions. However, a few 

stations can be found in polluted regions of the continental United States, central Europe 

and in the People’s Republic of China. Flask samples are only taken under pre-defined 

clean air conditions. The sampling of freshly polluted air is therefore highly unlikely and the 

datapoints are generally expected to represent meridionally representative background 

mixing ratios. 

NMHC are currently quantified from air samples collected at 40 individual stations (figure 

1.2). Of these stations 37 were considered for this work; three were added too recently (2 

locations in Mexico and Easter Island). The selection of the stations was performed 

following recommendations by the WMO report, 1995. Particular attention was also placed 

on achieving a good latitudinal coverage (from 82°N, Alert, Canada to 90°S Amundsen 

Scott Station, South Pole) see also figure 1.3.  
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Figure 1.2: the NOAA cooperative air sampling network, red points: flask sampling sites; circled points NMHC 
measurements, green circles: NMHC measurements since March 2005; pink circles: since November 2005; orange circles: 
sampled since February 2006; purple circles: added May 2006 
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Figure 1.3: Latitudinal distribution of sampling stations, purple bars: number of sampling 
stations, blue area: percentage of sea, green area: percentage of landmass 
 

 

1.4 Variability analysis 

 

The relationship between the lifetime of atmospheric trace gas and their mixing ratio 

variability was first recognized by Junge (1974). He described this relationship with an 

empiric equation: 

 

RSD = 0.14 τ-1      eq 1.1 

where RSD is the relative standard deviation and τ is the atmospheric residence time in 

years. This equation was successfully applied to estimate the atmospheric lifetimes of long-

lived trace gases (e.g.: Panshin and Hites, 1994, Thornton et al., 1996). In a model study 

on Junge’s work Hamrud (1983) concluded that the τ -1 relationship was only approached 
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for very long-lived species and that shorter lived species follow a τ -0.72 dependence. 

However, this work demonstrated that a different equation is necessary to evaluate the 

variability lifetime relationship for short lived species such as NMHC. Initial improvements 

regarding this problem were achieved by considering the statistics of an exponentially 

decaying function for the atmospheric evolution of the hydrocarbons (Jaenicke, 1982 and 

Slinn, 1988). However, a clear relationship was not found until Jobson et al. (1998) 

substituted the relative standard deviation with the standard deviation of the natural 

logarithms of all data points: σ(ln(X)).  

Hydrocarbon mixing ratios in a given air sample decline with respect to OH oxidation 

according to 

τ

t

X

X t −=








0

ln        eq. 1.2 

 

With t the time between emission and sampling, τ, the 1/e lifetime and X0, the initial mixing 

ratio. When regarding a hydrocarbon data set sampled at the same location under the 

assumption of constant source (constant X0) and variable t the variance over the long term 

is given by 

2

2

2

2

0

2 1
ln tt

t
y

X

X

t
σ

τ
σσ 







 −
=






















∂

∂
=    eq. 1.3 

Assuming that the lifetime τ is constant over the transport path the equation reduces to 

txy s σ
τ

σ
1

ln ==     eq. 1.4 

 

It can be seen that the ln-transformed standard deviation over the data set is inversely 

proportional to the 1/e lifetime under chemical kinetic conditions. An empirical comparison 

with measurement data from multiple campaigns showed that equation 5 solves the 

relationship (Jobson et al., 1998). 
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σ(ln(X)) = A τ-b      eq. 1.5 

 

with: σ(ln(X)), the standard deviation over the natural logarithm of all measurement, τ, the 

atmospheric lifetime, A and b, proportionality factors.  

 

A similar relationship was also found by Ehhalt et al. (1998) based on model 

calculations. Further research (Jobson et al., 1998, 1999) showed a clear relationship 

between the variability – lifetime relationship and the remoteness of the measurement 

station from pollution sources. A graphic explanation of this behavior is displayed in figure 

1.4a, b.  

In case of a measurement station in close proximity to local emission sources such 

as an urban site no relation between atmospheric lifetime and variability can be found 

(figure 1.4a). The atmospheric variability is completely dominated by the sources and not 

proportional to the atmospheric lifetime. The b factor from equation 1.5 is then close to 0.  
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Figure 1.4a: Typical variability – lifetime plot for the inset urban source distribution 
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In contrast, the variability at a remote measurement station (figure 1.4b) is 

dominated by the chemical sink i.e. reaction with the OH radical for NMHC. Compounds 

with high reactivity towards OH (pentane isomers) are therefore usually found at a higher 

variability than longer lived species (ethane). Several measurement and model studies 

(Jobson et al., 1998, 1999, Ehhalt et al., 1998) found that remote stations are characterized 

by a b factor of 0.5 or higher. 
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Figure 1.4b: typical variability – lifetime plot for the inset remote source distribution 

 

The A factor has not yet been thoroughly understood. However, Karl et al. (2001) 

linked this proportionality factor to the age range of an airmass. A high A factor was thought 

to represent sampled air of vastly different photochemical ages and a low A factor would 

represent an airmass that was subject to homogenous age distribution. 

In addition to the above described application, one can use the variability analysis to 

assess the average OH mixing ratio an air sample was exposed to (Williams et al., 2000, 

Karl et al., 2001, Bartenbach et al., 2007). The variability – lifetime relationship for two sets 

of gases needs to be known to successfully apply this method: 1, the variability of several 
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compounds with an atmospheric sink solely depending on OH (e.g. NMHC); 2, the 

variability of at least one compound with similar sources but an independent atmospheric 

sink. The atmospheric lifetime of the compounds needs to be known with high accuracy. 

Williams et al. (2000) and Karl et al. (2001) used photochemically active trace gases (e.g. 

acetone and methyl-vinyl ketone), which are removed from the atmosphere by both 

photolysis and reaction with OH. Williams et al. (2001) used Rn at a remote marine 

boundary layer site. Radon is emitted from the lithosphere and is removed from the 

atmosphere by radioactive decay.  

The method is further detailed here using the example of Williams et al. (2001). The 

variability – lifetime relationships of an OH independent compound (Rn) is calculated. This 

relationship is then calculated for all NMHC (OH dominant sink) assuming arbitrary OH 

mixing ratios. The data can then be plotted as shown in the inset of figure 1.4 b assuming 

arbitrary lifetimes and the well known literature lifetime for Rn. A regression function 

according to eq. 1.5 can then be derived. 

The OH mixing ratio is then modified, changing the NMHC lifetime, consequently 

shifting the variability – lifetime ratios for NMHC along the X axis. However, the Rn 

variability – lifetime relationship remains unchanged as its lifetime does not depend on OH. 

This change in NMHC lifetime will result in a different data point distribution and hence a 

different function. Statistical methods such as the least square method can then be used to 

determine the function with the least discrepancy of the function to the observed data. The 

OH mixing ratio corresponding to these NMHC lifetimes can thus be estimated to represent 

the average OH mixing ratio a sample was exposed to during the transport to the 

measurement station. Similar to Rn other compounds with OH independent sinks can be 

used in this method e.g.: photolytically active compounds, CFCs or sulfur hexafluoride (this 

study). 

This method was validated by comparison of the variability derived OH mixing ratios 

with literature data by Spivakovsky et al. (2000). Generally good agreement (better than 

50%) given the limitations of this method was found (Karl et al., 2001, Williams et al., 

2001). Bartenbach et al. (2007) compared their variability derived OH mixing ratio with in-

situ OH measurements at the same station. Again good agreement between both methods 

was found (<40%). These comparisons suggest that OH determination by variability 

analysis is a valid method as long as the limitations are taken into account (see also 
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chapter 5). The derived OH mixing ratio does not represent the local OH concentration but 

rather the diel average mixing ratio a sample was exposed to during its transport. 

 

1.5 Thesis outline 

 

The focus of this work is to examine the global distribution of non-methane 

hydrocarbons (NMHC). This knowledge is subsequently applied to improve our 

understanding of atmospheric oxidation chemistry and particularly on the global distribution 

of the hydroxyl radical. To meet this aim we were given access to flask samples collected 

by the NOAA-GMD (National Oceanic and Atmospheric Administration-Global Monitoring 

Division) cooperative air sampling network. These samples were made available after the 

routine greenhouse gas and stable isotope measurements were completed. Several 

challenges had to be overcome to utilize the remaining air left in the sampling flasks. At the 

time the flasks are available to us they contain only a limited volume of air at subambient 

pressure. Turnaround time of the flask samples was expected to be low as the flask 

logistics of the cooperative air sampling network should not be affected. A high sample 

throughput was expected after an initial test-phase and expensive consumables such as 

liquid nitrogen were to be avoided. The distinct research objectives were: 

 

1. The development of a gas-chromatographic flame – ionization (GC – FID) system 

capable to meet the above challenges, especially focusing on designing a highly 

automated system with high sample throughput at low operational costs.  

 

2. Evaluate potential analytical interferences by other trace gases particularly ozone and 

atmospheric water vapor 

 

 3. The establishment of a reproducible calibration for this instrument and the evaluation of 

analytical parameters (accuracy and precision) with particular emphasis on 

intercomparisons with other laboratories 

 

4. Obtaining a full year of NMHC measurements from the network flasks with extensive 

meridional coverage to assess the global distribution of the most important NMHC 
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5. Evaluate the measurements with respect to atmospheric oxidation chemistry applying 

analytical techniques such as the variability analysis 

 

 

In chapter 2 we address the first research objective, the instrumental development. 

Here we present the instrumental development with the focus on evaluating adsorbent 

materials for the cryogen free analysis of C2-C6 non-methane hydrocarbons, meeting one 

of the key analytical challenges described above. Nine solid adsorbents were investigated 

for their ability to trap and release C2-C6 NMHC in atmospheric samples with subsequent 

GC-FID quantification. Two options were found either a three – stage, multi – adsorbent 

trap (Carboxen 1016, Carboxen 563, Carbosieve SIII) or a single stage trap (Carboxen 

1000). A detection limit of 3 pptC and a linear response over a wide volatility and sample 

volume range was obtained. 

Water was found to cause major interference in the solid adsorption and subsequent 

chromatographic processes addressing research objective 2. A method to selectively 

remove water vapor from the sampling air was developed. This trap allowed for quantitative 

and reproducible results for all compounds at all investigated humidity conditions. Further 

investigation of major analytical interference is found in chapters 3 and 4. 

 

In chapter 3 we investigate analytical techniques utilizing solid adsorbents for the 

quantification of biogenic volatile organic compounds (BVOC) with particular emphasis on 

ozone interference. Substantial analyte losses of 90% or more were discovered when co-

sampling BVOC with ozone onto solid adsorbents. These loss rates were used to estimate 

the gas-phase reaction rate constants with ozone for 8 compounds and are the only known 

estimates to date. Four ozone mitigation techniques were tested and BVOC loss rates were 

reduced to less than 10% for most compounds. It was found that ozone interference is 

proportional to the number of double bonds in a molecule and therefore no substantial 

analytical interferences of ozone are expected when analyzing saturated C2-C6 NMHC, 

addressing the second major component of research objective 2. 
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Chapter 4 focuses on research objective 3. The analytical parameters accuracy and 

precision are investigated in depth and compared to the data quality objective presented by 

the World Meteorological Organization - Global Atmospheric Watch program (WMO-GAW; 

WMO report, 2007). We demonstrate that saturated C2 – C5 NMHC can be analyzed with 

a repeatability of 10 – 20% or better over more than one year. Samples were stable in the 

network flasks with mixing ratio changes of less than 5% over a period of one year. A 

significant overestimation of hexane could be associated to coelution of this compound with 

dichloromethane. A 4-month intercomparisons campaign with the in-situ GAW station at 

Hohenpeissenberg showed good agreement between both methods with 87% of all data 

comparison falling into the GAW data quality objective. The median measurement precision 

over all measurements was found at 0-5% for mixing ratios above 100 pptv and 0-10% for 

mixing ratios below 100pptv. Overall, approximately 88% of the data met the data quality 

objective for precision. 

 

In chapter 5 we show the results of approximately 1.5 years of NMHC 

measurements from NOAA network flasks, addressing objective 5. The global background 

distribution of C2 – C4 saturated NMHC is presented in a 3-D grid with temporal and 

latitudinal resolution. These are, to our knowledge, the first distribution profiles derived with 

a single instrument for ethane and propane and the first ever profiles to be presented for 

isobutane and butane. This data was combined with trace gas measurements by NOAA 

CMDL to analyze the atmospheric variability – lifetime relationship. This relationship is then 

explored in a novel approach utilizing the variability of sulfurhexafluoride to determine the 

global distribution of the hydroxyl radical. Good agreement between our estimate and 

model calculations by Spivakovsky et al. (2000) and available direct OH measurement are 

found outside the tropical regions. Tropical OH concentrations estimated by the variability 

analysis appear to be significantly higher than available model calculations but agree well 

with direct OH measurements. 

 

Finally, in chapter 6, the main conclusions of this work are summarized and an 

outlook onto future work with this dataset is given. 
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2   Evaluation of Adsorbent Materials for Cryogen – Free 

 Trapping – GC Analysis of Atmospheric C2 - C6 

Non-Methane Hydrocarbons 

 

 

Abstract 

 

Nine commercial solid adsorbent materials (ordered by decreasing surface areas: 

Carboxen 1000, Carbosieve S III, Molecular Sieve 5A, Molecular Sieve 4A, Silica Gel, 

Carboxen 563, Activated Alumina, Carbotrap and Carboxen 1016) were investigated for 

their ability to trap and release C2 to C6 non-methane hydrocarbons (NMHC) in 

atmospheric samples for subsequent thermal desorption GC-FID analysis.  Recovery rates 

for 23 NMHC and methyl chloride (CH3Cl) were determined.  A three-adsorbent microtrap, 

containing Carbosieve S III, Carboxen 563 and Carboxen 1016 was found to allow for the 

analysis of the widest range of target analytes. A linear response over a wide range of 

volatilities and sample volumes, at a detection limit of approximately 3 pptC in a 600 ml 

sample was determined for this trap.  Water vapor in the sample air was found to cause 

interference in sample trapping and subsequent chromatographic analysis of light NMHC. 

A peltier-cooled, regenerating water trap inserted into the sample flow path was found to 

mitigate these problems and to allow quantitative and reproducible results for all analytes at 

all tested humidity conditions.  

 

 

 
 
 
 
 
 
This article was published in Journal of Chromatography with D. Helmig, J. Hueber, D. 

Tanner and P. Tans as co-authors 
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2.1 Introduction 

 

Non-methane hydrocarbons (NMHC) have received growing interest in atmospheric 

research, as their concentrations and ratios can yield valuable insight into air mass 

transport, hydroxyl radical concentrations and photochemical ozone production (McKeen 

and Liu, 1993, William et al., 2000, Parrish et al., 2004). NMHC and NMHC ratios were also 

identified as tracers for pollution sources such as automobile traffic, fossil fuel exploration 

and biomass burning (Blake et al., 1992, Blake et al., 1996, Goldan et al., 1997, Parrish et 

al., 1998, Cardenas et al., 1998, Christensen et al., 1999, Hewitt, 1999, Derwent et al., 

2000, Singh et al., 2000). These interests have motivated activities towards the 

establishment of a network of remote automated background stations to monitor NMHC 

over a long period of time (WMO Report, 1995).  Ideally, NMHC monitors to be used for 

this purpose would have to require low maintenance and be operable without an external 

supply of cryogen, hydrogen or zero-air.  Hydrogen and zero-air, which are needed for 

NMHC gas chromatography instruments, can be generated on-site with commercially 

available gas generators.  A preconcentration step is typically required to increase NMHC 

concentrations from their low atmospheric concentrations to levels that allow analysis by 

GC-FID.  A common technique is the freeze-out of NMHC in a cold trap that is cooled with 

a cryogen (such as liquid nitrogen).  The supply of liquid nitrogen is cumbersome and can 

be a substantial expense for longterm monitoring purposes especially at remote locations.  

These constraints make it desirable to use a NMHC focusing and injection system that 

does not rely on liquid cryogen techniques.  Furthermore, one-stage trapping/injection 

systems are preferable because of their simplicity and reduced design and operational 

cost.  A one-stage system typically requires a low volume microtrap (internal volume < 1 

cm3) to ensure rapid sample desorption and narrow chromatographic peak shape.  

However, the internal diameter of the adsorbent trap needs to be large enough to reduce 

flow resistance thereby providing reasonable flow rates during the sampling step. Another 

limiting factor on the microtrap volume is that the trap has to be able to hold the required 

amount of adsorbent. Previous studies have shown that the use of strong adsorbent 

materials in combination with moderate cooling (down to – 30 ºC) by thermoelectric coolers 

can quantitatively trap selected volatile organic compounds down to the C2 to C4 range 

(Millet et al., 2004, Millet et al., 2005, Goldstein et al., 2004).   
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The ability of an adsorbent to retain NMHC is typically proportional to its surface 

area.   A review on the physical properties and the production processes of many different 

adsorbent materials was published by Dettmer and Engewald (2002). The retention of 

compounds on solid adsorbents is generally inversely correlated with their volatility.  

Secondly, molecular structure and the abundance of unsaturated carbon-carbon bonds 

were found to affect adsorption efficiency.  This made it especially challenging to 

quantitatively trap highly volatile compounds, such as C2 hydrocarbons (ethane, ethene 

and acetylene). Saturated compounds (e.g. ethane, propane) were found to be retained 

better on carbon molecular sieve adsorbents than unsaturated compounds (ethene, 

propene) (Tang et al., 1996).  In agreement with this study, Badol et al. (2004) found that 

acetylene was the most difficult compound to retain quantitatively (despite a higher boiling 

point than ethane or ethene) on Carbosieve SIII. Approximately 110 mg of this adsorbent 

was needed to increase the breakthrough volume to > 600 ml at – 30 ºC trapping 

temperature.   

Carbon molecular sieves such as Carbosieve and Carboxen materials were found to 

provide the highest adsorption efficiency for C2-C4 compounds, while heavier analytes in 

the C5 to C6 range were most often trapped by surface adsorption on carbon blacks.  For 

instance, hydrohalocarbons and halocarbons were best retained on Carbosieve SIII, 

followed by Carboxen 1000 and 1001, while molecular Sieve 5A was a fairly weak 

adsorbent (Sturges and Elkins, 2000).  Similar results where reported by Betz and Supina 

(1989), who evaluated 10 different solid adsorbents (including: Carbosieve S III, 

Carbosieve S II, Carboxen 563, 564 and 569 and activated charcoal) and found that 

Carbosieve S III was the strongest material for ethane retention.  Among the Carboxen 

product line Carboxen 1000 was the strongest adsorbent (O’Doherty et al., 1992).  

The temperature required to release analytes from the adsorbent bed depends both 

on the adsorbent strength and analyte volatility.  Decomposition reactions became more 

probable at higher temperatures (e.g.: Sanchez et al., 2005). Weaker adsorbents placed in 

front of a stronger adsorbent in a multi-layer adsorbent trap can be used to ensure 

complete thermal desorption at lower temperatures (Helmig and Greenberg 1994).   

The trapping efficiency of adsorbent traps increases exponentially with decreasing 

temperature. However, the increasing co-adsorption of atmospheric water vapor and 
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carbon dioxide at subambient temperatures can cause sampling and chromatographic 

interferences.  Water vapor can affect the trapping procedure in several ways. First, the 

adsorption efficiency for organic analytes, especially for light NMHC (propene), can be 

reduced (Sturges and Elkins, 1993, Fabbri et al., 1987).  These studies suggested that a 

monolayer of adsorbed water was formed on the surface of the adsorbent material when air 

with high water vapor content was sampled.  The water monolayer was then responsible 

for the induced filling of a significant fraction of the micropores with water. The adsorption 

efficiency decreased as these pores were no longer available for the adsorption of VOC. 

The volume of carbon molecular sieve micropores was found to be proportional to the 

volume of adsorbed water (Gawlowski et al., 1999). Gawrys et al. (2001) determined a 

threshold relative humidity of 35% R.H. at 30 ºC for Carboxen 569, Carboxen 1001 and 

Carbosieve S III, above which the micropores were slowly filled with water and the recovery 

of VOC was reduced. The threshold for Carboxen 1000 was 45% R.H. at 30 ºC sampling 

temperature.   

Secondly, focusing traps were also found to become plugged due to freeze-out of 

atmospheric water vapor while sampling at sub-zero temperatures. Chromatographic and 

detection interferences could subsequently arise in the chromatography process (Sturges 

and Elkins, Helmig et al., 1990). Carbon molecular sieve type adsorbents were found to 

exhibit the highest water retention (Betz and Supina, 1989, Helmig and Vierling, 1995).   

These results underline the necessity to selectively remove water vapor from the 

sampling air prior to the adsorption step.  Different types of water traps and water 

managing techniques were used to mitigate these problems (Kurdziel, 1998, Dewulf and 

van Langenhove, 1999, Helmig, 1999, Namiesnik and Wardencki, 1999, Parrish and 

Fehsenfeld, 2000, Karbiwnyk et al., 2002, Clemitshaw, 2004).  An increasingly popular 

technique is to lower the sample dewpoint by freezeout of water vapor (Millet et al., 2005, 

Goldan et al., 2004, Jobson et al., 1994).  Typically, the sample is drawn through a section 

of thermoelectrically cooled tubing.  The trap is subsequently heated and the retained water 

is removed by applying a vacuum or by purging the trap with a dry gas.  It was proven that 

this technique required little maintenance and did not interfere with the sampling of C2-C10 

NMHC. These water traps can be operated automatically over a long period of time and are 

favorable approaches for long-term, remotely operated sampling projects (Tanner et al., 

2006). 
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Most of this previous research investigated the use of a particular adsorbent for a 

narrow range of applications, e.g. for a few targeted compounds.  Our goal was to 

characterize readily available adsorbents for their applicability over a wide range of analyte 

volatilities.  This research was conducted in the context of instrument development for light 

NMHC monitoring at a remote sampling location and for continuous, automated and 

unattended analysis of a large series of flask samples on a laboratory instrument.  

Commercially available adsorbent materials which were previously reported in the literature 

and appeared to be suited for volatile NMHC preconcentation were systematically 

investigated for the cryogen-free trapping of C2-C6 NMHC.  The susceptibility of the 

analysis towards water vapor in the sampling stream was studied in detail and a freeze-out 

water trap, suitable for automated long-term single stage adsorption -thermodesorption 

applications was thoroughly tested. 

 

2.2 Instrumental 

 

Inlet System: The experiments were performed using a custom-made inlet system coupled 

to a commercial gas chromatograph with flame ionization detection (FID) (HP 5890 Series 

II, Hewlett Packard, Palo Alto, CA). A schematic of the instrument is shown in Figure 2.1. 

The GC column was an Al2O3 PLOT (Porous Layer Open Tubular) column deactivated with 

KCl (I.D.: 0.53 mm, Length: 30 m, 19095P-K23, Agilent, Wilmington, DE).  The sample was 

drawn through the microtrap by a vacuum reservoir (V ~ 25 l). The sampling flow was 

controlled using a mass flow controller (FC-280-SAV, Tylan Corp., Carson, CA). The 

pressure increase during trapping was measured with an electronic pressure gauge 

(622A12TBE, MKS Instruments, Andover, MA) and used to calculate the sampling volume. 

A diaphragm pump (N813.5 ANE/AF, Neuberger, Freiburg, Germany) was used to 

evacuate the reservoir to approximately 5 mbar when the inlet system was idle. The 

relative standard error of the sampling volume (n = 50) was 0.2% for a 0.6 l sampling 

volume.  Two four-port valves and one six-port valve (A44 UWE and A4C6UWE 

respectively, Valco Inst., Houston, TX), maintained at 60 ºC with valve heaters (HA1, Valco 

Inst.) were used for switching gas flows. The microtrap could be isolated from the flow path 

with two solenoid valves (Y 141010-08, Kip Inc, Farmington, CT and ETO-3, Clippard Inc, 

Cincinnati, OH).  The vacuum reservoir, the pump and the inlet port could be separated 
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from the system with shut-off valves (SS-BNVCR4-C, Swagelok, Solon, OH). Most fittings 

were stainless steel VCR (Swagelok) while few stainless steel Swagelok connectors were 

used (Swagelok).  
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Figure 2.1: Instrument schematic, identification of individual components: Al/KCl PLOT: 
GC-column, 19095P-K23, Agilent, Wilmington, DE; FID: flame ionization detector; Filter: 
particle filter; Foc Trap: focusing trap, see text; GC: gas chromatograph, HP 5890 II, 
Hewlett Packard, Palo Alto, CA; H2O Trap:  water trap, see text; MFC1: mass flow 
controller FC-280-SAV, Tylan Corp., Carson, CA; MFC2: mass flow controller: UFC 1100A, 
Unit Instrument Inc, Yorba Linda, CA; NV: needle valve; Pres Sens: pressure sensor, 
622A12TBE, MKS Instruments, Andover, MA; Scrubber: oxygen trap, 7213, Alltech, 
Deerfield, IL, hydrocarbon trap, 7201, Alltech, indicating oxygen trap, 4004, Alltech; SO 1: 
shut off valves, SS-BNVCR4-C, Swagelok, Solon, OH, SO 2: shut off valve: Y 141010-08, 
Kip Inc, Farmington, CT, SO 3: shut off valve: ETO-3, Clippard Inc, Cincinnati, OH; V1 and 
V2: 4-port, 2-position valve, A44UWE, Valco Inst., Houston, TX; V3: 6-port, 2-position valve 
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A4C6UWE, Valco; Vacuum Pump: diaphragm pump, N813.5 ANE/AF, Neuberger, 
Freiburg, Germany,  
The entire injection system was computer-controlled by a digital I/O board and an 

analog/digital I/O board (NI PCI-DIO-32 HS and NI-PCI 6014, National Instruments, Austin, 

TX) using a custom-programmed LabView code (National Instruments). Zero air was 

generated by flowing compressed air over catalyst pellets, 1% platinum on alumina (20616, 

Sigma-Aldrich, St. Louis, MO) at 390 ºC. 

 

Calibration:  This GC system was calibrated by determining a carbon response factor from 

sampling a single compound neo-hexane standard (2, 2 - dimethylbutane, Scott Specialty 

Gases, Longmont, CO) and from direct column injection of a C1 to C6 n-alkane standard 

(M7018, Alltech, Deerfield, IL). Effective carbon numbers were used to correct for different 

FID response rates (Jorgensen et al., 1990). 

 

Microtrap Housing: A description of the microtrap housing assembly has been previously 

published (Tanner et al., 2006). The instrument described here, however, used dual two-

stage Peltier cooling elements (two times CP 1.4-127-045L and CP 1.4-127-10L, Melcor, 

Trenton NJ), which cooled the microtrap to –30 ºC. The heat sinks were cooled with high-

flow (1.4 m3 min-1) fans (FFB0612EHE, Delta Electronics, Fremont, CA). The microtrap 

housing was encased with aluminum panels and the interior was constantly purged with 

dehumidified air to prevent water ice built-up from ambient humidity on the cooled parts.  

 

Microtrap design: Stainless steel tubing (extra thin wall, length: 19.0 cm, I.D.: 1.82 mm, 

O.D.: 2.10 mm, V: 0.5 cm3) was used as the trap exterior. A type K thermocouple 

(Diameter: 0.5 mm, length: 15 cm KMQSS-020-6, Omega Engineering, Stamford, CT) was 

fed through a 1/8” tee (SS-200-3, Swagelok, Solon, OH) into the center of the microtrap. 

The adsorbents were bordered on both sides by binder-free glass fiber filters (APFD09050, 

Millipore, Billerica, MA) and 1/16” stainless steel tubing to keep the adsorbent bed in place. 

The trap was heated resistively to 310 ºC within 3 s during desorption. Further details may 

be found in Tanner et al., (2006). 

 

Sampling sequence: First a sample was drawn through the cooled microtrap at 60 ml min-1 

for 10 min. The microtrap was then purged with H2 at 20 ml min-1 for 30 s to remove oxygen 
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from the trap. Subsequently, the microtrap was heated to 310 ºC within 3 s, and after 

another 5 s the 6-port valve was switched to the inject position.  An 8 s desorption time was 

empirically determined to result in the fastest and sharpest transfer of all trapped analytes 

onto the GC column during injection. After an injection time of 20 s the 6 port valve was 

switched back to its default position and the microtrap was baked out for 2 minutes at 325 

ºC under H2 purge.  The GC-oven program was: 4 minutes at 40 ºC, 10 ºC min-1 to 200 ºC, 

200 ºC for 5 minutes.  

 

Standard: NMHC in compressed air (breathing air grade cylinder, Airgas, Loveland, CO) 

were quantified by GC-MS/FID. Twenty-three compounds in the C2 to C6 range and methyl 

chloride were identified at high pptV to low ppbV mixing ratios (Table 2.1).  

 
Table 2.1: NMHC mixing ratios (in ppbV) of the standard used (relative standard deviation 
~ 7 %) with GC retention times and boiling points  

Compound Retention Time Mixing Ratio Boiling Point*

(min) (pptV) (ºC)

ethane 1.90 2980 -89

ethene 2.31 8290 -104

propane 3.19 2650 -42

propene 5.85 9650 -48

i-butane 7.00 1090 -10

acetylene 7.32 512 -85

n-butane 7.46 3310 -0.5

methyl-chloride 8.88 154 -29

t-2-butene 9.68 1150 1

1-butene 9.79 1490 6

2-methyl-propene 10.19 22100 6.9

c-2-butene 10.48 731 0

i-pentane 11.04 3810 28

n-pentane 11.43 1560 36

3-methyl-1-butene 12.11 38 20

t-2-pentene 12.41 133 36

2-methyl-1-butene 12.73 137 31

2-methylbutene
+

12.91 800 31

c-2-pentene 13.04 147 37

2-2-dimethylbutane 13.98 266 50

2-3-dimethylbutane 14.29 140 58

2-methyl-pentane 14.36 533 61

3-methyl-pentane 14.42 330 63

n-hexane 14.79 258 69

*source: NIST webbook
+
unidentified 2-methylbutene
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The cylinder air had a relative humidity of 5% (dewpoint of –15 ºC) (determined as average 

of two measurements with thermohygrometers (35612-00, Oakton, Vernon Hills, IL)).  

Analyte concentrations for the standard were determined on a cryogenic prefocussing GC-

FID system that was calibrated against a scale of gravimetrically prepared reference 

standards.   

 

Adsorbent Materials: Nine commercial adsorbent materials that were previously used in 

light NMHC sampling studies were investigated. These included three carbon molecular 

sieves (Carboxen 1000, Carbosieve SIII, Carboxen 563), two inorganic molecular sieves 

(molecular sieve 5A, molecular sieve 4A), two graphitized carbon blacks (Carbotrap, 

Carboxen 1016) and two inorganic metal/semi-metal oxides (silica gel, activated alumina) 

(Table 2.2).  

 

Table 2.2: Evaluated adsorbent materials with their properties: Density: gravimetric density; 
Surface Area: Surface Area as provided by supplier; net adsorbent mass: mass of 
individual adsorbent filled into trap for evaluation; Pressure Drop: pressure drop across 
adsorbent trap filled with adsorbent at a 50 ml min-1 sampling flow (air) 

Adsorbent Mesh Size Density Surface Area* Net Adsorbent Mass Pressure Drop Supplier

g/cm
3

m
2
/g mg mbar Name, Location, State

Carboxen 1000 60/80 0.52 >1200 56 260 Supelco, Bellefonte, PA

Carbosieve S III 60/80 0.76 820 64 250 Supelco, Bellefonte, PA

Molecular Sieve 5A 40/60 0.89 800 68 120 Alltech, Deerfield, IL

Molecular Sieve 4A 40/60 1.07 800 81 130 Alltech, Deerfield, IL

Silica Gel 20/45 0.56 750 43 80 Supelco, Bellefonte, PA

Carboxen 563 20/45 0.55 510 40 70 Sigma-Aldrich, St. Louis, MO

Activated Alumina 40/60 1.14 350 86 150 Alltech, Deerfield, IL

Carbotrap 20/40 0.32 100 34 § Supelco, Bellefonte, PA

Carboxen 1016 60/80 0.45 75 44 250 Supelco, Bellefonte, PA

* supplier information

§ No pressure drop is given for Carbotrap as a gradual increase in the flow resistance was observed for this material.  

 

 

Humidifier: A custom-made humidifier (Karbiwnyk et al., 2002) was used to enrich the 

dilution air with water vapor. Air could be humidified from 20-95 +/- 2% relative humidity at 

room temperature. 

 

Water trap: The water trap is similar to that described by (Tanner et al., 2006) except that it 

had a two-stage Peltier cooling system (similar to the adsorbent microtrap), which allowed 



 33 

for trapping temperatures of –35 ºC. The trap was heated to 80 ºC under vacuum during 

the regeneration phase. 

 

2.3 Experiments  

 

2.3.1 Adsorbent material evaluation:  

An individual adsorbent was filled into a trap to yield a bed length of 3.7 +/- 0.1 cm in 

the center of the trap (see Table 2.2 for the respective weights).  All traps were first 

conditioned by baking them out three times under 30 ml min-1 hydrogen purge at 325 ºC for 

10 minutes.  The adsorption and desorption efficiency of each adsorbent was then 

evaluated by sampling 600 ml of the standard at a trapping temperature of –10 ºC with 

subsequent desorption and GC analysis. The adsorption capacity for Carbosieve S III and 

Carboxen 1000 was also tested at –30 ºC.  The adsorption efficiency of the developed 

three-stage adsorbent trap was also evaluated at –10 and –30 ºC.  After the first injection 

the microtrap was sealed and cooled down to –10 ºC (or –30 ºC respectively) and injected 

again after 45 minutes to evaluate the fraction of analytes that was not desorbed during the 

first desorption step.   

Two types of blank experiments were performed to test for contaminant levels 

introduced from the adsorbent materials.  First, a trap for each adsorbent was baked out at 

325 ºC under a 30 ml min-1 hydrogen flow for 10 min, sealed and cooled down. After 15 

minutes the trap was thermally desorbed and injected onto the GC column.  This 

experiment was used to evaluate the blank and inherent contaminant formation from the 

adsorbent bed itself.  Secondly, 600 ml of zero air was analyzed.  This experiment 

investigated the possible formation of contaminants by the interaction of the adsorbent 

material with air drawn through the adsorbent bed.  Results from the different adsorbents 

were compared by determining the total integrated peak area (using fixed peak detection 

parameters) in the ethane to n-hexane elution range.  This peak area was then converted 

into pg carbon using the FID response factor.   

 

Linearity Tests: Increasing volumes of the standard (from 100 to 800 ml in 100 ml 

increments) were sampled on the three-stage adsorbent trap to evaluate the linearity of the 

sampling and analysis processes.  The sampling flow was 60 ml min–1 and the trapping 
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temperature was –30°C. The smallest integratable peak at a signal to noise ratio of 3.5 in 

the chromatogram of the 100 ml sample was used to estimate detection limits.  

 

Trapping Temperature: The trapping efficiency for the three-stage adsorbent trap was 

investigated at increasing trapping temperatures (from –30°C to 25°C in 5°C increments) to 

evaluate the analyte retention and desorption efficiency. Three 600 ml samples were 

analyzed at each temperature.  The –30°C samples were set to be the 100% reference 

value.  

 

2.3.2 Interference from water vapor:  

The trapping efficiency of the three-stage adsorbent trap was evaluated under 

varying humidity levels at –30 ºC trapping temperature. The dry standard (dewpoint –15 ºC) 

was diluted (18:1) with humidified zero air to a dew point of 17.5 ºC (70% R.H. at 25 ºC). 

The sampling air was then drawn through the water trap at water trap temperatures ranging 

from –35 ºC to 25 ºC (5 ºC increments). The water trap reduced the air humidity to the dew 

point corresponding to the water trap temperature.  

 

2.4 Results and Discussion 

 

2.4.1 Adsorbent material evaluation:  

The results of the recovery experiments for all adsorbent materials and the three-

stage adsorbent trap (sorted for alkanes, alkenes and two additional compounds (acetylene 

and methyl chloride) in elution order) are displayed in Figures 2.2 through 11. The 

individual adsorbent materials showed significant differences in their adsorption/desorption 

efficiency.  Results for individual adsorbents, in order of decreasing adsorbent surface 

area, were as follows: 

 

Carboxen 1000 (Figure 2.2 a, b): Carboxen 1000 was found to be the second strongest 

adsorbent among the investigated products.  At –10 ºC trapping temperature this material 

exhibited a very broad trapping range, although ethane and ethene were not completely 

retained. All C2 to C6 compounds, except ethene and acetylene, were trapped 

quantitatively at –30 ºC. Even though Carboxen 1000 is reported to have the highest 
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surface area (1200 m2 g-1) of all investigated compounds this material was found to be a 

weaker adsorbent than Carbosieve S III (in agreement with previous reports (Betz and 

Supina, 1989, Sturges and Elkins, 1993). However, heavier compounds that could not be 

quantitatively desorbed from Carbosieve S III (such as pentane) were completely 

recovered from Carboxen 1000.  Background levels in the blank experiments were low 

(Table 2.3). These results indicate that Carboxen 1000 is a versatile adsorbent for the C2 

to C6 volatility range. 
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Carboxen 1000 (-30 ºC)
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Figures 2.2 a, b: Recovery for target compounds from Carboxen 1000 at –10 and –30 ºC. 
Dark gray section represents the peak area that was found on the microtrap for the 
respective compound in a second desorption run.  Error bars indicate standard deviation 
for n = 5 injections. 
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Carbosieve S III (Figure 2.3 a, b): Carbosieve S III was the strongest adsorbent among the 

investigated materials. Ethane was trapped quantitatively at –10 ºC but only 75% of ethene 

was retained.  Recovery of acetylene was 10% at –10 ºC. Ethane and ethene were 

completely retained at – 30 ºC. Acetylene was the only tested compound that was not 

quantitatively retained at –30 ºC.  

 

Table 2.3: Mass carbon (in pg) in the ethane to hexane range found in the 2nd desorption, 
zero air and trap blank experiments as average of n = 3 

Adsorbent Trapping 

Temperature (ºC) Trap Blank Zero-Air Blank 2nd Desorption

Carboxen 1000 - 10 ºC 0.34 0.72 1.91

Carboxen 1000 - 30 ºC 0.32 0.78 1.68

Carbosieve S III - 10 ºC 0.37 0.77 6.64

Carbosieve S III - 30 ºC 0.36 0.77 5.89

Molecular Sieve 5A - 10 ºC 0.65 11.02 3.36

Molecular Sieve 4A - 10 ºC 0.16 1.32 1.11

Silica Gel - 10 ºC 0.18 0.47 0.56

Carboxen 563 - 10 ºC 0.24 1.00 2.68

Activated Alumina - 10 ºC 0.22 0.67 0.33

Carbotrap - 10 ºC 0.13 0.59 0.53

Carboxen 1016 - 10 ºC 0.15 0.54 0.62

3-Stage Adsorbent Trap - 10 ºC 0.22 0.42 0.41
3-Stage Adsorbent Trap - 30 ºC 0.34 0.47 0.37

Mass Carbon (pg) in

 

However, only C2 and C3 compounds could be desorbed completely under the applied 

conditions. The significant amounts found in the 2nd desorption experiments illustrate that 

this adsorbent was too strong to release these compounds unless more stringent 

desorption conditions were applied. After proper conditioning, trap and zero air blanks 

showed low levels of contamination in the C2-C5 elution range.  Similar findings for 

Carbosieve S III were reported in two earlier studies.  Badol et al. (2004) showed that 110 

mg of Carbosieve S III at –30 ºC were necessary to achieve a breakthrough volume > 700 

ml for acetylene.  These values are in good agreement with our results, as we used about 

half of the adsorbent mass.  Betz and Supina (1989) found that Carbosieve S III had the 

highest adsorption capacity for ethane among 10 investigated adsorbents. This study also 

showed large amounts of the heavier analytes in the 2nd desorption experiments.   
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Carbosieve S III (-30 ºC)
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Figures 2.3 a, b: Recovery for target compounds from Carbosieve S III at –10 and –30 ºC. 
Dark gray section represents the peak area that was found on the microtrap for the 
respective compound in a second desorption run.  Error bars indicate standard deviation 
for n = 5 injections. 
 

Molecular Sieve 5A (Figure 2.4): The composition of the standard was dramatically altered 

when samples were collected on Molecular Sieve 5A. Recovery rates of unsaturated 

compounds were elevated while saturated compounds were reduced.  Blank experiments 

showed no additional peaks (Table 2.1), hence none of the observed analyte increases 

could be attributed to contamination from Molecular Sieve 5A itself.  A second microtrap 

was filled to evaluate whether these results were reproducible. Both traps showed identical 

results.  The second desorption experiments showed high values of unsaturated VOCs.  
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The zero air blank for this material showed very high contamination with hydrocarbons (one 

order of magnitude higher than for the other adsorbents).  These findings suggest that 

contaminants are formed while air is drawn through the adsorbent bed.  

Molecular Sieve 5A (-10 ºC)
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Figure 2.4: Recovery for target compounds from Molecular Sieve 5A at –10 ºC. Dark gray 
section represents the peak area that was found on the microtrap for the respective 
compound in a second desorption run.  Error bars indicate standard deviation for n = 5 
injections. 
 

 

Molecular Sieve 4A (Figure 2.5): Molecular Sieve 4A was found to be a relatively weak 

adsorbent.  Recovery rates increased from C2 to C6 compounds; ethane was retained by 

only 10%, hexane recovery was ~ 90%.  The results infer that this adsorbent material is 

best suited for compounds heavier than hexane.  
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Molecular Sieve 4A (-10 ºC)
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Figure 2.5: Recovery for target compounds from Molecular Sieve 4A at –10 ºC. Dark gray 
section represents the peak area that was found on the microtrap for the respective 
compound in a second desorption run.  Error bars indicate standard deviation for n = 5 
injections. 
 

 

Silica Gel (Figure 2.6): 

Silica Gel (-10 ºC)
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Figure 2.6: Recovery for target compounds from Silica Gel at –10 ºC. Dark gray section 
represents the peak area that was found on the microtrap for the respective compound in a 
second desorption run.  Error bars indicate standard deviation for n = 5 injections. 
 

 Most of the target analytes were not trapped quantitatively on Silica Gel. The best trapping 

performance was found for the heavier compounds (C5 and up). Silica Gel adsorbent was 
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difficult to fill into the microtrap tubing as this material easily became electrostatically 

charged which made it challenging to fill a well-defined amount of adsorbent into the trap. 

 

Carboxen 563 (Figure 2.7): Carboxen 563 performed similar to Carboxen 1000. It exhibited 

a very broad adsorption/desorption range, however, somewhat shifted to heavier 

compounds. Five compounds, four of them unsaturated (ethane, ethene, acetylene, 

propene, 2-methyl-butene) could not be quantitatively recovered at a trapping temperature 

of – 10 ºC.  Carboxen 563 appears to be a versatile material that is well suited for the 

trapping of most C3 to C6 NMHC. 
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Figure 2.7: Recovery for target compounds from Carboxen 563 at –10 ºC. Dark gray 
section represents the peak area that was found on the microtrap for the respective 
compound in a second desorption run.  Error bars indicate standard deviation for n = 5 
injections. 
 

 

Activated Alumina (Figure 2.8): Activated Alumina was found to be a medium strength 

adsorbent. The adsorbent showed similar adsorption characteristics as Molecular Sieve 4A 

with better recovery for unsaturated compounds.  The majority of C2 and C3 NMHC were 

lost. C4 to C6 compounds were retained at 70 to 80%, several unsaturated compounds 

were trapped quantitatively.  
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Activated Alumina (-10 ºC)
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Figure 2.8: Recovery for target compounds from Activated Alumina at –10 ºC. Dark gray 
section represents the peak area that was found on the microtrap for the respective 
compound in a second desorption run.  Error bars indicate standard deviation for n = 5 
injections. 
 

Carbotrap (Figure 2.9):  

Carbotrap (-10 ºC)
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Figure 2.9: Recovery for target compounds from Carbotrap at –10 ºC. Dark gray section 
represents the peak area that was found on the microtrap for the respective compound in a 
second desorption run.  Error bars indicate standard deviation for n = 5 injections. 
 

Carbotrap was one of the two materials with the lowest surface area (100 m2 g-1) tested in 

this study. Carbotrap performed best for C5 and higher compounds, although iso - and n-
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pentane as well as hexane were only retained to about 80%. Carbotrap was found to 

disintegrate into smaller particles inside the microtrap during the trap filling process and 

after a number of heating cycles. The fine particles that were formed caused a steady 

increase of trap flow resistance over time. This behavior has previously been noted for 

other graphitized carbon blacks (Dettmer and Engewald, 2002). Based on these results we 

discontinued using Carbotrap in microtrap applications. 

 

Carboxen 1016 (Figure 2.10): Carboxen 1016 has physical properties (surface area, 

temperature limit) similar to Carbotrap. However this material did not exhibit the 

degradation that was observed for Carbotrap.  Carboxen 1016 retained most compounds 

with boiling points equal or higher of C4, with resulting recovery rates close to 100%.  

Saturated and non-saturated compounds were retained equally.  
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Figure 2.10:  
Recovery for target compounds from Carboxen 1016 at –10 ºC. Dark gray section 
represents the peak area that was found on the microtrap for the respective compound in a 
second desorption run.  Error bars indicate standard deviation for n = 5 (Carboxen 1016) 
and n = 15 (three-stage adsorbent trap) injections. 
 

 

Blank Experiments: The results of the two blank experiments and the 2nd desorption 

experiments are given in Table 2.3.  Similar blank signals for both the trap blank and zero 

air runs were observed for all investigated materials except for Molecular Sieve 5A where 

the blanks were remarkably high.  On several occasions the carbon molecular sieves had 
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higher trap blanks and zero air backgrounds than the investigated carbon blacks. The 

second desorption results correlated with the adsorbent strength. Higher residues were 

found on the stronger adsorbents, indicative of incomplete desorption during the first 

desorption step.  These experiments revealed highly variable contaminant levels for two 

later eluting compounds, which were tentatively identified as benzene and toluene.  

Carboxen and Carbosieve materials (with the exception of Carboxen 1000) showed a high 

background of these two aromatic compounds that prevented their analysis at low pptv 

levels.  More research is in progress to further investigate the suitability of these adsorbent 

materials for benzene and toluene analysis. 

 

Multi-stage adsorbent trap (Figure 2.11a, b): As none of the individual nine adsorbents 

proved to retain and release the full range of C2 to C6 target NMHC, a multistage 

adsorbent microtrap was developed to cover a broader volatility range. Three favorable 

adsorbents were selected among the tested materials.  This trap contained Carboxen 1016 

(adsorbent bed length: 1.3 cm; 20 mg), Carboxen 563 (adsorbent bed length: 3.7 cm; 40 

mg) and Carbosieve SIII (adsorbent bed length: 3.6 cm; 60 mg), with the strongest 

adsorbent (Carbosieve S III) at the outlet side and the weakest (Carboxen 1016) at the inlet 

side.  Results for the three-stage trap at -10 and –30 ºC trapping temperature are shown in 

Figures 2.11 a, b.  Most C2 to C6 NMHC compounds were quantitatively trapped and 

released from this microtrap with very good reproducibility and precision, especially at –30 

ºC trapping temperature. Recovery rates for most compounds (with the exception of 3-

methyl-1-butene and acetylene) were between 95 and 100%.  A trapping temperature of – 

30 ºC was necessary to trap ethene quantitatively.  Somewhat reduced recovery rates (and 

higher residues in the second desorption analysis) were found for some analytes at –10 ºC. 

A probable explanation was incomplete fixation and migration of heavier NMHC further into 

the adsorbent bed. The reproducibility of the analysis was excellent at –30 ºC. The average 

relative standard deviation for all 24 compounds was 2.5% (n=15).  
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Three-stage adsorbent trap (-10 ºC)
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Three-stage adsorbent trap (-30 ºC)
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Figures 2.11 a, b: Recovery for target compounds from C 3-stage adsorbent microtrap 
(Carboxen 1016, Carboxen 563, Carbosieve S III) at – 10 and  –30 ºC. Dark gray section 
represents the peak area that was found on the microtrap for the respective compound in a 
second desorption run.  Error bars indicate standard deviation for n = 15 injections. 
 

 

Contaminant levels for the three-stage trap were equal or better than for the 

individual adsorbents.  In particular 2nd desorption results were favorable.  These findings 

illustrate an important advantage in using multi-stage adsorbent traps.  Heavier compounds 

are trapped on the first bed and do not migrate onto one of the stronger adsorbents.  

Consequently, with a properly selected adsorbent combination, it is easier to desorb a wide 

range of target compounds. 
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Interestingly, the retention of analytes is not clearly correlated with their boiling 

points.  For instance, boiling points for the C2 compounds are ethane –89 ºC; ethene –104 

ºC, acetylene –81 ºC. Acetylene, being the least volatile in this series, was found to have 

the lowest breakthrough volume.  Obviously, the breakthrough volume of individual 

compounds is not only related to the analyte volatility but furthermore depends on 

molecular structure and size (Badol et al., 2004). Several measures could be taken to 

achieve quantitative trapping of acetylene, such as further reducing the trapping 

temperature; increasing of the mass of Carbosieve S III adsorbent in the microtrap or 

reducing the sampling volume. None of these measures were further pursued in this study, 

as they would have compromised other desired applications.   

 

Sampling linearity: The results of this experiment are shown in Figure 2.12 a-c. All 

compounds, except acetylene, showed a linear response over the 100 – 800 ml sampling 

range, yielding regression line R2 values of > 0.98.  The breakthrough volume of acetylene 

was estimated to be approximately 250 ml at –30 ºC trapping temperature, which is in good 

agreement with the results by Badol et al. (2004).  
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Figure 2.12 a-c: Sampling linearity for target compounds from three-stage adsorbent trap. 
Saturated compounds are represented by solid and unsaturated by open symbols, 
respectively. Sampling Volume increased from 100 to 800 ml. R2 factors for individual 
compounds are given in the legend behind compound name; no R2 value is given for 
acetylene due to exceedance of its breakthrough volume. 
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Trapping temperature dependency: The results for the experiments at increasing trapping 

temperatures (three-stage trap) show that trapping efficiency improves with reduced 

temperature (Fig. 13). The required temperature below which individual compounds were 

still retained quantitatively with the three-stage trap can be determined from this figure.  For 

better graphical presentation, all data were normalized to the –30 ºC results.  
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Figure 2.13: Recovery for key target compounds (600 ml sample volume) at different 
trapping temperatures on the three-stage adsorbent trap.  Saturated compounds are 
represented by solid and unsaturated by open symbols, respectively. Area counts at – 30 
ºC were used as the 100% reference value while area counts from other experiments were 
scaled accordingly except Acetylene which was only recovered by 35% at – 30 ºC trapping 
temperature.  Compounds not displayed in this figure did not show temperature 
dependency under the investigated conditions. 
 

Recovery rates do asymptotically approach 100% with decreasing temperature.  All 

analytes (besides acetylene) were found close to unity between –25 °C and –30 °C 

trapping temperature.  Acetylene was only recovered by ~35% at –30 ºC and was lost 

completely at +5 ºC. Ethene and propene were not retained quantitatively at temperatures 

above –20 ºC Ethane and propane were found to diverge from unity at temperatures above 

–10 ºC, methyl-chloride was quantitatively retained below –10 ºC and unsaturated C4 

compounds diverged from unity at temperatures >10 ºC. A slightly reduced recovery rate 
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was observed for i-butane at a trapping temperature of 25 ºC. All compounds with a higher 

retention time than n-butane were retained quantitatively at room temperature. 

 

2.4.2 Interference from water vapor 

Elevated humidity levels affect the analytical performance two-fold. 1: The effective 

sampling volume may be reduced due to freeze-out of water in the trap and subsequent 

increase in flow resistance up to a complete blockage. 2: Water molecules may occupy the 

micropores which are of the carbon molecular sieves thus reducing the trapping efficiency 

for light hydrocarbons.  
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Figure 2.14: Decrease in the effective sampling volume vs. water trap temperature from 
water freeze-out. Error bars represent standard error of sampling volume for three 
measurements each. Trapping temperature of three-stage adsorbent trap was – 30 ºC. 

 

The effect of the water vapor on the effective sampling volume is documented in 

Figure 2.14.  At high humidities, water froze out in the microtrap, causing the flow 

resistance to increase. Ultimately the sampling flow rate would drop to zero as the pressure 

drop across the microtrap and mass flow controller became too large to maintain sampling 

flow.  The illustrated volumes were calculated using the pressure change in the vacuum 

reservoir over the 10 min sampling interval.  Significant loss of sampling volume started to 
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occur at a sample dew point >10 ºC (corresponding to a relative humidity > 40% at room 

temperature). These results are close to the threshold relative humidity of 35% as 

determined by Gawrys et al. (2001) above which the induced filling of micropores became 

significant. 
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Figure 2.15: Recoveries of selected compounds at increasing water trap temperature  
(= sample dewpoint). Saturated compounds are represented by solid and unsaturated by 
open symbols, respectively.  
 

Figure 2.15 shows the effect of elevated humidity on the recovery of individual 

compounds. In cases where the sampling volume was reduced due to freeze up, analyte 

concentrations and recovery ratios were calculated under consideration of the actual 

(reduced) sampling volume.  The recovery ratios for all compounds were close to unity at a 

sampling air dew point < –10 ºC, however between dewpoints of –10 ºC and 15 ºC 

significant compound losses were observed. The most affected compounds were ethane, 

propane and propene, which were lost by 65% at 15 ºC. According to Betz, et al. (1989) 

water occupies the micropores of the carbon molecular sieves, which are also responsible 

for retaining these light NMHC compounds.  In contrast, Carbon Blacks, such as Carboxen 

1016 (Fastyn et al., 2003) were not subject to significant water adsorption.  Our results 
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confirm these earlier reports as C2 and C3 hydrocarbons (trapped on the carbon molecular 

sieves) were most affected by elevated humidity levels whereas C5 and C6 compounds 

(trapped on the Carboxen 1016 bed) were hardly affected and showed relatively small loss 

rates.  It was necessary to dry the air sample to a dewpoint of <-10 ºC with the peltier-

cooled water trap to quantitatively recover all analytes (except acetylene). 

 

2.5 Conclusions and implications for microtrap thermodesorption applications 

 

The critical step in developing a cryogen-free focusing system for GC analysis of 

NMHC is the choice of the adsorbent material.  Of nine commonly used adsorbents that 

were tested in this study, three materials (Molecular Sieve 5A, Carbotrap and Silica Gel) 

were found to be unsuitable for trapping C2 to C6 compounds under the chosen analytical 

conditions.  Carbosieve S III, Carboxen 1000, Carboxen 563, Carboxen 1016, Molecular 

Sieve 4A, and Activated Alumina performed well within a specified volatility range.  

Carboxen materials were found to be a favorable adsorbent choice for retention and easy 

thermal release of a wide range of NMHC. Carbosieve SIII was the strongest identified 

adsorbent and was necessary to retain ethene quantitatively under the chosen 

experimental conditions. 

The range of compounds to be analyzed can be widened by using a multibed 

adsorbent system with adsorbents of progressively increasing adsorption strength.  

Subambient temperatures were required to achieve quantitative retention of the most 

volatile (C2-C3) NMHC.  Required cooling can be achieved with a one or two-stage Peltier 

cooling system, which for many reasons (cost, automation) is advantageous over trapping 

with liquid cryogens.    

Water vapor was found to be a major interference in this application, especially for 

the sampling of the lightest hydrocarbons (C2 to C4).  A drying step that preceded the 

sample focusing was found to mitigate this interference.  Sample drying was achieved by a 

Peltier-cooled water freezeout trap.  Water can easily be removed from this trap between 

sample focusing periods by heating under air flow or vacuum.   This water trap was found 

to be well suited for this application as it could be regenerated many times and has proven 

to perform well for long-term operation.   
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3  Sampling of Atmospheric Sesquiterpenes:   

Sampling Losses and Mitigation of Ozone Interference 

 

Abstract 

Atmospheric standards containing parts-per-billion levels of fourteen semi-volatile 

hydrocarbon compounds, including eight sesquiterpenes (SQT; longipinene, α-copaene, 

isolongifolene, α -cedrene, trans-caryophyllene, aromadendrene, α -humulene, δ -

cadinene), two oxidized sesquiterpenoids (cis-nerolidol, trans-nerolidol), one biogenic 

ketone (geranylacetone) and three aromatic compounds (1,3,5-tri-isopropylbenzene, 

diphenylmethane, nonylbenzene) were collected onto four solid adsorbent materials at 

increasing ozone mixing ratios (0 to 100 ppbV O3) for analysis by thermodesorption-gas 

chromatography.  Substantial sampling losses of up to > 90 % were found for the most 

reactive SQT, even at the lowest ozone level investigated of 20 ppbV.  Loss rates from the 

ozone-SQT reaction were used to derive estimates of gas-phase ozone reaction rate 

constants for longipinene, α-copaene, isolongifolene, geranylacetone, aromadendrene, δ-

cadinene, cis-nerolidol and trans-nerolidol.  Three different ozone mitigation techniques 

were investigated to prevent these sampling losses.  These strategies included a) placing 

glass fibre filters impregnated with sodium thiosulfate (Na2S2O3) into the sampling line, b) 

titration of ozone in the sampling stream with nitric oxide (NO) and c) catalytically removing 

ozone with a commercially available manganese dioxide (MnO2) catalyst.  All three 

techniques reduced ozone mixing ratios from 100 ppbV to < 0.6 ppbV at sampling flow 

rates of 1 l min-1.  When the Na2S2O3 filters and the NO-titration techniques were applied, 

SQT loss rates decreased to 0 % to 5 % for most SQT compounds and from > 90 % to ~ 10 

- 50 % for the two most reactive compounds at ozone mixing ratios of up to 100 ppbV.  The 

commercial manganese dioxide scrubber, however, caused complete analyte losses (> 98 

%) even at 0 ppbV ozone.  These results underline the need and present applicable 

techniques for removal of ozone in air samples for SQT analysis by solid adsorption.  

 

Published in Environmental Science and Technology with D. Helmig and J. Ortega as co-

authors 
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3.1 Introduction 

 

Sesquiterpene hydrocarbons (C15H24, SQT) as well as their oxygenated derivatives, 

e.g. alcohols, aldehydes and ketones (C15H22O, C15H24O, C15H26O) have been found in 

biogenic volatile organic compound (BVOC) emissions from both natural and agricultural 

vegetation (Buttery et al., 1985, Bicchi et al., 1989, Omata et al., 1990, Winter et al., 1992, 

König et al., 1995, Rudolph et al., 1997, Schuh et al., 1997, Llusia and Penuelas, 1998, 

Zhang et al., 1999, Hansen and Seufert, 1999, Ciccioli et al., 1999, Bartelt and Wicklow, 

1999, Helmig et al., 1999, Kim et al., 2000, Angelopoulos et al., 2000, Hakola et al., 2001, 

Köllner et al., 2004, Engelberth et al., 2004, Huang et al., 2003). Some studies estimate 

that SQT may contribute up to 16% of the overall BVOC landscape flux in some areas 

(Ciccioli et al., 1999, Helmig et al., 1999).  However, quantitative SQT flux data are difficult 

to obtain and remain highly uncertain due to analytical constraints that stem from the low 

volatility and high reactivity of SQT compounds (Grosjean et al., 1993, Shu and Atkinson, 

1994, Shu and Atkinson, 1995, Hoffmann et al., 1997). 

Atmospheric oxidation of SQT occurs both by ozonolysis and by reaction with the 

OH and NO3 radical.  Reaction rate constants vary widely among different SQT.  SQT 

atmospheric lifetimes from reaction with ambient oxidants are expected to be short.  For 

instance, reported ozone lifetime estimates are ~ 1 min for α-humulene (Hoffmann, 1995), 

and considering all three oxidation pathways, daytime/nighttime lifetime estimates are ~ 1 - 

2 min for trans-caryophyllene and α-humulene; ~ 2 min - 2 h for α-copaene, ~ 4 min - 2 h 

for α-cedrene, and 50 min – 4 hours for longifolene (Shu and Atkinson, 1995).  

Interestingly, one of the most common and most thoroughly investigated SQT, trans-

caryophyllene, is also one of the most reactive compounds.   

The oxidation products of trans-caryophyllene were found to reside almost 

completely in the aerosol-phase (Hoffmann et al., 1997) and SQT are suspected to play an 

important role in biogenic aerosol formation.  Gas phase oxidation products of trans-

caryophyllene that have been identified include 3,3-dimethyl-γ-methylene-2-(3-oxobutyl)-

cyclobutanebutanal, 3,3-dimethyl-γ-oxo-2-(3-oxobuty)-cyclo-butanebutanal and 

formaldehyde (Calogirou et al., 1997).  Reactions of sesquiterpenoid compounds (nerolidol, 

farnesol) common in epicuticular waxes of Mediterranean plants (Quercus ilex, Citrus 

sinensis, Quercus suber, Quercus freinetto, Pinus pinea) at ozone mixing ratios of 50 – 100 
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ppbV yielded significant emissions of geranylacetone, 6-methyl-5-heptene-2-one, 4-

oxopentanal and acetone (Fruekilde et al., 1998).  Tobacco plants (Nicotiana tabacum) 

show strong SQT-emissions after being exposed to elevated ozone levels (120-170 ppbV) 

(Heiden et al., 1999).  

Several studies have addressed the analytical problems arising from interactions 

between unsaturated terpenoid compounds and ozone during sampling procedures.  

Calogirou et al. (1996) found that saturated terpenoid compounds (1,8-cineole, camphor 

and bornyl-acetate) showed no losses due to ozone, while unsaturated compounds with 

one double bond (e.g.: camphene, α-pinene, sabinene) showed moderate loss rates  (5-35 

%) and compounds with two or more double bonds (e.g.: β-trans-ocimene, α-terpinene, 

trans-caryophyllene) showed very strong depletion (80-100 %) at ozone mixing ratios of 

120 ppbV on Tenax TA cartridges.  Larsen et al. (1997) compared results from ten 

European laboratories that analyzed the same monoterpene standard.  The sampling was 

performed at various ozone levels (8, 65 and 125 ppbV).  The results were usually accurate 

and precise at 8 ppbV ozone.  However, under elevated ozone conditions (65 and 125 

ppbV) significant losses (up to 100 % for some compounds) were found.  Laboratories 

utilizing ozone mitigation techniques reported much higher recovery rates and improved 

accuracy.  SQT loss rates reported by Hoffmann (1995) during solid adsorption sampling 

without ozone mitigation at 23 ppbV ozone were longicyclene ~ 0 %; γ-muurolene ~ 20 %; 

α-copaene ~ 40 %; γ-cadinene ~ 55 %; isocaryophyllene ~ 75 %; cis-α-bergamotene ~ 85 

%; trans-caryophyllene, α-humulene and α-cubebene > 95 %.   

The effect of ozone on the integrity of the adsorbent material has to be considered 

as well.  Cao and Hewitt (1994) investigated degradation of several adsorbent materials 

(Tenax TA, Tenax GR, Carbotrap and Chromosorb 106) during passive sampling at 180 

ppbV ozone over one week.  No artifact formation was found for Carbotrap and 

Chromosorb 106, whereas for Tenax TA and Tenax GR oxidation products such as 

benzaldehyde, phenol and acetophenone were identified.  Similar observations have been 

made by others (Helmig and Arey, 1992, Bowyer and Pleil, 1995).  In another study on the 

sampling effects of oxidant-containing air on Tenax TA adsorbent, several degradation 

products were identified from the reaction with nitrogen dioxide and ozone, but none for 

reaction with nitric oxide (Klenø et al., 2002).  
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Conclusively, these studies have shown that many BVOC (especially SQT) are 

rapidly depleted at elevated ozone concentrations.  Consequently, ozone mitigation 

techniques are required during BVOC sampling.  Several techniques for selective ozone 

removal have previously been applied to reduce these sampling losses.  A review of ozone 

mitigation techniques was presented by Helmig (1997).  Further research, with particular 

focus on how to minimize sampling losses of biogenic compounds, has been published 

subsequently (Komenda et al., 2001, Fick et al., 2001, Konrad et al., 2003).  

Three promising ozone mitigation methods that have been extensively used in the 

past were further investigated in this research with emphasis on SQT analysis.  These 

include a) the application of sodium thiosulfate impregnated filters, b) titration of ozone with 

nitric oxide and c) catalytic removal of ozone with manganese dioxide coated screens.  In 

the first method, the sample flow is directed through a glass-fiber filter impregnated with 

sodium thiosulfate.  Details of this method are discussed by Lehmpuhl and Birks (1996).  

This technique has been applied successfully in some studies on light biogenic 

hydrocarbons such as isoprene and monoterpenes (Strömvall and Peterson, 1992).  

Helmig et al. (1997) used Na2S2O3 impregnated filters and reported a quantitative ozone 

removal capacity in 1000 l air at background ozone mixing ratios (< 25 ppbV).  Fick et al. 

(2001) showed that 200 mg of crystalline Na2S2O3 have an ozone removal capacity of 10 l 

of air at 73-78 ppbV ozone.  

Nitric Oxide (NO) is oxidized by ozone with the first order rate constant of k (298 K, 

101.3 hPa) = 1.8 x 10–14 cm3 molecule–1 s–1.  Mochida et al. (2003) analyzed this technique 

in an extensive modeling study with a Regional Atmospheric Chemistry Model (RACM) 

developed by Stockwell et al. (1997).  According to these calculations ozone mixing ratios 

will be reduced by a factor of 100 within ~ 1.5 s when the NO concentration is 100 times 

higher than the ozone concentration.  Besides removing ozone, titration with NO can also 

reduce concentrations of other atmospheric oxidants, such as OH and NO3.  NO titration 

was utilized by Sirju and Shepson (1995) in the analysis of aldehydes by the DNPH 

(dinitrophenyl-hydrazine) technique.  Kuster et al. (1986) experienced unacceptable 

chromatographic interferences in non-methane-hydrocarbon analysis while applying this 

technique.  Karst et al. (1993) reported interferences in the determination of aldehyde-

DNPH derivatives from nitrogen dioxide, one of the products formed in the NO + ozone 

reaction.  Wedel et al. (1998) applied this technique to remove ozone prior to the 
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preconcentration step in measurements of volatile organic compounds. The recovery rate 

for α-cedrene increased from 0 % to 72 % (at 100 ppbV O3) when 1 ppmV of NO was 

added.  NO did not negatively affect the α-cedrene recovery.  Komenda et al. (2003) 

applied the NO titration technique using a 1 ppmV NO mixing ratio for quantifying isoprene 

and its oxidation products in ambient air.  

MnO2 destroys ozone catalytically.   Hoffmann et al. (1993) and Hoffmann (1995) 

used MnO2 coated nets taken from an ozone analyzer to remove ozone prior to 

monoterpene and SQT trapping on solid adsorbents and found improved recoveries at 23 

ppbv ozone.  Jüttner (1988) experienced dramatically higher recoveries for monoterpenes 

(2 to 32 times higher) by applying this type of ozone scrubber.  Calogirou et al. (1996) 

designed and evaluated a scrubber that was made from MnO2 coated copper screens.  

Monoterpene losses were prevented for all but the most reactive compounds during 

sampling at elevated ozone mixing ratios (60 ppbV).  Recovery rates for trans-

caryophyllene under the same conditions improved from 4% to 36%.  Janson and 

Kristenson (1991) reported monoterpene loss of up 30 % to the scrubber during sampling 

of ambient air.  In all these studies the scrubbers were optimised for ozone removal at very 

specific face velocities. 

 

3.2 Experiments 

 

Analytical techniques: The equipment, procedures and analytical techniques employed 

have been described in detail previously (Helmig et al., 2003, 2004), and are therefore only 

summarized here.  SQT standards generated with a capillary diffusion system were used 

for the analytical experiments.  The standard contains eight SQT (longipinene, α-copaene, 

isolongifolene, α-cedrene, trans-caryophyllene, aromadendrene, α-humulene and δ-

cadinene), 3 aromatic compounds (1, 3, 5, tri-isopropylbenzene, diphenylmethane and 

nonylbenzene), 1 biogenic ketone (geranylacetone) and four oxygenated SQT (cis-

nerolidol, trans-nerolidol, cedrol and caryophyllene-oxide) in nitrogen.  Chemical structures 

of the biogenic analytes can be found in (Helmig et al., 2003) and in figure 3.1. The 

aromatic compounds were included because of their low reactivity with ozone.  The 

concurrent analysis of these aromatic compounds was expected to provide ways for 
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monitoring instrument performance and to yield further insight into analyte versus 

adsorbent effects. 
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Figure 3.1: Chemical structures of investigated BVOC 
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The output from the CDS was diluted by adding zero air, which could also be 

enriched with ozone.  The control range for ozone was 5 to 150 ppbV ozone.  Samples 

were collected on solid adsorbent cartridges with a custom-made autosampler (Helmig et 

al., 2004).  The four solid adsorbents used (Tenax TA, Tenax GR, Carbotrap and 

Carbotrap C; Alltech, Deerfield, IL and Supelco, Bellefonte, PA respectively) have 

previously been found suitable in SQT analysis and were further investigated in this study 

to determine sampling interferences from ozone.  An extensive review of the physical 

properties and analytical performances of these adsorbents was given by Dettmer and 

Engewald (2002).  Loaded adsorbent cartridges were thermally desorbed and quantified by 

GC-FID using a Perkin Elmer-ATD-400 automated thermodesorption system interfaced to a 

PE Autosystem XL gas chromatograph (PerkinElmer, Boston, MA).  The following ATD-400 

parameters were used: He purge flow 37 ml min–1, primary desorption temperature 300°C, 

primary desorption time 10 min, second stage trap temperature during primary desorption –

30 °C, second stage trap desorption temperature 350°C, hold time 5 min.  The second 

stage trap was filled with Unibeads (Alltech, Deerfield, IL).  The ATD-400 outlet split flow 

during the second stage desorption was 7.7 ml min–1. Other GC parameters were: FID 

hydrogen 45 ml min–1, FID air 350 ml min-1, He carrier gas flow 2.5 ml min–1; GC oven 

program: 40°C for 5 min, 20°C min –1 to 100°C, 2°C min–1 to 160°C, 40°C min–1 to 250 °C, 

final time 5 min.  The column was a DB-1, 0.32 mm I.D. x 30 m-length with a 0.25 µm film 

thickness (J. & W. Scientific, Palo Alto, CA). 

  

Ozone generator: The dilution air was enriched with ozone to reach ozone mixing ratios 

between 5 and 150 ppbV with an UV ozone generator (Model OG-2, UVP, Upland, CA). 

 

Ozone analyzers: Ozone in the sample flow was recorded using two instruments. High 

ozone mixing ratios were quantified with a Monitor Labs ozone analyzer (Model 8810, 

Monitor Labs Inc., San Diego, CA).  This analyzer has a 1 ppbV precision and a detection 

limit of approximately 2 ppbV.  Ozone mixing ratios below 2 ppbV were measured with an 

ozone-ethene chemiluminescence instrument (Model 8410, Monitor Labs).  The detection 

limit of this instrument is ~ 0.2 ppbV. 
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Sodium-thiosulfate-impregnated ozone filters:  The ozone filters were prepared by flowing 

10 ml of a 10 % aqueous solution of Na2S2O3 through 25 mm diameter glass fiber filter 

disks (1 µm pore size, polypropylene housing, product number 4523, Glass Acrodisk, 

Gelman Laboratory, Ann Arbor, Mi) and subsequent drying under a nitrogen purge flow of 

100 ml min-1 at 50°C for 4 hours.  These filters were tested at 100 ppbV ozone and 300 ml 

min–1 flow rate.  Several filters can be operated in series.  One filter reduced the ozone 

mixing ratio to ~ 0.4 ppbV, while two and three filters in series reduced ozone mixing ratios 

to ~ 0.2 ppbV under these conditions.  

 

Ozone removal by NO titration: By using NO titration for ozone mitigation, the resulting 

ozone mixing ratio can be calculated by: 

 

[O3] = [O3]0 x e (– kt[NO])      rct. 3.1 

 

Approximately 2 ml min-1 of a ~ 1% mixture of NO (Airgas, Loveland, CO) in nitrogen was 

added to the diluted standard flow, resulting in an NO mixing ratio of ~ 10 ppmV.  The NO 

flow rate was controlled by the regulator pressure and by a 0.1 mm I.D. deactivated fused 

silica capillary flow restrictor.  After the mixing of the two gas flows, the sample air was 

flown through Teflon tubing (length: 3 m, I.D.: 0.4 cm) prior to the solid adsorbent trapping.  

Under these flow conditions, the Reynolds number was calculated to be 4300, which is 

clearly in the turbulent regime allowing adequate mixing.  This resulted in a residence time 

of ~ 1.5 s in the tubing and ensured enough time for the ozone + NO reaction to take place.  

According to rct. 3.1, the expected ozone concentration by the time the sample reaches the 

adsorbent cartridge will be approximately 0.1 % of the initial mixing ratio.  At an initial ozone 

mixing ratio of 100 ppbV, ozone at the outlet was below the 0.2 ppbV detection limit of the 

chemiluminescence instrument. In another study (Wedel et al., 1998) NO addition resulting 

in a lower mixing ratio of 1 ppmV destroyed 90 % of ambient ozone.  Similar NO mixing 

ratios were also used by Komenda et al., 2003. 

 

Ozone removal by a manganese dioxide catalyst: In several previous studies custom- 

made and carefully optimized manganese dioxide catalysts were used as ozone scrubbers 

(Hoffmann, 1995, Calogirou et al., 1996, 1997).  Here, we investigated whether a 
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commercially available catalyst would be suitable for ozone removal in SQT quantification.  

The scrubber was a manganese dioxide catalyst canister (Diameter 9.5 cm, Length 4.5 cm) 

(O.B.E. Corporation, Fredericksberg, TX) which contained 25 MnO2 – coated copper 

screens in a steel canister.  This catalyst is normally used to provide an ozone-free 

reference gas in UV ozone analyzers.  This scrubber reduced ozone mixing ratios from 100 

ppbV to 0.6 ppbV at a flow rate of 300 ml min -1. 

 

3.3 Results and Discussion 

 

3.3.1 SQT Losses in the presence of ozone 

 SQT sampling losses from reaction with ozone were investigated by loading 

cartridges of the four adsorbents with 1.6 l of standard sample air.  The CDS output was 

diluted by a factor of 90, resulting in individual mixing ratios for BVOCs of 0.84 ppbV (cis-

nerolidol), 0.91 ppbV (trans-nerolidol), 1.17 ppbV (δ-cadinene), 2.78 ppbV (α-humulene), 

3.52 ppbV (α-copaene), 3.70 ppbV (α-cedrene), 3.73 ppbV (aromadendrene), 5.86 ppbV 

(isolongifolene), 6.25 ppbV (geranylacetone), 6.79 ppbV (longipinene), 11.28 ppbV (trans-

caryophyllene).  These concentrations are somewhat higher (~ 10 -100 x) than typical 

BVOC concentrations in forest air but within the range of BVOC concentrations in branch or 

leaf enclosure experiments.  Cartridges were loaded at a sampling flow rate of 160 ml  

min-1.  Ozone mixing ratios in the sampling stream were set to 0, 20 40, 60, 80, 100 ppbV 

(+/- 2 ppbV at all levels).  Two replicate cartridges were sampled under each condition.  

After this series another sample was collected at 0 ppbV ozone to test the reproducibility of 

the initial conditions. 

Analytes were quantified based on their FID area counts and effective carbon 

numbers (Helmig et al., 2003).  The first cartridge of each series was loaded at an ozone 

mixing ratio of 0 ppbV and was used as the reference (100 % value).  Results for the SQT 

shown in Figure 3.2 reemphasize that ozone indeed severely affects recoveries.  

Significant SQT losses were observed for almost all compounds on all adsorbents (see 

also table 3.1 for numeric display of results for all investigated compounds.   
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Figure 3.2: SQT recovery vs. ozone concentration (0, 20, 40, 60, 80, 100, 0 ppbV) for ten 
investigated BVOCs (from left to right in order of GC retention time).  Abbreviations are: 
Lon: longipinene, Cop: α-copaene, Iso: isolongifolene, Ced: α-cedrene, Car: trans-
caryophyllene, Ger: geranyl-acetone, Aro: aromadendrene, Hum: α-humulene, Cad: δ-
cadinene, Ner: nerolidol, average of the cis and trans isomer).  Error bars represent the 
relative standard deviation over two runs.  Dark gray columns indicate runs without the 
addition of ozone; light gray indicates runs with added ozone. 



Table 3.1: Recovery rates (%) for SQT, related compounds and three aromatic compounds at varying ozone mixing ratios on 
four adsorbents without application of mitigation techniques; error margins represent the relative standard deviation for n = 2. 

 

Compound

1, 3, 5 Tri-isopropylbenzene 100.0 +/- 8.4 102.8 +/- 4.6 100.5 +/- 2.9 88.0 +/- 4.1 90.1 +/- 1.5 93.0 +/- 1.6 103.1 +/- 1.4

Longipinene 100.0 +/- 2.2 95.6 +/- 3.8 78.1 +/- 28.6 37.9 +/- 1.2 31.3 +/- 4.1 27.3 +/- 1.4 99.9 +/- 5.8

α-Copaene 100.0 +/- 0.1 84.0 +/- 3.9 75.6 +/- 25.0 33.0 +/- 1.5 26.7 +/- 1.5 25.6 +/- 1.4 88.1 +/- 7.2

Isolongifolene 100.0 +/- 3.4 98.7 +/- 5.7 97.1 +/- 6.2 78.6 +/- 2.2 76.0 +/- 2.3 79.1 +/- 3.1 98.1 +/- 4.4

Diphenylmethane 100.0 +/- 6.1 88.7 +/- 5.6 96.1 +/- 1.2 78.5 +/- 3.9 66.0 +/- 7.5 75.0 +/- 15.8 102.8 +/- 9.0

α-Cedrene 100.0 +/- 10.1 89.6 +/- 3.4 100.4 +/- 9.3 69.8 +/- 19.8 65.6 +/- 18.2 60.4 +/- 13.9 103.3 +/- 14.5

trans -Caryophyllene 100.0 +/- 8.6 9.5 +/- 0.9 9.0 +/- 10.1 1.9 +/- 0.1 1.8 +/- 0.8 103.7 +/- 4.2

Geranylacetone 100.0 +/- 4.6 121.5 +/- 51.8 80.2 +/- 15.6 48.9 +/- 9.1 67.6 +/- 21.5 57.7 +/- 21.9 107.0 +/- 4.7

Aromadendrene 100.0 +/- 6.5 59.2 +/- 8.1 46.8 +/- 37.7 6.6 +/- 2.0 3.8 +/- 0.2 2.0 +/- 1.1 99.3 +/- 2.2

α-Humulene 100.0 +/- 11.6 97.4 +/- 11.7

δ-Cadinene 100.0 +/- 15.5 49.8 +/- 12.1 56.0 +/- 38.8 13.1 +/- 0.1 27.8 +/- 1.4 5.8 +/- 1.6 104.7 +/- 12.4

cis -Nerolidol 100.0 +/- 11.6 57.1 +/- 8.3 117.1 +/- 11.1

trans -Nerolidol 100.0 +/- 8.0 74.3 +/- 18.5 107.8 +/- 29.8
Nonylbenzene 100.0 +/- 14.6 80.5 +/- 13.9 81.0 +/- 4.8 75.4 +/- 0.2 85.4 +/- 10.5 89.2 +/- 23.1 98.5 +/- 9.6

Compound

1, 3, 5 Tri-isopropylbenzene 100.0 +/- 3.6 97.7 +/- 6.0 89.8 +/- 2.7 93.9 +/- 3.6 88.5 +/- 2.0 89.1 +/- 4.5 97.4 +/- 1.9

Longipinene 100.0 +/- 0.6 91.8 +/- 7.5 64.2 +/- 0.2 53.4 +/- 4.3 38.4 +/- 1.5 28.4 +/- 6.9 102.2 +/- 8.3

α-Copaene 100.0 +/- 2.4 92.2 +/- 5.8 68.2 +/- 2.8 54.3 +/- 1.3 37.3 +/- 0.3 35.5 +/- 7.9 103.8 +/- 6.9

Isolongifolene 100.0 +/- 4.1 97.6 +/- 6.1 87.8 +/- 1.8 88.5 +/- 2.6 82.3 +/- 1.6 83.8 +/- 0.5 100.2 +/- 2.3

Diphenylmethane 100.0 +/- 3.0 95.1 +/- 11.6 83.7 +/- 4.5 88.6 +/- 6.9 85.1 +/- 5.9 92.5 +/- 0.8 110.7 +/- 6.3

α-Cedrene 100.0 +/- 3.6 97.2 +/- 5.8 82.7 +/- 5.5 79.9 +/- 5.9 66.4 +/- 2.9 69.6 +/- 9.2 99.9 +/- 5.9

trans -Caryophyllene 100.0 +/- 4.0 8.8 +/- 4.3 2.1 +/- 1.8 1.7 +/- 0.8 1.7 +/- 0.3 2.5 +/- 0.0 95.6 +/- 2.0

Geranylacetone 100.0 +/- 3.4 94.9 +/- 7.2 77.5 +/- 1.4 70.4 +/- 4.1 63.0 +/- 3.7 60.8 +/- 8.7 100.0 +/- 2.2

Aromadendrene 100.0 +/- 6.8 57.2 +/- 15.8 24.9 +/- 0.6 13.1 +/- 8.4 11.0 +/- 1.2 7.3 +/- 2.7 104.2 +/- 8.5

α-Humulene 100.0 +/- 1.2 5.0 +/- 3.0 107.0 +/- 5.2

δ-Cadinene 100.0 +/- 6.7 36.4 +/- 21.2 18.6 +/- 10.2 14.3 +/- 3.7 17.5 +/- 2.2 21.9 +/- 8.3 97.9 +/- 0.9

cis -Nerolidol 100.0 +/- 7.9 32.6 +/- 2.9

trans -Nerolidol 100.0 +/- 3.3 42.7 +/- 3.7
Nonylbenzene 100.0 +/- 5.3 89.2 +/- 3.7 82.4 +/- 0.2 83.2 +/- 8.8 99.0 +/- 2.9 84.8 +/- 6.7 113.0 +/- 20.0

* LOD: Limit Of Detection

<LOD<LOD

<LOD

<LOD <LOD <LOD <LOD <LOD

<LOD <LOD <LOD <LOD

<LOD <LOD <LOD <LOD

<LOD*

<LOD <LOD <LOD

<LOD

<LOD <LOD <LOD

<LOD

<LOD

<LOD <LOD

Recoveries (%) on Carbotrap  at ozone mixing ratio (ppbV)
0 20 40 60 80 100 0

Recoveries (%) on Carbotrap C at ozone mixing ratio (ppbV)
0 20 40 60 80 100 0
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Table 3.1 (continued) 

Compound

1, 3, 5 Tri-isopropylbenzene 100.0 +/- 11.7 100.1 +/- 0.3 98.2 +/- 0.5 96.4 +/- 2.1 97.9 +/- 3.3 95.3 +/- 0.5 105.0 +/- 0.6

Longipinene 100.0 +/- 4.7 96.9 +/- 2.2 84.7 +/- 5.5 74.2 +/- 4.5 67.6 +/- 4.3 61.2 +/- 2.0 105.1 +/- 0.4

α-Copaene 100.0 +/- 0.9 89.2 +/- 8.6 77.5 +/- 5.5 66.0 +/- 4.7 57.1 +/- 2.7 53.0 +/- 11.8 104.6 +/- 0.6

Isolongifolene 100.0 +/- 1.1 99.6 +/- 1.6 94.2 +/- 1.7 92.4 +/- 0.4 89.1 +/- 2.1 88.8 +/- 2.8 103.9 +/- 0.3

Diphenylmethane 100.0 +/- 3.5 90.3 +/- 4.2 91.4 +/- 0.1 98.3 +/- 7.0 96.9 +/- 3.6 92.3 +/- 1.4 97.2 +/- 1.1

α-Cedrene 100.0 +/- 10.1 98.5 +/- 11.4 105.4 +/- 5.1 90.6 +/- 10.6 104.7 +/- 29.8 77.9 +/- 6.6 102.2 +/- 3.0
trans -Caryophyllene 100.0 +/- 15.7 35.6 +/- 3.1 10.9 +/- 1.1 3.9 +/- 0.1 5.1 +/- 5.4 0.2 +/- 0.3 104.6 +/- 0.2

Geranylacetone 100.0 +/- 10.0 98.2 +/- 1.1 88.7 +/- 6.0 83.6 +/- 2.1 75.2 +/- 2.5 71.5 +/- 3.1 104.2 +/- 0.2

Aromadendrene 100.0 +/- 10.9 48.7 +/- 1.9 18.9 +/- 9.8 10.9 +/- 3.9 4.2 +/- 2.4 4.5 +/- 1.0 99.0 +/- 3.0

α-Humulene 100.0 +/- 2.2 27.9 +/- 3.8 4.0 +/- 2.0 0.9 +/- 1.2 0.0 +/- 0.0 101.1 +/- 1.9

δ-Cadinene 100.0 +/- 10.8 56.6 +/- 20.9 18.2 +/- 4.2 15.2 +/- 0.4 11.7 +/- 0.5 13.9 +/- 1.2 110.7 +/- 15.4

cis -Nerolidol 100.0 +/- 12.9 107.2 +/- 13.5

trans -Nerolidol 100.0 +/- 13.4 17.5 +/- 9.9 99.7 +/- 2.6
Nonylbenzene 100.0 +/- 3.1 85.7 +/- 1.2 80.5 +/- 4.8 86.7 +/- 4.0 88.1 +/- 6.4 87.3 +/- 7.7 96.9 +/- 4.8

Compound

1, 3, 5 Tri-isopropylbenzene 100.0 +/- 1.2 99.0 +/- 3.5 95.6 +/- 0.7 97.8 +/- 4.5 98.5 +/- 1.5 94.9 +/- 4.3 98.8 +/- 2.9

Longipinene 100.0 +/- 0.8 89.9 +/- 1.3 65.6 +/- 1.5 57.9 +/- 6.2 53.7 +/- 10.9 39.9 +/- 1.0 99.9 +/- 0.4

α-Copaene 100.0 +/- 2.5 91.2 +/- 2.3 79.6 +/- 3.0 61.8 +/- 2.7 58.3 +/- 11.8 42.2 +/- 4.5 102.1 +/- 5.2

Isolongifolene 100.0 +/- 0.7 97.7 +/- 3.1 93.1 +/- 1.2 95.4 +/- 4.8 95.7 +/- 2.8 94.0 +/- 4.5 98.6 +/- 3.9

Diphenylmethane 100.0 +/- 2.2 93.3 +/- 3.7 105.0 +/- 2.6 92.3 +/- 5.7 92.4 +/- 4.2 93.4 +/- 4.8 98.4 +/- 5.5

α-Cedrene 100.0 +/- 1.1 94.5 +/- 2.6 74.8 +/- 2.7 79.0 +/- 1.0 77.1 +/- 2.5 66.2 +/- 2.5 97.9 +/- 4.1
trans -Caryophyllene 100.0 +/- 3.4 5.6 +/- 0.7 11.7 +/- 0.4 1.1 +/- 0.7 1.0 +/- 0.5 1.0 +/- 0.6 99.5 +/- 6.4

Geranylacetone 100.0 +/- 3.4 95.3 +/- 3.9 64.2 +/- 1.2 81.6 +/- 1.8 75.8 +/- 6.8 61.1 +/- 1.5 98.8 +/- 5.0

Aromadendrene 100.0 +/- 3.7 33.7 +/- 1.8 1.1 +/- 0.1 13.2 +/- 0.3 9.1 +/- 5.2 3.9 +/- 1.5 98.5 +/- 7.2

α-Humulene 100.0 +/- 4.9 3.0 +/- 0.4 100.3 +/- 7.6

δ-Cadinene 100.0 +/- 6.3 64.5 +/- 10.0 46.8 +/- 1.3 26.6 +/- 1.3 22.4 +/- 1.1 10.0 +/- 8.0 91.3 +/- 10.4
cis -Nerolidol 100.0 +/- 15.6 95.2 +/- 13.1
trans -Nerolidol 100.0 +/- 20.2 97.5 +/- 10.3
Nonylbenzene 100.0 +/- 2.6 101.0 +/- 0.5 81.6 +/- 2.8 93.6 +/- 6.1 89.0 +/- 3.4 87.8 +/- 2.3 97.7 +/- 0.3

* LOD: Limit Of Detection

<LOD

<LOD

<LOD <LOD <LOD <LOD

<LOD

<LOD

<LOD

<LOD <LOD <LOD <LOD

<LOD <LOD <LOD <LOD
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<LOD

<LOD* <LOD

<LOD

<LOD

<LOD

Recoveries (%) on Tenax GR at ozone mixing ratio (ppbV)
0 20 40 60 80 100 0

Recoveries (%) on Tenax TA at ozone mixing ratio (ppbV)
0 20 40 60 80 100 0

 



Loss rates varied widely from approximately 2 % (isolongifolene) to 90 % (trans-

caryophyllene, α-humulene) even at the lowest ozone level (20 ppbV) tested.  At 100 ppbV 

ozone the range of observed losses was from 10 % (isolongifolene) to 100 % (trans-

caryophyllene, α-humulene).   The aromatic compounds were stable with respect to ozone 

and had recoveries between 90 and 100% at all ozone mixing ratios.  The adsorbent type 

had only a small impact on the SQT loss rate.  The carbon based adsorbents Carbotrap 

and Carbotrap C displayed qualitatively similar behavior.  The loss rates on Tenax TA 

appeared to be slightly lower than those observed on Carbotrap and Carbotrap C.  Tenax 

GR generally showed 20 % higher recovery rates than the other adsorbents at elevated 

ozone levels. 

SQT losses were related to the chemical structure of the respective compound. 

Unsaturated compounds with multiple double bonds (δ-cadinene and trans-caryophyllene 

(2 double bonds) as well as α-humulene (3 double bonds)) were the most depleted 

analytes.  The other SQT have only one double bond and were found to be less depleted.  

The observed loss rates appeared to correlate well with previously published atmospheric 

ozone reaction rate constants, i.e.: trans-caryophyllene ~ α-humulene > α-copaene > α-

cedrene (Hoffmann, 1995; Shu and Atkinson, 1995).  Oxygenated SQT experienced 

substantial losses and could only be recovered at the lowest ozone mixing ratios. 

As mentioned above, ozone did not affect the aromatic compounds, which 

demonstrates the stability of these molecules towards reaction with ozone.  This 

observation proves that the SQT losses were due to SQT-ozone reactions and were not 

related to an ozone-induced degradation of the adsorbent material.   

No apparent SQT oxidation reaction products were identified in the chromatograms.  

However, the current analytical set-up is not optimized for to either detecting possible 

volatile ozone-SQT reaction products (such as acetone, formaldehyde or organic acids) or 

oxygenated, heavier molecular weight products. Adsorbent degradation products, as 

identified previously by others (Klenø et al., 2002) were not found in our measurements 

either. 

 
Estimates of SQT-ozone reaction rate constants  Gas phase reaction rate constants (k) for 

the reaction of five SQT with ozone were taken from the literature (Shu and Atkinson, 

1995).  Four of these compounds included in our study (with their ozone reaction constants 
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in 10-17 cm 3 molecule-1 s –1) were α-cedrene (2.78), α-copaene (15.8), trans-caryophyllene 

(1160), and α-humulene (1170).  A linear correlation was found when ln k was plotted vs. 

the mean of the observed loss rates on the four adsorbents (see previous section).  This 

analysis was performed for the 20, 40, 60, 80 and 100 ppb ozone experiments.  These 

correlations were then used to estimate SQT-ozone reaction rate constants for the 

remaining SQT compounds.  The derived mean rate constants (with standard deviation) 

are listed in Table 3.2.   

These rate constants rely on the data given by Atkinson and Shu (22), who reported 

relative uncertainties of ~50 %.  Furthermore, given the rather indirect approach of our 

analysis, the derived reaction rate constants should be regarded as rather approximate 

values, but to the best of our knowledge, these are the first reaction rate estimates provided 

for these seven compounds with respect to ozone.   

 

Table 3.2: Mean and standard deviation of SQT-ozone reaction rate constants that were 
estimated from loss rates on four adsorbents at 20, 40, 60, 80 and 100 ppbV, respectively.  
Literature values (in 10 -17 cm 3 molecule -1 s –1) for α-cedrene (2.78), α-copaene (15.8), 
trans-caryophyllene (1160), α-humulene (1170) were used to derive a correlation between 
observed sampling loss rates and reaction rate constants.  The reaction rate constants that 
were obtained for these reference compounds from the correlation analysis are also 
included (in italic letters) in this table.  

Compound

Isolongifolene 2.6 +/- 0.7

α-Cedrene 3.4 +/- 0.2

Geranylacetone 7.6 +/- 3.9

α-Copaene 29 +/- 9

Longipinene 29 +/- 11

γ-Cadinene 320 +/- 67

Aromadendrene 650 +/- 240

trans-caryophyllene 1100 +/- 51

α-humulene 1400 +/- 88

cis -Nerolidol 3100 +/- 2200
trans- Nerolidol 2300 +/- 1800

Reaction Rate Constant

10
-17 

cm
 3 

molecule
 -1 

s
 -1

 
 

Sampling flow rate effects  Experiments were performed at different sampling flow rates 

(keeping sample volume constant) to determine if the SQT losses were happening in the 

gas phase or on the adsorbent bed.  Sample volumes of 1.6 l were collected at 100 ppbV 
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ozone and at sampling flow rates of 160, 120, 80, and 40 ml min-1 over 10 min, 13.3, 20 

and 40 min, respectively.  The estimated residence times in the sampling apparatus for the 

different flow rates are ~ 5 s (160 ml min -1 sampling), ~ 7 s, ~ 10 s and ~ 20 s respectively.  

At the highest flow rate (160 ml min-1) and 100 ppbV of ozone a maximum gas-phase 

depletion of 10 % is calculated for the most reactive compounds (α-humulene and trans-

caryophyllene) according to their literature reaction rate constants (Shu and Atkinson, 

1995).  Considering that the SQT mixing ratios for these compounds are approximately 2 

and 10 ppbV (α-humulene and trans-caryophyllene, respectively) and that a 1:1 

(molar/molar) reaction of SQT:ozone occurs, the maximum ozone reduction due to gas 

phase reaction with SQT is expected to be small (< 2% of total ozone mixing ratio).  Since 

the other compounds are either less concentrated or have significantly lower reaction rate 

constants, their contribution to a further decrease in the ozone mixing ratio is negligible as 

well.  Consequently, high ozone levels (≥ 98 ppbV) remained in the sampling air during the 

adsorption step.  The time that the analytes were exposed to ozone in the gas phase 

increased by a factor of four as the sampling flow rates decreased from 160 to 40 ml min-1.  

If the majority of SQT losses from ozone reaction would occur in the gas-phase, increased 

loss rates should be observed at the lower flow rates.  The recovery rates for the different 

sample flows were calculated relative to experiments at 0 ppbV ozone and 160 ml min-1 

sampling flow.  Results for longipinene, a SQT that shows a moderate loss at 100 ppbV, 

were expected to yield a sensitive analysis of this effect.  No significant differences (Figure 

3.3) were seen for longipinene or any other less reactive SQT in this experiment.  The most 

reactive compounds (α-humulene and trans-caryophyllene) were completely removed at all 

sampling flow rates at 100 ppbV ozone. Although it is impossible to definitively determine 

the location where the depletion of these reactive compounds occurred, these results imply 

that the majority of the SQT + ozone loss reaction takes place on the adsorbent bed.  This 

conclusion agrees with previous observations (Calogirou et al., 1996), which showed that 

monoterpenes similarly were lost due to ozone reactions on the adsorbent bed.   
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Figure 3.3 
Recovery rates for longipinene at different sampling flows (same sampling volume) on four 
different adsorbents. 
 
 
3.3.2 Ozone mitigation techniques 
 
Sodium thiosulfate filter technique:  Two adsorbent cartridges were loaded initially without 

an ozone filter in the sampling stream at 0 ppbV ozone.  The FID area counts of this 

analysis were used as a reference for the calculation of recovery rates.  Cartridges were 

then loaded with the filter in the sampling stream at 0, 20, 40, 60, 80 and 100 ppbV ozone 

mixing ratios.  The 0 ppbV ozone/filter sample was collected to investigate possible SQT 

losses to the filter materials. After these experiments the filter was removed and two 

cartridges were loaded again without the filter at 0 ppbV ozone, replicating the initial 

experiment.  Figure 3.4 shows the recoveries of the SQTs at the various ozone mixing 

ratios and table 3.3 the numeric results for all investigated compounds. 
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Figure 3.4: Recovery rates with a sodium thiosulfate impregnated filter in the sampling 
stream for ten investigated BVOCs at 0, 0, 20, 40, 60, 80, 100 and 0 ppbV ozone. 
Abbreviations are the same as in Fig. 1.  Dark gray color bars indicates runs without ozone 
added and no mitigation techniques applied, light gray color bar indicate experiments at 
ozone mixing ratios from 0 to 100 ppbV with the filter in the sampling stream. 



Table 3.3: Recovery rates (%) at increasing ozone mixing ratios on four adsorbents using the Na2S2O3-filter technique; errors 
represent standard deviation for n = 2. 
 

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 4.1 101.2 +/- 4.2 101.0 +/- 7.5 105.6 +/- 0.2 101.5 +/- 2.0 102.6 +/- 0.8 103.0 +/- 2.5 99.1 +/- 3.5

Longipinene 100.0  +/- 1.0 96.4 +/- 4.3 103.0 +/- 8.3 99.3 +/- 2.2 101.9 +/- 0.6 93.8 +/- 8.5 103.9 +/- 8.2 96.1 +/- 0.1

α-Copaene 100.0  +/- 1.7 94.7 +/- 6.6 112.8 +/- 3.7 108.4 +/- 16.6 100.2 +/- 1.3 90.4 +/- 12.3 105.4 +/- 18.3 97.9 +/- 2.4

Isolongifolene 100.0  +/- 4.1 98.5 +/- 3.3 107.5 +/- 3.6 102.7 +/- 0.7 102.0 +/- 2.5 106.6 +/- 5.0 95.9 +/- 7.9 97.7 +/- 4.2

Diphenylmethane 100.0  +/- 4.6 103.6 +/- 22.7 106.4 +/- 13.9 101.6 +/- 7.0 100.8 +/- 8.3 95.4 +/- 6.4 111.7 +/- 20.1 94.1 +/- 7.9

α-Cedrene 100.0  +/- 6.6 100.1 +/- 3.9 116.1 +/- 3.0 119.2 +/- 20.2 103.2 +/- 1.2 97.6 +/- 14.0 105.7 +/- 6.9 109.4 +/- 4.9

trans -Caryophyllene 100.0  +/- 4.6 99.0 +/- 4.3 79.1 +/- 19.8 80.8 +/- 19.6 89.1 +/- 4.6 68.0 +/- 9.7 54.2 +/- 32.0 98.8 +/- 1.5

Geranylacetone 100.0  +/- 3.8 97.1 +/- 4.2 104.5 +/- 0.3 102.6 +/- 7.2 99.2 +/- 2.0 93.1 +/- 6.0 99.3 +/- 13.9 94.2 +/- 7.6

Aromadendrene 100.0  +/- 3.1 89.4 +/- 6.3 87.2 +/- 9.9 99.4 +/- 2.8 96.1 +/- 3.6 95.5 +/- 2.9 87.6 +/- 13.7 99.8 +/- 8.0

α-Humulene 100.0  +/- 2.5 105.1 +/- 6.9 65.1 +/- 18.1 70.7 +/- 31.7 84.8 +/- 13.3 57.4 +/- 9.9 44.5 +/- 23.2 97.1 +/- 5.3

δ-Cadinene 100.0  +/- 6.8 102.3 +/- 6.4 99.5 +/- 0.1 106.9 +/- 0.8 109.6 +/- 11.7 108.0 +/- 7.1 98.6 +/- 12.5 77.3 +/- 11.0

cis -Nerolidol 100.0  +/- 8.0 51.9 +/- 39.6 16.6 +/- 4.0 22.2 +/- 3.0 22.2 +/- 4.8 17.0 +/- 2.2 35.5 +/- 25.7 76.8 +/- 7.4

trans -Nerolidol 100.0  +/- 9.3 29.5 +/- 0.2 21.7 +/- 2.4 4.9 +/- 2.8 42.2 +/- 49.2 63.5 +/- 27.6

Nonylbenzene 100.0  +/- 12.6 117.4 +/- 28.8 71.9 +/- 6.1 70.2 +/- 13.5 64.9 +/- 8.6 66.4 +/- 11.9 112.2 +/- 70.9 77.2 +/- 9.2

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 1.3 99.3 +/- 1.9 95.3 +/- 0.9 96.0 +/- 2.9 96.2 +/- 2.4 96.8 +/- 4.6 94.4 +/- 2.2 96.5 +/- 3.0

Longipinene 100.0  +/- 1.8 100.1 +/- 1.0 95.4 +/- 2.0 96.1 +/- 4.8 95.4 +/- 3.4 94.5 +/- 8.4 89.1 +/- 1.6 94.9 +/- 4.5

α-Copaene 100.0  +/- 0.4 96.2 +/- 6.2 103.3 +/- 10.7 100.5 +/- 5.2 98.9 +/- 2.5 100.7 +/- 6.2 94.8 +/- 1.9 96.5 +/- 1.5

Isolongifolene 100.0  +/- 1.0 99.7 +/- 0.8 95.9 +/- 1.6 97.3 +/- 3.4 97.2 +/- 2.5 97.6 +/- 3.6 95.2 +/- 1.8 96.2 +/- 2.5

Diphenylmethane 100.0  +/- 2.7 93.7 +/- 17.0 87.4 +/- 1.7 90.0 +/- 2.8 91.6 +/- 3.9 88.7 +/- 0.1 85.2 +/- 2.4 89.6 +/- 3.8

α-Cedrene 100.0  +/- 22.4 90.4 +/- 15.5 80.7 +/- 14.3 85.2 +/- 13.2 84.9 +/- 10.1 88.2 +/- 15.0 87.3 +/- 9.9 96.6 +/- 22.1

trans -Caryophyllene 100.0  +/- 6.5 96.4 +/- 4.7 83.5 +/- 0.5 77.5 +/- 14.2 73.8 +/- 11.1 72.9 +/- 21.0 79.5 +/- 11.6 97.5 +/- 10.5

Geranylacetone 100.0  +/- 5.1 104.8 +/- 7.9 102.2 +/- 4.0 101.9 +/- 5.8 84.3 +/- 5.7 99.8 +/- 2.8 93.9 +/- 3.5 98.8 +/- 1.6

Aromadendrene 100.0  +/- 10.8 101.3 +/- 2.7 98.6 +/- 3.6 95.4 +/- 5.8 96.7 +/- 8.9 93.5 +/- 1.6 89.9 +/- 9.7 99.9 +/- 2.2

α-Humulene 100.0  +/- 9.8 100.3 +/- 12.7 91.0 +/- 50.9 64.9 +/- 19.6 43.4 +/- 21.3 66.3 +/- 11.0 65.0 +/- 8.2 95.1 +/- 6.3

δ-Cadinene 100.0  +/- 7.1 103.7 +/- 4.0 96.0 +/- 15.9 103.7 +/- 11.3 95.8 +/- 0.9 106.4 +/- 5.4 84.2 +/- 12.7 92.9 +/- 16.3

cis -Nerolidol 100.0  +/- 19.0 49.5 +/- 39.8 20.5 +/- 4.3 21.8 +/- 1.4 19.4 +/- 3.5 30.5 +/- 18.1 19.7 +/- 1.6 31.5 +/- 0.9

trans -Nerolidol 100.0  +/- 12.6 24.3 +/- 12.5 12.8 +/- 3.9 12.5 +/- 2.6 9.3 +/- 2.2 5.6 +/- 8.7 8.6 +/- 0.7 56.9 +/- 49.3

Nonylbenzene 100.0  +/- 14.8 73.8 +/- 34.3 78.9 +/- 10.7 75.0 +/- 7.8 65.3 +/- 1.4 92.1 +/- 15.2 74.3 +/- 7.6 79.8 +/- 16.9

* LOD: Limit Of Detection

0 no filter 20 + filter 40 + filter 60 + filter

0 + filter

<LOD<LOD*

Recoveries (%) Carbotrap C at ozone mixing ratio (ppbV)
0 no filter0 + filter

Recoveries (%) Carbotrap  at ozone mixing ratio (ppbV)

0 no filter 20 + filter 40 + filter 60 + filter 80 + filter 100 + filter 0 no filter

80 + filter 100 + filter
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Table 3.3 (continued) 
 

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 5.5 105.0 +/- 10.6 102.5 +/- 1.6 97.2 +/- 6.8 98.6 +/- 6.5 98.5 +/- 4.9 96.4 +/- 5.6 94.2 +/- 1.6

Longipinene 100.0  +/- 12.9 99.8 +/- 3.7 99.4 +/- 0.6 95.6 +/- 4.7 95.4 +/- 3.6 97.2 +/- 0.7 92.7 +/- 3.7 94.0 +/- 3.8

α-Copaene 100.0  +/- 5.5 101.4 +/- 5.2 99.3 +/- 2.6 100.8 +/- 10.8 97.1 +/- 4.3 101.2 +/- 2.0 93.7 +/- 4.2 91.9 +/- 0.3

Isolongifolene 100.0  +/- 5.7 100.6 +/- 3.9 97.3 +/- 0.5 95.5 +/- 4.1 94.7 +/- 3.5 96.1 +/- 0.7 93.8 +/- 3.4 92.6 +/- 2.7

Diphenylmethane 100.0  +/- 0.7 107.2 +/- 24.8 108.7 +/- 1.0 98.0 +/- 10.1 100.8 +/- 9.4 102.2 +/- 8.4 96.5 +/- 12.1 86.1 +/- 1.3

α-Cedrene 100.0  +/- 12.0 102.9 +/- 7.2 112.2 +/- 14.4 97.0 +/- 7.5 94.1 +/- 8.6 94.1 +/- 9.0 95.8 +/- 6.8 100.7 +/- 4.4

trans -Caryophyllene 100.0  +/- 7.9 102.0 +/- 9.5 98.2 +/- 2.6 83.6 +/- 12.1 73.1 +/- 19.8 76.7 +/- 6.4 58.2 +/- 21.2 92.9 +/- 2.2

Geranylacetone 100.0  +/- 5.9 104.8 +/- 5.7 98.7 +/- 2.8 97.3 +/- 3.9 95.9 +/- 5.9 96.7 +/- 5.0 95.1 +/- 5.2 88.8 +/- 7.2

Aromadendrene 100.0  +/- 18.7 99.8 +/- 4.3 101.9 +/- 16.9 102.6 +/- 7.4 99.3 +/- 7.3 97.3 +/- 7.1 93.2 +/- 2.1 102.7 +/- 14.0

α-Humulene 100.0  +/- 6.0 104.8 +/- 15.3 98.1 +/- 0.0 82.2 +/- 16.4 69.1 +/- 24.1 74.6 +/- 6.7 50.0 +/- 27.7 90.2 +/- 6.5

δ-Cadinene 100.0  +/- 10.5 113.5 +/- 8.5 101.7 +/- 14.8 106.4 +/- 2.1 107.6 +/- 1.3 96.6 +/- 13.5 98.1 +/- 7.0 81.5 +/- 9.6

cis -Nerolidol 100.0  +/- 13.6 26.5 +/- 17.5 33.0 +/- 2.0 24.5 +/- 13.8 25.1 +/- 17.2 28.6 +/- 8.8 21.0 +/- 19.8 55.5 +/- 4.0

trans -Nerolidol 100.0  +/- 31.3 26.0 +/- 4.3 23.5 +/- 5.7 16.9 +/- 6.6 6.3 +/- 2.5 36.0 +/- 22.7 18.1 +/- 6.5 54.6 +/- 1.9

Nonylbenzene 100.0  +/- 13.7 83.9 +/- 41.1 103.9 +/- 2.4 91.0 +/- 16.4 91.6 +/- 17.6 95.0 +/- 11.9 92.1 +/- 15.9 88.6 +/- 9.0

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 1.3 98.8 +/- 1.1 99.8 +/- 1.8 100.9 +/- 2.8 93.2 +/- 2.1 97.8 +/- 1.9 100.0 +/- 0.2 98.2 +/- 0.4

Longipinene 100.0  +/- 0.5 101.7 +/- 1.0 97.1 +/- 2.4 100.4 +/- 2.4 95.9 +/- 6.1 97.4 +/- 0.7 101.9 +/- 8.5 103.9 +/- 8.9

α-Copaene 100.0  +/- 4.2 98.2 +/- 0.3 101.3 +/- 1.9 100.9 +/- 5.0 94.8 +/- 3.8 99.7 +/- 3.4 104.6 +/- 10.6 96.6 +/- 0.7

Isolongifolene 100.0  +/- 0.4 99.8 +/- 2.7 99.5 +/- 1.4 99.8 +/- 0.5 94.3 +/- 3.9 99.4 +/- 1.0 99.9 +/- 1.2 95.7 +/- 1.9

Diphenylmethane 100.0  +/- 1.1 91.2 +/- 0.7 116.8 +/- 3.5 105.3 +/- 16.7 84.1 +/- 8.5 96.9 +/- 1.9 105.8 +/- 10.8 97.8 +/- 2.5

α-Cedrene 100.0  +/- 7.3 99.0 +/- 0.4 114.5 +/- 4.4 100.9 +/- 2.9 89.1 +/- 1.2 95.5 +/- 0.7 99.3 +/- 4.3 94.7 +/- 2.1

trans -Caryophyllene 100.0  +/- 5.5 98.4 +/- 0.1 111.2 +/- 12.5 87.1 +/- 13.3 86.0 +/- 9.7 66.7 +/- 5.3 57.9 +/- 19.6 97.7 +/- 0.1

Geranylacetone 100.0  +/- 3.9 104.8 +/- 0.7 100.5 +/- 3.4 101.4 +/- 1.4 88.7 +/- 0.2 93.9 +/- 0.9 96.0 +/- 7.2 93.8 +/- 0.4

Aromadendrene 100.0  +/- 18.7 100.4 +/- 3.7 105.0 +/- 8.5 92.5 +/- 1.0 92.9 +/- 4.8 88.2 +/- 1.0 87.4 +/- 9.6 102.7 +/- 14.0

α-Humulene 100.0  +/- 6.5 99.4 +/- 3.1 94.3 +/- 2.9 84.8 +/- 14.1 86.1 +/- 11.7 58.7 +/- 8.2 49.2 +/- 23.3 96.9 +/- 0.5

δ-Cadinene 100.0  +/- 15.4 120.9 +/- 2.3 112.4 +/- 5.7 113.2 +/- 4.7 120.4 +/- 2.5 122.9 +/- 20.5 104.5 +/- 4.0 126.0 +/- 16.6

cis -Nerolidol 100.0  +/- 38.1 20.3 +/- 2.9 93.1 +/- 9.0

trans -Nerolidol 100.0  +/- 6.6 25.9 +/- 24.6 38.9 +/- 2.7 17.7 +/- 5.3 6.5 +/- 0.2 24.7 +/- 2.1 106.1 +/- 1.9

Nonylbenzene 100.0  +/- 6.5 73.3 +/- 0.8 109.1 +/- 11.9 98.2 +/- 36.3 55.3 +/- 10.2 75.1 +/- 3.3 97.7 +/- 31.9 90.6 +/- 4.8

* LOD: Limit Of Detection

<LOD

<LOD <LOD <LOD<LOD* <LOD

Recoveries (%) on Tenax TA at ozone mixing ratio (ppbV)
0 + filter0 no filter 20 + filter 40 + filter 0 no filter60 + filter

0 + filter

Recoveries (%) on Tenax GR at ozone mixing ratio (ppbV)

0 no filter 20 + filter 40 + filter 60 + filter 80 + filter 100 + filter 0 no filter

80 + filter 100 + filter

 
 
 



One Na2S2O3-filter reduced ozone in the sampling air to approximately 0.4 % of the 

initial value.  The filter did not cause any significant SQT loss for the non-oxidized analytes 

and did not introduce any contamination peaks.  Heavier, oxidized compounds (such as 

cis- and trans-Nerolidol) were lost to the filter by approximately 50 to 65 %.  SQT losses 

due to ozone reaction were significantly reduced compared to the experiments without any 

ozone mitigation.  SQT with one double bond (e.g.: isolongifolene or longipinene) were 

quantitatively retrieved up to the highest ozone mixing ratio tested (100 ppbV).  However, 

trans-caryophyllene and α-humulene still showed loss rates of 40 to 50 % at 100 ppbV 

ozone on the different adsorbents.  Results for the four studied adsorbents were quite 

similar.   

These observations agree with earlier reports, where Na2S2O3–impregnated filters 

were successfully used in monoterpene and light hydrocarbon analysis (Fick et al., 2001, 

Strömvall and Peterson, 1992, Helmig et al., 1997).  Our results now expand on these 

results and demonstrate that Na2S2O3–impregnated filters can also be utilized for sampling 

heavier molecular weight compounds such as SQT.  However, compounds with higher 

polarity and lower vapor pressure than SQT (such as the oxygenated SQT) do suffer 

significant losses to this type of filter. 

 

Experiments with increasing number of Na2S2O3–impregnated filters:  A significant 

reduction in SQT losses, though not a complete prevention of all analyte losses, was found 

for the most reactive SQT with one Na2S2O3–impregnated filter in the sampling stream.  

Therefore, we investigated if several filters in series would yield a further improvement.  A 

single Na2S2O3–filter reduces the ozone mixing ratio from an initial value of 100 ppbV to ~ 

0.4 ppbV.  Several filters in series result in a further scrubbing of ozone (remaining ozone 

levels were < 0.2 ppbV).  However, this improvement may possibly be offset, especially for 

the heavier compounds, by higher absorption losses to the filter material.  One, two and 

three sodium thiosulfate-impregnated filters were placed into the sampling stream at 100 

ppbV ozone.  The recovery rates for each experiment were compared to conditions at 0 

ppbV ozone without any filters added.  The average recovery rates for one selected SQT 

with high losses from ozone, i.e. α-humulene on four adsorbents are displayed in Figure 

3.5.  
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Figure 3.5: Recovery rates for α-humulene using an increasing number of sodium thiosulfate 
filters at 100 ppbV ozone. 
 

No additional absorption losses were observed for the non-oxygenated SQT in the 

2– and 3-filter experiments.  SQT loss rates from ozone reactions decreased slightly, but 

not substantially (~ 10 % for α-humulene).  However, oxygenated compounds were almost 

completely lost due to absorption on the additional filters.  Similar to the findings reported 

above, no significant differences for the individual adsorbent materials were seen.  

 
NO-titration technique:  Two initial samples were taken (without NO added) at 0 ppbV 

ozone.  The results of this analysis were used as a reference for the calculation of recovery 

rates.  Cartridges were then loaded with 2 ml min-1 of 1 % NO in N2 added to the sampling 

stream at 0, 20, 40, 60, 80 and 100 ppbV ozone.  After these experiments the NO flow was 

turned off and two cartridges were loaded again without NO added at 0 ppbV O3. Bargraph 

results for SQT are displayed in Fig 
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ure 3.6 and numeric data for all investigated compounds is shown in table 3.4.   
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Figure 3.6: Recovery rates in NO experiments for ten investigated BVOCs at 0, 0, 20, 40, 
60, 80, 100, 0 ppbV ozone.  Abbreviations are the same as in Fig. 1.  Dark gray color bars 
indicate runs without ozone added and no mitigation techniques applied, light gray color 
bar indicate experiments at ozone mixing ratios from 0 to 100 ppbV with 2 ml min-1 of 1 % 
NO in nitrogen added to the sampling stream.  



Table 3.4: Recovery rates (%)at increasing ozone mixing ratios on four adsorbents materials using the NO-titration technique.  
Errors represent relative standard deviation for n = 2. 

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 2.6 101.1 +/- 1.2 77.4 +/- 5.4 97.0 +/- 8.6 81.8 +/- 1.9 92.6 +/- 4.1 87.2 +/- 0.6 99.6 +/- 5.8

Longipinene 100.0  +/- 3.7 99.0 +/- 4.2 85.8 +/- 5.5 94.4 +/- 9.1 83.7 +/- 5.4 100.0 +/- 14.8 92.8 +/- 5.3 96.3 +/- 5.2

α-Copaene 100.0  +/- 3.3 100.8 +/- 1.6 85.0 +/- 10.9 96.1 +/- 8.8 87.8 +/- 15.1 97.0 +/- 4.6 98.1 +/- 8.4 88.9 +/- 4.3

Isolongifolene 100.0  +/- 6.4 93.4 +/- 0.7 84.8 +/- 10.3 92.1 +/- 9.3 82.5 +/- 3.9 90.7 +/- 2.3 88.5 +/- 2.8 97.3 +/- 16.7

Diphenylmethane 100.0  +/- 0.5 98.7 +/- 6.9 69.4 +/- 1.3 68.3 +/- 16.9 65.2 +/- 9.8 90.3 +/- 20.0 73.3 +/- 14.3 102.7 +/- 15.9

α-Cedrene 100.0  +/- 5.3 86.9 +/- 12.3 89.5 +/- 8.2 84.2 +/- 9.2 95.0 +/- 5.2 95.3 +/- 6.4 100.3 +/- 4.7 99.4 +/- 6.1

trans -Caryophyllene 100.0  +/- 1.2 55.2 +/- 15.9 61.5 +/- 5.4 60.1 +/- 11.9 48.6 +/- 0.7 65.6 +/- 3.2 53.5 +/- 11.3 90.0 +/- 4.6

Geranylacetone 100.0  +/- 2.4 97.9 +/- 3.0 104.6 +/- 2.0 91.8 +/- 7.6 88.8 +/- 26.4 96.3 +/- 3.1 99.1 +/- 13.9 97.8 +/- 3.0

Aromadendrene 100.0  +/- 1.6 94.1 +/- 5.4 112.1 +/- 7.4 69.3 +/- 7.1 75.8 +/- 21.0 92.7 +/- 23.4 67.0 +/- 20.6 96.8 +/- 29.9

α-Humulene 100.0  +/- 2.5 91.2 +/- 0.7 101.6 +/- 3.2 92.5 +/- 15.9 86.7 +/- 25.0 92.2 +/- 10.1 84.0 +/- 2.1 101.1 +/- 18.9

δ-Cadinene 100.0  +/- 19.0 86.3 +/- 1.9 111.6 +/- 4.5 80.1 +/- 4.3 91.1 +/- 45.7 90.8 +/- 7.9 73.1 +/- 6.9 89.9 +/- 31.3

cis -Nerolidol 100.0  +/- 8.1 97.1 +/- 14.1 63.5 +/- 2.6 42.9 +/- 9.0 56.5 +/- 28.5 100.5 +/- 12.7 81.3 +/- 35.0 63.7 +/- 18.0

trans -Nerolidol 100.0  +/- 20.7 106.6 +/- 4.0 115.5 +/- 6.1 56.7 +/- 15.7 101.3 +/- 17.3 98.4 +/- 7.4 96.9 +/- 3.6 96.7 +/- 17.9

Nonylbenzene 100.0  +/- 24.0 95.0 +/- 7.7 114.5 +/- 52.0 81.5 +/- 10.3 99.5 +/- 36.7 91.0 +/- 8.4 84.6 +/- 14.1 86.9 +/- 13.1

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 3.9 98.3 +/- 4.8 97.7 +/- 1.9 93.7 +/- 3.1 94.9 +/- 3.8 95.7 +/- 5.8 98.0 +/- 2.4 104.0 +/- 1.9

Longipinene 100.0  +/- 2.2 98.2 +/- 3.4 96.0 +/- 2.7 93.9 +/- 3.3 95.3 +/- 4.0 98.3 +/- 5.1 89.8 +/- 2.0 100.6 +/- 0.3

α-Copaene 100.0  +/- 3.7 107.9 +/- 9.0 97.7 +/- 4.1 98.8 +/- 3.0 98.4 +/- 0.7 101.5 +/- 4.4 100.8 +/- 4.8 101.3 +/- 0.1

Isolongifolene 100.0  +/- 6.2 96.7 +/- 7.5 93.8 +/- 5.8 91.5 +/- 6.5 92.1 +/- 6.9 95.1 +/- 9.3 93.3 +/- 5.4 102.1 +/- 2.6

Diphenylmethane 100.0  +/- 8.8 104.1 +/- 15.2 95.2 +/- 13.0 71.3 +/- 11.0 96.8 +/- 15.8 95.4 +/- 7.4 71.1 +/- 33.5 56.5 +/- 17.2

α-Cedrene 100.0  +/- 13.4 114.7 +/- 14.0 110.4 +/- 10.8 110.4 +/- 16.9 109.8 +/- 12.4 111.1 +/- 15.7 109.2 +/- 24.9 112.5 +/- 7.0

trans -Caryophyllene 100.0  +/- 7.3 77.2 +/- 5.2 63.6 +/- 14.1 76.5 +/- 2.8 70.5 +/- 7.9 64.5 +/- 9.4 74.2 +/- 24.6 102.2 +/- 2.2

Geranylacetone 100.0  +/- 7.4 98.6 +/- 4.4 96.1 +/- 4.8 93.6 +/- 4.7 93.9 +/- 6.4 95.0 +/- 6.5 91.9 +/- 13.5 101.4 +/- 1.4

Aromadendrene 100.0  +/- 4.2 94.6 +/- 12.9 104.3 +/- 5.7 91.5 +/- 5.8 100.0 +/- 5.8 97.1 +/- 2.8 87.7 +/- 4.5 90.2 +/- 17.1

α-Humulene 100.0  +/- 0.1 98.9 +/- 1.5 94.7 +/- 10.9 90.7 +/- 17.0 90.4 +/- 15.9 90.1 +/- 14.3 85.0 +/- 0.7 109.0 +/- 15.9

δ-Cadinene 100.0  +/- 7.0 81.0 +/- 18.5 97.3 +/- 16.6 86.3 +/- 3.5 89.5 +/- 9.8 86.2 +/- 12.6 80.0 +/- 1.3 104.8 +/- 24.5

cis -Nerolidol 100.0  +/- 12.5 121.1 +/- 31.3 99.3 +/- 14.2 109.2 +/- 22.3 116.4 +/- 20.4 99.0 +/- 5.8 94.8 +/- 7.9 128.2 +/- 10.9

trans -Nerolidol 100.0  +/- 15.5 78.0 +/- 43.7 78.4 +/- 61.7 90.5 +/- 25.3 91.9 +/- 52.7 54.4 +/- 6.5 78.7 +/- 68.6 56.5 +/- 7.9
Nonylbenzene 100.0  +/- 26.4 99.3 +/- 16.7 87.2 +/- 11.3 90.0 +/- 7.6 83.8 +/- 16.7 90.2 +/- 4.0 82.8 +/- 16.1 92.4 +/- 35.2

Recoveries (%) on Carbotrap C at ozone mixing ratio (ppbV)
20 + NO 40 + NO 60 + NO 80+ NO 100 + NO 0 no NO0 + NO0 no NO

Recoveries (%) on Carbotrap at ozone mixing ratio (ppbV)

20 + NO 40 + NO 60 + NO 80 + NO 100 + NO 0 no NO0 + NO0 no NO
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Table 3.4 (continued) 
 

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 2.5 92.0 +/- 3.7 87.7 +/- 3.9 87.2 +/- 2.0 87.5 +/- 2.6 88.0 +/- 5.1 89.4 +/- 5.6 102.5 +/- 4.7

Longipinene 100.0  +/- 3.0 77.5 +/- 10.3 71.7 +/- 11.4 65.0 +/- 0.9 66.7 +/- 2.9 68.6 +/- 8.2 65.2 +/- 4.2 102.0 +/- 4.9

α-Copaene 100.0  +/- 1.5 71.6 +/- 12.1 68.2 +/- 10.1 58.8 +/- 3.6 60.9 +/- 4.2 64.0 +/- 3.9 59.3 +/- 3.1 102.5 +/- 2.1

Isolongifolene 100.0  +/- 2.0 74.4 +/- 10.0 68.7 +/- 11.5 63.8 +/- 0.7 63.8 +/- 3.2 65.7 +/- 9.3 61.4 +/- 2.0 100.9 +/- 3.6

Diphenylmethane 100.0  +/- 3.1 116.0 +/- 0.5 117.8 +/- 9.1 128.2 +/- 20.9 114.1 +/- 16.1 116.1 +/- 15.5 115.6 +/- 5.2 100.4 +/- 10.0

α-Cedrene 100.0  +/- 5.6 87.1 +/- 6.6 82.8 +/- 4.1 81.1 +/- 7.8 82.6 +/- 7.1 81.3 +/- 9.0 81.0 +/- 2.3 104.8 +/- 3.4

trans -Caryophyllene 100.0  +/- 4.7 72.2 +/- 7.7 64.3 +/- 10.2 53.5 +/- 11.5 59.9 +/- 7.0 61.9 +/- 1.8 60.0 +/- 1.2 100.4 +/- 0.5

Geranylacetone 100.0  +/- 2.5 93.4 +/- 2.5 88.7 +/- 3.2 89.9 +/- 1.8 89.2 +/- 1.8 89.5 +/- 4.1 89.1 +/- 1.2 99.7 +/- 0.5

Aromadendrene 100.0  +/- 3.0 64.4 +/- 6.5 55.7 +/- 13.0 55.7 +/- 7.1 53.2 +/- 0.5 64.0 +/- 2.6 58.6 +/- 2.3 99.8 +/- 3.1

α-Humulene 100.0  +/- 1.4 79.8 +/- 9.1 68.2 +/- 16.1 67.5 +/- 0.5 67.0 +/- 1.4 68.1 +/- 5.9 64.8 +/- 2.6 102.6 +/- 2.1

δ-Cadinene 100.0  +/- 4.4 83.1 +/- 8.7 79.5 +/- 5.6 85.4 +/- 3.9 81.6 +/- 17.2 65.3 +/- 9.9 69.1 +/- 7.3 74.3 +/- 4.6

cis -Nerolidol 100.0  +/- 1.1 63.6 +/- 8.0 54.2 +/- 15.7 44.7 +/- 5.0 44.6 +/- 4.8 62.9 +/- 4.9 50.3 +/- 6.1 91.3 +/- 10.4

trans -Nerolidol 100.0  +/- 4.2 72.4 +/- 3.5 62.4 +/- 12.1 48.6 +/- 2.3 44.6 +/- 4.3 64.4 +/- 4.0 57.7 +/- 8.6 76.6 +/- 7.5
Nonylbenzene 100.0  +/- 5.8 93.4 +/- 0.2 92.2 +/- 1.7 98.7 +/- 5.2 96.2 +/- 4.9 96.7 +/- 8.8 97.5 +/- 6.1 99.0 +/- 3.8

Compound

1, 3, 5 Tri-isopropylbenzene 100.0  +/- 6.0 101.7 +/- 0.6 95.5 +/- 4.1 95.5 +/- 2.8 93.4 +/- 0.6 100.5 +/- 5.3 93.9 +/- 5.4 101.8 +/- 4.2

Longipinene 100.0  +/- 13.3 89.7 +/- 10.5 82.8 +/- 0.2 78.6 +/- 5.7 76.2 +/- 1.0 78.1 +/- 10.9 75.6 +/- 2.1 99.1 +/- 8.2

α-Copaene 100.0  +/- 6.9 85.1 +/- 8.0 80.7 +/- 2.9 78.3 +/- 6.8 76.8 +/- 1.4 79.3 +/- 13.1 76.5 +/- 5.5 101.1 +/- 6.9

Isolongifolene 100.0  +/- 6.8 86.2 +/- 6.1 82.7 +/- 2.2 78.3 +/- 3.5 74.2 +/- 0.2 76.9 +/- 8.0 75.8 +/- 2.3 97.8 +/- 6.3

Diphenylmethane 100.0  +/- 9.0 126.7 +/- 2.8 114.5 +/- 16.8 118.9 +/- 20.7 100.9 +/- 5.3 113.1 +/- 1.7 114.3 +/- 8.8 95.3 +/- 2.7

α-Cedrene 100.0  +/- 14.9 91.5 +/- 3.5 89.2 +/- 2.9 78.7 +/- 12.5 90.0 +/- 1.4 79.0 +/- 18.4 77.5 +/- 15.8 91.9 +/- 21.5

trans -Caryophyllene 100.0  +/- 9.9 83.6 +/- 7.1 77.1 +/- 3.5 68.6 +/- 15.7 76.0 +/- 0.1 71.7 +/- 8.0 69.3 +/- 9.8 93.5 +/- 13.8

Geranylacetone 100.0  +/- 6.1 98.9 +/- 1.2 93.6 +/- 0.6 93.6 +/- 3.4 92.2 +/- 1.0 92.2 +/- 6.6 91.1 +/- 4.7 96.9 +/- 8.4

Aromadendrene 100.0  +/- 9.1 77.0 +/- 16.1 63.5 +/- 9.5 74.4 +/- 8.3 57.2 +/- 10.3 62.1 +/- 1.5 68.4 +/- 1.9 98.8 +/- 0.0

α-Humulene 100.0  +/- 6.3 92.2 +/- 0.7 81.7 +/- 3.1 79.8 +/- 2.0 81.1 +/- 1.5 73.9 +/- 5.8 77.4 +/- 0.4 100.7 +/- 7.1

δ-Cadinene 100.0  +/- 1.3 84.6 +/- 12.3 75.4 +/- 13.9 70.5 +/- 8.5 53.8 +/- 8.0 65.2 +/- 2.1 73.2 +/- 3.8 92.7 +/- 23.9

cis -Nerolidol 100.0  +/- 21.3 83.6 +/- 24.6 65.5 +/- 4.2 75.5 +/- 12.7 51.7 +/- 2.2 58.6 +/- 14.9 70.4 +/- 7.0 89.0 +/- 12.7

trans -Nerolidol 100.0  +/- 5.3 84.0 +/- 42.7 58.4 +/- 25.9 59.9 +/- 6.6 54.7 +/- 10.2 76.8 +/- 9.6 62.7 +/- 10.8 88.1 +/- 11.3

Nonylbenzene 100.0  +/- 5.0 92.2 +/- 16.1 98.5 +/- 16.6 95.5 +/- 26.4 80.4 +/- 4.9 88.0 +/- 5.2 92.2 +/- 20.3 81.2 +/- 12.2

Recoveries (%) on Tenax TA at ozone mixing ratio (ppbV)
20 + NO 40 + NO 60 + NO 80 + NO 100 + NO 0 no NO0 + NO0 no NO

Recoveries (%) on Tenax GR at ozone mixing ratio (ppbV)
20 + NO 40 + NO 60 + NO 80 + NO 100 + NO 0 no NO0 + NO0 no NO

 



Titration of ozone with NO did prevent some, but not all of the SQT ozone sampling 

losses.  However, it is apparent, that NO itself did cause analyte losses for some of the 

SQT.  On all four adsorbents loss rates of 25 to 45 % were observed for trans-

caryophyllene and α-humulene with NO added in the absence of ozone.  Therefore, these 

losses have to be attributed to reaction of these SQT with NO.   Recovery rates remained 

widely constant with increasing ozone concentrations.  Results on the carbon based 

adsorbents (Carbotrap and Carbotrap C) were somewhat better than for the Tenax-type 

adsorbents.  No physical changes/degradation of the adsorbent materials or 

chromatographic interferences were observed in these experiments. 

 
Manganese dioxide–scrubber: The scrubber was placed into the sampling stream in the 

same location as the sodium-thiosulfate filters.  Almost complete removal of all analytes 

resulted from this scrubber.  A second, identical scrubber was tested to study if this result 

was reproducible.  Results for the second scrubber agreed with the first observation.  Since 

previous studies (Helmig et al., 2003) have shown that SQT losses to walls of tubing and 

other internal surfaces can be overcome by heating these components, another experiment 

was performed with one of the scrubbers placed in a GC oven at 100˚C during sampling.  

Again, all analytes were lost under this condition. Higher temperatures than 100°C were not 

investigated because of the temperature limit of the scrubber housing.  Because all 

analytes were lost in these experiments, no numerical data for this experiment is given. 

However, example chromatograms with and without the scrubber in the sampling stream 

are shown in figure 3.7 a, b.  Our findings agree with some earlier reports, where high loss 

rates for trans-caryophyllene (64 %) were observed on a custom made MnO2 – scrubber 

(Calogirou et al., 1996).  The low cost and long lifetimes of commercially available 

manganese dioxide scrubbers make their use attractive. However, under our experimental 

conditions, they do not appear suitable for this application.  These findings infer that, if 

manganese dioxide scrubbers are to be used as an ozone mitigation technique for VOC 

sampling, the total surface area that the analytes are exposed to, the sampling flow rate, 

and the residence time of analytes in the scrubber container need to be carefully 

investigated and optimized.  
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Figure 3.7 a, b: Chromatogram of the SQT-standard without (a) and with (b) the MnO2 – 
catalyst in the sampling flow path at 0 ppbV ozone.  Abbreviations: Iso: 1- 3- 5- 
triisopropylbenzene, Long: longipinene, copa: α-copaene, isol: isolongifolene, neoc: 

neoclovene, DPM: diphenylmethane, cedr: α-cedrene, cary: β-caryophyllene, gera: 
geranylacetone, α-humulene, cadi: δ-cadinene, cis: cis-nerolidol, trans: trans-nerolidol, 
nony: nonylbenzene, ceo: cedrol, caox: caryophyllene-oxide. 
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3.4 Implications for research on sesquiterpene flux studies 

 

These experiments reemphasize the need of ozone management during the 

sampling of SQT in air that contains even low ppbV levels of ozone.  The degree of SQT 

analyte loss correlates with the number of double bonds in the SQT molecule.  Highly 

unsaturated compounds (2-3 double bonds) suffer the highest depletion rates.  In contrast, 

aromatic compounds, that were included in these experiments, were inert towards ozone 

and did not experience sampling losses.  

Substantial losses of SQT were observed at even the lowest ozone levels tested (20 

ppb ozone), which is well within the range of expected ambient ozone concentrations.  It is 

striking that trans-caryophyllene and α-humulene, two of the most common and most 

thoroughly investigated SQT, were the two analytes that experienced the highest sampling 

losses among the compounds investigated and hence can be considered as two analytes 

that are the most difficult to analyze in ambient air.   

Two out of three investigated ozone mitigation techniques were found to 

successfully remove ozone and to yield substantial improvements on all four of the 

adsorbents tested.  The Na2S2O3 filter and the NO titration techniques were equally 

effective in reducing ozone levels to concentrations required to quantify most SQT reliably.  

However, for the NO titration technique, it is necessary to correct for eventual losses of 

SQT compounds due to reaction with NO.  The commercial MnO2 ozone scrubbers tested 

in these experiments were unsuitable for the sampling of SQTs and other organic 

compounds in the same volatility range. 

We found that sodium thiosulfate filters are the preferred method for field work due 

to their small size, ease of preparation and low cost.  Since these filters have a limited 

capacity for removing ozone, it is important to either replace them regularly or to monitor 

their effectiveness with an ozone monitor.   

Nitric oxide titration is a more elaborate ozone mitigation technique.  Nitric oxide is 

extremely toxic and stringent safety procedures have to be followed for transport and 

storage of pressurized gas cylinders containing NO.  Pure NO is difficult to acquire and this 

method is significantly more expensive than using sodium thiosulfate filters.  However, a 

small NO gas cylinder, e.g. 10 l of 1% NO at 100 psi, in continuous application will last 
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much longer than a single sodium thiosulfate filter.  With this gas volume it is possible to 

remove ozone from more than 60,000 l of ambient air in a 1 l min-1 air sampling flow.  For 

long term, automated SQT sampling NO titration may therefore be a preferred technique.   

Substantial residual losses of trans-caryophyllene and α-humulene occurred even 

though it appeared that ozone levels were reduced well below the 1 ppbv level with these 

two techniques.  These losses were significant enough to prohibit an accurate 

quantification of these compounds in the presence of ozone.  These experiments re-

emphasize that an accurate quantification of reactive SQT, such as trans-caryophyllene 

and α-humulene in ambient air may not be feasible with adsorbent sampling techniques.  

These limitations particularly apply to flux measurements of these compounds by gradient 

or eddy accumulation techniques (with solid adsorbent sampling) where highly precise 

concentration measurements are needed to determine the difference in concentrations 

between updraft and downdraft samples or at different levels above the surface.  

Laboratory SQT studies have shown that certain materials in the sampling stream require 

temperatures on the order of 150°C to prevent adsorption losses and that long equilibration 

times are necessary for these components to reach steady state (Helmig et al., 2003).  

These effects constitute another limitation for ambient eddy accumulation flux 

measurement applications where a fast separation of updraft and downdraft air samples is 

needed.   

These observations further imply that atmospheric SQT probably will have high 

deposition losses from uptake to environmental substrates.  Many SQT have short 

(minutes) atmospheric lifetimes, which will result in low ambient mixing ratios, even close to 

their biogenic sources.  Above-canopy flux measurements will likely underestimate flux 

estimates derived from leaf or branch level emission rate measurements because of losses 

occurring within the canopy.  Conclusively, these effects pose severe limitations on ambient 

scale SQT flux measurements with currently available technology.   

Vegetation enclosure experiments appear to be the best approach to estimate SQT 

fluxes.  The experiments presented here emphasize the need to conduct enclosure 

experiments in an ozone-free environment.  For these experiments we recommend the 

following procedures when sampling on solid adsorbents: 

 



 80 

 a) Use of either synthetic air or scrubbed air for the enclosure purge air so that BVOC 

emissions from the foliage are not exposed to ozone.  

 

b) Maintaining short residence times (~ 2-4 minutes) within the enclosure so that 

overheating is minimized, BVOC concentrations are high enough (1-10 ppbV) to obtain an 

adequate signal, and possible photochemical reactions are minimized. 

 

c) Monitoring of ozone in the enclosure system to address the concerns listed above.  

 

d) Use of either NO titration or sodium thiosulfate impregnated glass fiber filters in the 

sampling flow prior to trapping analytes on the adsorbent materials. 

 

By adhering to these procedures, analyte losses due to ozone reaction are minimized and 

the ability to quantitatively estimate emission rates and to infer SQT landscape fluxes is 

greatly improved. 
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4                  Sampling, Storage, and Analysis of C2-C7  

Non – Methane Hydrocarbons from  

Whole Air Glass Sampling Flasks 

 

Abstract 

 

An analytical technique for analyzing the light non-methane hydrocarbons (NMHC) ethane, 

propane, isobutane, butane, isopentane, pentane, hexane, isoprene, benzene and toluene 

from whole air samples collected in 2.5 l-glass flasks used in the NOAA-ESRL-GMD 

(National Oceanic and Atmospheric Administration, Earth Systems Research Laboratory, 

Global Monitoring Division, Boulder, CO, USA) cooperative air sampling network was 

developed. This method relies on utilizing the remaining, below-ambient pressure sample 

fraction after the completion of all routine greenhouse gas measurements.  A sample 

extraction method with a cryogen-free custom-made inlet system coupled to a gas 

chromatograph (GC) with flame ionization detection (FID) was developed for withdrawing a 

sample aliquot from the flask.  We demonstrate that C2 to C7 NMHCs, depending on 

mixing ratios, can be measured with an accuracy and repeatability of 10-20% or better.  

Hexane was systematically overestimated due to a chromatographic coelution problem.  

Saturated NMHCs were stable, showing less than 5% mixing ratio changes in the glass 

flasks for up to one year. Ethene and propene showed approximately 30% yr-1 increases.   

A series of blank experiments showed negligible contamination from the sampling process 

and/or storage (< 10 pptv yr-1) of samples in these glass flasks. Results from flask sampling 

and subsequent NMHC analysis were compared to in-situ NMHC measurements at the the 

Global Atmospheric Watch site in Hohenpeissenberg, Germany.  This 9-months 

comparison showed good agreement between both methods with 87% of all data 

comparisons falling within the accuracy objectives of the World Meteorological 

Organization Global Volatile Organic Compound monitoring network.  

 

This section is in preparation for submission to Analytical Chemistry with D.Helmig, J. 

Hueber, C. Plass-Dülmer as co-authors 
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4.1 Introduction 

 

 Recent reports have called for light non-methane hydrocarbon (NMHC) 

measurements with high regional and temporal resolution to further assess atmospheric 

composition and processes such as the global distribution of the hydroxyl radical (·OH) 

(WMO-Report, 1995; Krol and Lelieveld, 2003). Since then several automated background 

stations to continuously monitor NMHCs have gone on-line (e.g.: Plass Dülmer et al., 2002, 

Tanner et al., 2006). Besides these local in-situ measurements, a global NMHC sampling 

network is highly desirable for investigations on the global distribution of NMHC and their 

atmospheric oxidation chemistry.  Several whole air flask sampling networks are 

operational (e.g. the National Oceanic and Atmospheric Administration (ESRL), USA, 

cooperative air sampling network (Conway et al., 1994 and Hoffmann et al., 2006), the 

Australian  Commonwealth Scientific and Industrial Research Organization (CSIRO) 

sampling network: (Langenfelds et al., 2002) or the European Monitoring and Evaluation 

Program (EMEP) network (Hakola et al., 2006).  The ESRL and CSIRO networks are 

configured for greenhouse gas monitoring, in particular of the stable gases CO2, methane 

and N2O. The EMEP program focuses on the quantification of nitrogen and sulfur 

containing volatile compounds. Analyses of light NMHCs in flask samples from the 

extensive ESRL greenhouse gas sampling network would potentially provide a critical step 

towards the desired global measurements of atmospheric NMHC. 

 

Flask Types: Sampling flasks and protocols for NMHC whole air sampling have been 

investigated carefully by previous researchers.  As a result, a host of information has 

become available on how to achieve precise and accurate measurements for NMHC with 

whole air canister sampling methods.  Most studies describe whole air sampling with 

various types of electropolished stainless steel canisters. These have been used in many 

atmospheric research applications for surface and aircraft collection of NMHC samples, 

e.g. during the CARIBIC campaign (Brenninkmeijer, et al. 1999); the PEM-Tropics A and B 

campaigns (Colman, et al. 2001); Safari 2000 (Jost et al., 2003) and the Trace-P campaign 

(Blake et al., 2003).  Other groups have used fused-silica-lined stainless-steel sampling 

canisters (Saito et al., 2000).  Stainless steel canisters routinely were used in the above 
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mentioned C2-C6 NMHC at two Finnish background stations. The precision of these 

measurements calculated as the standard deviation of pairs of flasks sampled in parallel 

was better than 20% for most compounds.  

 

Flask Treatment and Conditioning: Pretreatment of sampling canisters is of high 

importance to avoid contamination or decomposition of the air samples (Plass-Dülmer et 

al., 2006). Most groups follow pre-sampling conditioning protocols with multiple steps of 

evacuating and pressurizing of the canisters with either humidified zero air (Bottenheim et 

al., 2002) or a humidified inert gas such as liquid nitrogen boil-off (Milne et al. 2000).  

Electropolished stainless-steel canisters were evacuated 5 times and pressurized with 

humidified air in the work described by Bottenheim et al. (2002).  Sample containers 

received a similar treatment during the Trace-P campaign (Blake et al., 2003). The 

stainless steel canisters used during the CARIBIC campaign were steam-cleaned prior to 

their deployment (Brenninkmeijer et al., 1999).  Flask conditioning methods for the glass 

flask in the ESRL network are detailed by Conway et al. (1994) and Dlugokencky et al. 

(1994). 

 

Sample storage: It is generally preferable to keep shipment and storage times of sampling 

canisters to a minimum in order to reduce possible contamination or sample 

decomposition. Blake et al. (2003) analyzed their cylinders within 10 days of sampling. 

CARIBIC samples are only taken on the return leg of the flight to reduce storage times 

(Brenninkmeijer et al., 1999).  However, given logistical constraints, sample storage and 

transport times of up to one year are not uncommon during network operations at very 

remote sites, e.g. in the Antarctic.  Few reports are available for the behavior of NMHC in 

whole air samples for storage times in excess of a few months. Light NMHC (C2 to C6) 

were stable for up to 4 months in fused silica-lined stainless steel canisters used by Saito 

et al., (2000). Kuster et al. (1996) and Milne et al. (2000) recommended pressurizing 

sampling cylinders with zero gas or sampling air to avoid inward contamination during 

storage and shipment to the sampling site whereas Apel et al. (2003) recommended 

shipping canisters evacuated to the field locations. 
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Chemical reactions: Ozone is inevitably co-sampled during whole air sample collection 

unless a selective ozone scrubbing technique is used.  As a strong oxidant, ozone can 

react with unsaturated hydrocarbons such as ethene, propene or isoprene (Pinho et al., 

2006) and has to be regarded as a potential source of analytical bias (Helmig, 1997). 

Reaction rate constants for the reaction with ozone at ambient temperature are for instance 

1.45 x 10-18 cm3 molec-1 s -1 for ethene, 1.41 x 10-17 cm3 molec-1 s -1 for propene and 1.28 x 

10-17 cm3 molec-1 s -1 for isoprene (Atkinson, 1994), which will lead to a significant loss of 

these analytes in the sampling containers within several hours unless ozone is selectively 

removed in the sampling procedure or container.  Bottenheim et al. (2002) compared flask 

measurements with data from an in-situ GC at Alert, Canada  It was found that ethene in 

the electropolished stainless steel canisters canisters was not affected by co-sampling of 

ozone over a storage time of 2 to 3 months. These observations suggest destruction of 

ozone in the sampler or in these canisters at much faster rates than the reactions occurring 

with unsaturated NMHC. 

 Contrary to the suspicion that unsaturated NMHCs may be lost during canister 

sampling due to reaction with ozone, unsaturated light alkenes (ethene, propene) were 

most often reported as showing increased concentration, implying significant analytical 

artifact formation during whole air canister sampling (Donahue and Prinn, 1993; Ramacher 

et al., 1997; Rudolph, 1999; Volz-Thomas et al., 2002, Plass-Dülmer et al., 2006).  An 

evaluation of potential causes for these analytical problems was attempted during the 

AMOHA part 4 campaign (Plass-Dülmer et al., 2006) as part of a canister sampling 

intercomparison effort. It was identified that overheating of sampling canister during 

conditioning was one potential source of artificially enhanced propene concentrations.  

 

Sample analysis techniques: Two methods are generally used for quantifying NMHC from 

sampling canisters. 1: cryogenic focusing using a coolant such as liquid nitrogen (e.g.: 

Bottenheim et al., 2002, Blake et al., 2003, Hakola et al., 2006) and 2: sample 

preconcentration using solid adsorbents at near-ambient or subambient temperatures (e.g.: 

Helmig, 1999).  Both of these sample focusing techniques are then followed by 

thermodesorption with subsequent compound separation and detection by gas 

chromatography techniques. International laboratory intercomparison studies showed that 
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both these sampling methods are accurate and precise ways to quantify NMHCs (Apel et 

al., 2003, Plass-Dülmer et al., 2006).  Laboratories reporting the highest accuracy and 

precision were often characterized by usage of high quality standards (e.g.: national 

laboratory standards from e.g. the National Institute of Standards and Technoloy (NIST), 

USA; National Physical Laboratory (NPL), UK; Norsk Institutt for Luftforskning, NILU, 

Norway), extensive testing of solid adsorbent trapping systems (if applicable) and regular 

participation in intercomparison studies. Minimum data quality guidelines for the GAW-VOC 

intercomparison were defined by Rappenglück et al. (2006), and were such that saturated 

NMHC measurements should have an accuracy of better than 10% with a repeatability of 

better than 5% above 100 pptv mixing ratio, and an accuracy and repeatability of ≤ 50% 

each below 100 pptv. 

 This brief review re-emphasizes that most whole-air sampling of NMHC has been 

done using steel flasks.  Unfortunately no published studies are available on the 

characterization of NMHC analysis from glass flasks as employed by most CO2 flask 

sampling networks.  However, the findings from related studies suggest that it should be 

feasible to analyze C2-C7 NMHCs from glass flasks such as those used in regional and 

global air monitoring networks. This approach would possibly allow studies of the global 

NMHC distribution by taking advantage of existing sampling protocols and infrastructure 

within one or several of the operating greenhouse gas monitoring networks.   

 Our research intent therefore was to develop and characterize an analytical method 

for the quantification of C2-C7 NMHC from the ESRL Global Monitoring Devision (GMD), 

Boulder, Colorado, cooperative air sampling network. This network currently consists of 59 

active surface sampling stations, where usually one pair of flask samples is collected every 

week. This network is currently the most extensive global flask sampling network in 

operation, both in terms of sites and total numbers of samples.  Typical turnaround time of 

sampling flasks is on the order of weeks (continental North American sites) to one year 

(Antarctic sites).  After return to Boulder, these samples are analyzed by two different 

laboratories (ESRL GMD and at the Institute of Arctic and Alpine Research (INSTAAR), 

University of Colorado. Gases and methods of the individual analyses steps are: 

automated trace gas analyzer (ESRL GMD) for CH4 (GC-FID); CO and H2, (GC-reduction 

gas detector); SF6 + N2O (GC-ECD) and CO2 by near infrared spectrometery (Conway, et 
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al., 1994); at INSTAAR’s Stable Isotope Laboratory (SIL) 13CO2, 
13CH4 and CO18O are 

analyzed by mass spectrometric techniques (Trollier et al., 1996).  After completion of 

these measurements the flasks are at subambient pressure when they reach our laboratory 

for NMHC analysis (Table 4.1). 

 
Table 4.1: Analyses steps, gases analyzed, and remaining sampling volumes after 
completion of analyses by different instruments within the ESRL cooperate gas sampling 
network analytical sequence.  

Instrument location gases remaining remaining

sample volume flask Pres.
(ml) (mbar)

before analysis 2500 1270

trace gas analyzer NOAA CO2, CH4, CO, N2O, SF6 2000 1045

CO2 stable isotopes MS INSTAAR/SIL*
13CO2 1400 775

GC-MS INSTAAR/SIL
13CH4 1200 685

GC-MS INSTAAR/SIL CH3D 1100 595

GC-FID INSTAAR/ARL
+

C2-C6 NMHC 500 325

total volume analyzed 2000

source: NOAA GMD website
* Institute for Arctic and Alpine Research / Stable Isotope Laboratory
+Institute for Arctic and Alpine Research / Atmospheric Research Laboratory (this study)

 

 

A number of analytical challenges had to be addressed: hitherto the sampling 

procedures had not been developed, optimized or characterized for NMHC sampling; 

samples are collected by different personnel at the network sites; samples are below 

ambient pressure and remaining for NMHC analysis are in the sub-liter range. Given the 

high number of samples targeted to be analyzed each week, a system with a high 

throughput and low cost per analysis was desirable.  NMHC had to investigated for the long 

storage times that occur during transport and storage for samples from remote stations.  

  

4.2 Instrumental 

 A custom-made sample extraction and inlet system interfaced to a GC-flame 

ionization detection (FID) instrument was specifically tailored towards the requirements of 

this project. The instrument is fully automated and is currently capable of analyzing 12 

sampling flasks bracketed by 4 calibration runs (2 0-air, 2 standards) unattended and in 

series.  
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Figure 4.1: Instrument schematic.  4-PV-1 and 2, 4-port, 2-position valve, A44 UWE, Valco, 
Houston, TX, USA; 6-PV, 6-port, 2-position valve, A4C6UWE; Al/KCl Plot, GC column; FID, 
flame ionization detector; Filter, particle filter; Ads Trap, adsorbent trap; GC, gas 
chromatograph (5890 series II, HP, Santa Clara, CA); H2O trap, water trap; MFC1, mass 
flow controller (FC-280-SAV, Tylan, Carson, CA, USA); MFC2, mass flow controller (UFC 
1100a, Unit Instrument Inc, Yorba Linda, CA); NV, needle valve; P1, pressure gauge 
(622A12TBE, MKS Instruments, Andover, MA, USA); P2: pressure gauge (C-68848-26, 
Cole Parmer, Vernon Hills, IL, USA); Scrubber, oxygen trap, (7213, Alltech, Deerfield, IL, 
USA), hydrocarbon trap (7201, Alltech), indicating oxygen trap (4004, Alltech); Shut-off 
valve (SS-BNVCR4-C, Swagelok); Vacuum pump (N813.5 ANE/AF, Neuberger, Freiburg, 
Germany); Vol, vacuum reservoir V ~ 25 l 
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 The single-stage solid adsorption thermodesorption system was designed in order to 

avoid the usage and expense of a cryogenic coolant.  A cryogen-free analysis system was 

also deemed to reduce the susceptibility to interruptions during automated processing of 

large sample sets.   

 Detailed descriptions of technical aspect of the focusing system have been provided 

previously (Tanner et al., 2006; Pollmann et al., 2006) and only a brief overview is given 

here. The instrument (Figure 4.1) relies on a solid adsorption/thermodesorption technique, 

using a custom-built microtrap filled with 10 mg Carboxen 1016 and 100 mg Carboxen 

1000 that is cooled to –30 ºC.  A vacuum reservoir is used to extract an airsample from the 

flasks through the focusing trap and the pressure change within this reservoir iss utilized to 

determine the extracted sample volume. After sample preconcentration the trap is first 

purged with carrier gas (H2) to remove residual air, and then heated resistively to 310 ºC 

within 3 s.  Desorbed analytes are injected onto an Al2O3 - KCl deactivated porous layer 

open tubular (PLOT) column (length: 50 m, I.D: 0.53 mm, 19095P-K23, Agilent, Wilmigton, 

DE, USA).  Analytes are identified by retention times and quantified by FID.  Peak 

identification was confirmed by splitting the column flow and analyzing a portion of the GC 

eluent by mass spectrometry.  Zero air for the operation of FID and for blank 

measurements was generated on-site by flowing compressed air over a heated (375 °C) 

catalyst (PtO (1%) on Al2O3; 23,211-4, Sigma Aldrich, Deerfield, IL, USA). 

 An automated inlet manifold with 12 flask and 2 standard ports was designed to 

connect the sampling flasks to this GC-system. The manifold was custom-welded (MKS, 

Boulder, CO, USA) using 6 mm stainless steel tubing and Swagelok (Solon, OH, USA) 

welding components (6 union crosses, 316L-4-ATW-4, and 1 union tee, 316L-4-ATW3). 

The connection between the valve manifold and the sampling flasks was established with 

VCR to 12 mm tube bulkhead fittings (316L-4-VCR-61-4TB7, Swagelok) and flask adapters 

(SS-8-UT-6-4, Swagelok). Each flask can be individually accessed from the manifold using 

pneumatically controlled shut-off valves (6LV-BNBW4-C, Swagelok). The entire system 

(manifold and preconcentration system) is computer-controlled and automated using 

LabView software (National Instruments, Austin, TX, USA).  
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NMHC standards and calibration procedures: A reference gas (Pollmann et al., 2006, 

referenced as P 2006 from here on out) calibrated by an outside laboratory using 

gravimetrically prepared standards was used to establish a calibration scale. This reference 

gas and in-house generated 0-air were analyzed regularly, during most times twice daily for 

over a period of more than one year.  Compound response factors were calculated from 

integrated peak areas and the reference analyte mixing ratios.  These response factors 

were used in all described experiments and later for the network sample analysis. The 

instrument background was monitored by the daily 0-air runs prior and after a set of sample 

flasks was analyzed.  A change in the response by more than 5% was used as an 

indication for instrumental problems.  

 Additionally, a series of comparison experiments with two reference gases and three 

standards were conducted to confirm and validate the calibration scale.   

 

Table 4.2: NMHC mixing ratios in reference gases and standards used in this study. 

Compound Breathing Air Niwot Ridge Synthetic Air

reference mixing ratio (ppbv)
+

reference mixing ratio (ppbv)
+

reference mixing ratio (ppbv)*

Ethane 4.15 1.38 10.62

Ethene 2.28 0.38 4.93

Propane 2.23 0.39 9.90

Propene 1.60 0.315 2.03

Isobutane 0.71 0.056 4.44

Butane 1.59 0.093 8.47

trans -2-Butene 1.01

1-Butene 2.17

2-Methylpropene 3.01

cis -2-Butene 2.12

Isopentane 2.19 0.052 6.48

Pentane 1.36 0.037 7.64

2-2-Dimethylbutane 2.02

2-3-Dimethylbutane 1.57

2-Methylpentane 0.86

3-Methylpentane 1.07

Hexane 0.20 0.011 2.70

Isoprene 4.18

Benzene 1.72

Toluene 2.41

NOAA, CSD, Bulder, CO, USA

*mixing ratio determind by cryogenic enrichment GC-FID/MS; precision 6%

NCAR, ACD, Boulder, CO, USA

+
mixing ratio determind by cryogenic enrichment GC-FID/MS; precision 7%
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Compounds and their mixing ratios for the two reference gases and for two of the 

quantitative standards are listed in Table 4.2: 1. A gas cylinder containing compressed air 

(BA) (breathing-air grade, Airgas, Boulder, CO) was calibrated for C2-C6 NMHC by an 

outside laboratory using GC-FID, GC-MS in reference to a gravimetrically prepared scale of 

NMHC standards (ESRL - Chemical Science Division (CSD), Boulder, CO, USA).  2. 

Ambient air was filled into an acu-life treated aluminum cylinder at Niwot Ridge (NR), 

Colorado, a high altitude, background air sampling site (40º 3’ N, 105º 36’ W, 3345 m asl) 

following the ESRL Tech Memorandum (Kitzis and Zhao, 1999).  C2-C6 NMHC were 

quantified in the same manner as for the BA reference gas.   The measurement accuracy 

of the NMHC mixing ratios in these two reference gases is estimated to be ≤ 10%.  3.  A 

NIST-traceable 2-component (2,2-dimethyl-butane, n-decane) standard from Scott 

Specialty Gases (Longmont, CO) was used.  4. A 54 synthetic air standard, containing 54 

NMHC ranging from C2 to C8 at mixing ratios between 0.9-10 ppbv was obtained from the 

National Center for Atmospheric Research, Boulder, CO.  5. A 38 compounds 

halogenated/partially halogenated hydrocarbon standard (41900-U, Scott Specialty Gases) 

was used for peak identification experiments.  

 

Flask Sampler: Personal Sampling Units (PSU) are used by ESRL at all their surface 

sampling sites (Conway et al., 1994; Dlugokencky et al., 1994). These samplers are 

custom-manufactured by ESRL (see also figure 4.2). The air sample is usually taken from 

~ 5 m above ground through 1/4“ Teflon tubing attached to the telescope pole. Air is drawn 

through the tubing at a flow rate of 5-7 l min–1 by a one-stage Teflon-membrane pump and 

is then pushed through a pair of flasks for 7 minutes. Samplers used in humid 

environments are equipped with a thermoelectric water condenser to reduce the sample 

dewpoint and to prevent water condensation in the flasks at lower temperatures.  After the 

initial purge time the outlet valve (SS-OGS-2, Swagelok) is closed and the flasks are 

pressurized to approximately 1200 hPa. A pressure release valve (Y334350, Airgas, 

Boulder, CO) opens when the desired pressure is reached and the flasks are purged for 

another 3-5 minutes at this elevated pressure.  Subsequently, the pump is turned off which 

seals the flasks for leak checking. The flasks valves are then closed and the air sample is 

shipped to Boulder, CO, USA for analysis. 
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Figure 4.2: Schematic drawing of ESRL GMD personal sampling unit (PSU). Individual 
components are identified in the text.  

 

Flasks: The ESRL network flasks are custom-made from borosilicate glass by Allen 

Scientific Glass (Boulder, CO, USA). The flasks have two stopcocks equipped with Teflon 



 92 

O-rings (Glass Expansion, Pocasset, MA, USA) (Figure 4.2). One of the valves connects to 

a glass extending almost to the bottom of the flask. The second valve is located on one of 

the outside corners at the top end of the flask. This design facilitates complete replacement 

of the fill-gas with sample air during the filling process. The outside of the flasks is coated 

with a light-proof polymer to minimize potential photochemical degradation reactions and to 

avoid shattering in case of accidental breakage.  

Flask conditioning procedures have been detailed by Dlugokencky et al. (1994). 

Flasks are evacuated to 0.8 Pa at room temperature and sealed.  After 24 h the flasks are 

leakchecked and filled with synthetic air (< 1 ppm H2O) to 1013 hPa. Flasks are then 

shipped to the sampling stations. This fill gas has a mixing ratio of 330 ppm CO2, which 

allows detecting accidental incomplete filling of flasks after return from the network stations.   

 

4.3 Experiments 

 

 In this section we first describe experiments that test and demonstrate the feasibility 

of NMHC measurements from the NOOA cooperate network flasks. Later we demonstrate 

the accuracy and precision achievable for NMHC measurements from the network flasks. 

 

4.3.1 Sampling method validation 

Humidity in flasks: Previous studies have shown that atmospheric water vapor can strongly 

interfere with solid adsorption NMHC focusing and subsequent GC analysis (e.g. Helmig 

and Vierling, 1995; Karbiwnyk et al., 2002; Pollmann et al., 2006).  It has also been found 

that reducing the sample air dew point to below –10 ºC was necessary to facilitate 

interference-free analysis of humid samples (Pollmann et al., 2006).  It was unknown to 

what extent atmospheric water vapor is extracted from the flasks and how much of the 

sampled water vapor was possibly lost by uptake to the internal surfaces of the glass 

flasks.  As mentioned earlier, the gas pressure in the sample flasks decreases over the 

course of the sequential analysis steps, with our NMHC quantification being at the end of 

the measurement sequence (Table 4.1).  Therefore, we also investigated whether water 

retrieval potentially increases with declining sample pressure (e.g. by releasing 

proportionally more water from the walls at reduced pressure).  The flask conditioning 
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resembled ESRL’s standard procedures as much as possible.  Five network flasks were 

connected to a Teflon membrane pump (N813.5ANE/AF, Neuberger, Freiburg, Germany) 

and evacuated to 50 Pa. The flasks were stored for 24h and then purged with humidified 

zero air (80% relative humidity, dewpoint 17 ºC) at 1 l min -1 for 30 minutes. The relative 

humidity level was confirmed by measurements with two thermohygrometers (WD-35612-

00, Oakton, Vernon Hills, IL). Flasks were stored in the dark and individual flasks were 

analyzed after 1.5, 2.5, 3.5, 4.5 and 5.5 days of storage.  Seven 250 ml-sample aliquots 

(up to 1.75 l of total) were sequentially extracted at 50 ml min-1 through a drierite (calcium 

sulfate, CaSO4) cartridge.  The drierite cartridges were weighed after each extraction step 

and the weight increase was used to calculate the water extraction rate from the flasks. 

The water recovery was evaluated in comparison to the theoretically expected (at 100 % 

recovery) amount of water in each sample aliquot.  

 

Sampler testing: A field PSU-sampler that was brought back to the ESRL laboratory for 

routine inspection and maintenance was randomly chosen for evaluating the suitability of a 

network sampler for NMHC collection.  The BA reference gas was filled into 6 network 

flasks (3 pairs) to 1200 hPA pressure using the sampler while strictly following the sampling 

guidelines established by ESRL.  The 6 test flasks filled with the standard were then 

analyzed using the flask manifold.  For reference, the same standard was also analyzed (n 

= 4) directly from the compressed gas cylinder.  The ratios of NMHCs from the flasks vs. 

the direct cylinder measurements were used to evaluate recovery rates from the flask filling 

procedure.  Particular attention was also placed on eventual contamination stemming from 

the PSU. 

 

Sample extraction: The internal pressure of the sampling flasks shows a notable variation 

upon arrival at our laboratory depending on the amount of sample withdrawn during the 

previous analyses (Table 4.1), where, on occasion, selected samples are also analyzed 

multiple times to investigate potential analytical inconsistencies. It was therefore necessary 

to evaluate the influence of the internal flask pressure on the recovery of individual 

compounds and to determine the minimum pressure at which a full sample could be 

extracted.  The NR reference gas (Table 4.2) was purged through a pair of network flasks 
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at 1 l min-1 for 20 minutes before valves were closed to yield a sample pressure of ~860 

hPa (ambient pressure at Boulder’s altitude of 1600 m asl). The air from the flask was then 

extracted and analyzed in 600 ml, and later 300 ml and 200 ml aliquots to achieve good 

coverage over the reduced pressure range. These extractions were bracketed by direct 

measurements of 600 ml, 300 ml and 200 ml of the reference gas from the cylinder. This 

experiment was continued until no further sample extraction from the flasks was possible.  

  

Sample stability: Aliquots of the NR reference gas were used for testing the stability of low-

concentration NMHC during storage in the network flasks.  A total of 24 flasks were filled 

using the same protocol as described for the sampler testing above and stored in the dark 

at room temperature.  A pair of these samples was analyzed approximately every month to 

study the potential degradation/changes of analytes and during storage.  A similar 

experiment was conducted by filling a series of 24 flasks with house 0-air in order to 

evaluate the eventual buildup of contaminations, e.g. by inward diffusion through the 

Teflon-sealed flask valves. 

 

4.3.2 Calibration, accuracy, and precision 

Evaluation of calibration scale: The calibration scale was based on the P 2006 reference 

gas and the 2, 2-dimethybutane standard. This calibration scale gas was evaluated by 

comparing the quantitative results from the measurement of the breathing air reference 

gas, the Niwot Ridge reference gas and the synthetic air standard with the stated reference 

NMHC mixing ratios in these different gas mixtures. 

 

Intercomparison with Hohenpeissenberg: During April 2006, collection of flask samples at 

the Deutscher Wetterdienst Hohenpeissenberg WMO-GAW station was initiated. Flasks 

filling times overlap with the sample collection of two independent cryogenic-GC systems 

(Plass-Dülmer et al., 2002) at this site.  Sampling inlets for the flask sampling and the in-

situ measurements are located at the same height (10 m above ground) and approximately 

2 m apart on top of the laboratory building at Hohenpeissenberg.  Flask samples are only 

collected when wind speeds are >2m/s and when CO concentrations are stable, in order to 

minimize sampling under highly variable conditions of air composition.  The in-situ GC 
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method collects an air sample over a 15-minute integration time.  The flask purging and 

filling is timed such that it occurs during this same period, however the sample collected in 

the pair of flasks represents a ~1 min snapshot of the air composition that is purged 

through the PSU during the last minute before the flask valves are closed The 

Hohenpeissenberg samples were subjected to the same handling and analytical practices 

as flasks from all other ESRL network sites including the prior analyses for greenhouse 

gases and stable isotopes before NMHC measurements.  

 This test cannot be seen as a classic intercomparison experiment as the samples 

analyzed by both laboratories are not strictly identical (see above). A systematic 

uncertainty of not more than 10% was estimated due to these differences in sampling time. 

Additionally, the average analytical uncertainty (accuracy and precision) for C2-C7 NMHC 

for the Hohenpeissenberg in-situ measurements was determined at 7% (Plass Dülmer et 

al., 2002).  This results in an estimated systematic comparison uncertainty of 13%.  

 The GAW data quality objective was subsequently adjusted by propagation of error 

to account for this additional uncertainty. Flask and in-situ NMHC measurements had to 

agree within 17% to meet the GAW data quality objective above 100 pptv and within 52% 

below 100 pptv.  

 

Analytical precision: The repeatability of this analysis was determined from several 

experiments where multiple analyses of the same air sample filled in different flasks was 

performed.  Furthermore, we used the deviation in NMHC data in pair of flask samples that 

were collected concurrently at network sites.  A total of 1300 available measurements in 

flask pairs were available for this evaluation.  
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4.4 Results and discussion 

 

4.3.1 Sampling method validation 

 

Water Tests: Figure 4.3 shows the amounts of water extracted from the flasks that were 

filled with humidified 0-air.  These data show a linear increase of the amount of water with 

increasing sampling.  Also, the relative amount of water extracted with each sample aliquot 

remained constant and did not increase at reduced pressures. This analysis shows that, 

within the uncertainty of the humidity measurements (~ 7%), all water vapor that was 

introduced into the flasks was reversibly retrieved during the sample extraction from the 

flasks.  Furthermore, no changes in the water extraction rate over the 7-day test period 

were noticed.  This finding indicates that water vapor remains completely in the gas phase 

and is not lost to the flask walls for at least the length of time and the sample filling and 

storage conditions that were investigated in this experiment.  
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Figure 4.3: Mass of extracted water in five flasks that were extracted after 1.5-5.5 days of 
storage. Dashed lines represent the expected bounds (lower to higher estimate) of from the 
humidity measurements.  
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Sampler Testing: Figure 4.4 shows the ratio between the direct analysis of the NR 

reference gas and results obtained after filling and extraction of the standard from flasks. 

The agreement between both measurements is within 10% for all considered NMHC with 

no systematic bias towards compound losses or gains using this flask filling technique.  

This experiment proved that the tested PSU did not cause any significant changes to the 

NMHC composition and concentrations.  

 

0

20

40

60

80

100

120

Eth
an

e

Eth
en

e

Pro
pa

ne

Pro
pe

ne

Is
ob

ut
an

e

But
an

e

M
et

hy
lch

lo
rid

e

Is
op

en
ta

ne

Pen
ta

ne

H
ex

an
e

R
e

c
o

v
e
ry

 (
%

)

 

Figure 4.4: Recovery ratios of target compounds in the BA reference gas when sampled 
with the PSU and analyzed from the flask referenced to direct sampling from the standard 
cylinder. Bar graphs show average recovery ratios from the analysis of 6 individual flasks. 
Error bars represent the overall uncertainty calculated from 6 flask and three standard 
measurements by propagation of error. 
 

 

Sample extraction: Table 4.3 displays the ratio of NMHC area counts from flask analysis at 

different internal pressures relative to direct cylinder analysis.  The measured NMHC 

mixing ratios were found to be not depending on the internal flask pressure. NMHC 

recovery declined proportionally to the reduced sample volume once the flask pressure 
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was too low to extract a full sample at approximately 200 hPa. This pressure is usually not 

reached during routine flask analysis or not even in case of previous multiple 

quantifications (table 4.1). It can be concluded that internal flask pressure fluctuations do 

not influence the quantification of NMHC mixing ratios. 

 
Table 4.3: NMHC recovery (percentage of expected mixing ratio, mean of two flask 
experiments) as a function of declining flask pressure. 
 

cumulative extraction (ml) 0
+

200 400 600 800 1000 1200 1400 1600*

internal pressure (hPa) 860+
804 710 612 517 420 326 235 157*

ethane 104 103 100 103 100 102 107 109
ethene 95 94 93 93 91 93 95 97
propane 93 93 90 97 91 90 94 94
propene 99 97 96 96 94 96 99 101
isobutane 107 105 106 105 103 106 108 112
butane 107 107 106 106 104 106 108 110
isopentane 110 109 108 107 105 107 110 112
pentane 108 107 106 106 103 105 109 111
hexane 98 98 97 99 100 100 103 104
+
starting conditions

*incomplete extraction

Ratio (flask/cylinder)

 

 

Sample stability: Figure 4.5a summarizes results from the storage test of the NR reference 

gas.   The low molecular weight analytes ethane and propane did not show any significant 

changes during this one-year test period and their determined mixing ratios from the flasks 

in general agreed to within 3% of the direct measurement from the cylinder. Similarly, 

heavier molecular weights (butanes and pentanes) did not show any significant changes; 

their mixing ratios from the flask samples agreed within 6% with the reference 

measurements. The unsaturated compounds ethene and propene showed a much higher 

variability.  For these analytes the average repeatability in flaks pairs was much poorer, on 

the order of 30% for ethene and 28% for propene.  Furthermore, both analytes showed 

increases during storage, on the order of 20% yr-1 for ethene and 35% yr-1 for propene.   

 The storage experiment of the 0-air samples (Figure 4.5b) in the flasks showed 

consistently lower blank readings in the flask samples than in the daily blank experiments 

during the beginning of this experiment (for the reasons discussed above).  Average blank 

levels were below the detection limit (5 pptv carbon) for most of the saturated NMHCs. 
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Unsaturated compounds (ethene and propene) showed both higher background levels and 

an overall higher variability.  These results are in line with the above-discussed problems 

for unsaturated compounds in the storage experiment of the ambient air standard. 
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Figure: 4.5 a, b: Recovery (average of quantification of two flasks) for target compounds 
after storing the standard in network flasks for up to one year. Figure b shows the results 
for the storage of 0-air under the same conditions. Error bars represent the standard 
deviation from the analysis of two flasks (with one sample analysis from each flask). 
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4.3.2 Calibration, accuracy, and precision 

 

Blanks, detection limit, response factors, stability of calibration: The analysis of the 

laboratory-generated 0-Air showed contamination peaks of up to 50 pptv over the first 

several months of this experiment (Figure 4.6b).  We identified that the cause of this 

contamination was first the suction into and then diffusive sampling of a small fraction of 

room air into the manifold when the instrument was collecting 0-air samples.  The zero air 

sampling valve 14 (Figure 4.1) is opened at the beginning of the sampling stage.  At this 

point, the manifold (internal volume ~ 60 ml) is still under vacuum. Room air together with 

0-air was drawn through the tee, which was connected to a vent outlet in order to bleed off 

excess flow during zero air collection.  This systematic error occurred only when standard 

samples were loaded as the system is sealed during flask analysis.  Subsequent changes 

to the manifold set-up and sampling sequence were implemented to correct for this error.  

A 90 s manifold purge step was added prior to the preconcentration step; during this time 

0-air is flown through the manifold at a flow rate of 60 ml min-1 but bypasses the adsorbent 

trap.  Secondly, the manifold outlet was equipped with a Carbosieve SIII cartridge to scrub 

NMHC from room air.  After the implementation of these changes the 0-air blanks were 

significantly lower, with average blank readings well below 10 pptv. 

 The instrumental detection limit is thus limited by the minimum integratable peak and 

not by significant blank mixing ratios.  The detection limit was determined from the smallest 

peaks that could be reliably integrated and where on the order of 5 pptC (Pollmann et al., 

2006).  

 The response factors for 11 compounds were calculated from the close to daily 

analysis of the P 2006 reference gas between April 2005 – November 2006.  

Representative results for five saturated C2-C5 NMHC are plotted in Figure 4.4a.  

Modifications to the instrument configuration during this time typically caused notable 

changes in the response factor (see legend of Figure 4.6a, b). Response factors for 

individual compounds deviate from the overall mean carbon response factor by up to 15 %, 

similar to findings reported previously by other investigators (e.g. Plass Dülmer et al., 2002) 

and it has been recommended to use multi-component standards for determining individual 

compound responses rather than using a uniform per carbon response factor (Apel et al., 
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2003).  The calibration scale was evaluated by quantifying NMHC in the Niwot Ridge and 

breathing air reference gases as well as in the synthetic air standard in comparison to the 

reference values. The response factors determined from these regular calibration 

measurements were also used to quantify NMHC in the daily flask measurements.   
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Figure 4.6 a: Temporal evolution (running day starting January 1, 2005) of individual 
detector response factors (R.F.) from direct cylinder analysis of the BA reference gas and 
the NH standard. The adsorbent trap was changes were made at times indicated by arrows 
numbered 1, 2, 4, 7, 8; the adsorbents trap filling was changed from Carboxen 1016 (20 
mg), Carboxen 516 (60 mg), Carbosieve S III (40 mg) to a combination of Carboxen 1016 
(5 mg) and Carboxen 1000 (100 mg) on day 313 (arrow #3), as tests showed that this 
adsorbent combination resulted in a significant reduction of instrumental blanks for 
aromatic compounds (Pollmann et al., 2006); the technique for introduction of the 0-air 
sample was changed at event #5; the FID was cleaned and FID flows were adjusted at 
event #6. 
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Figure 4.6 b: Instrument blanks (plotted against running day starting January 1 2005.  
Numbered errors depict same events as detailed in Figure 4.6a. 
 

 Results from the quantification of the Niwot Ridge (Figure 4.7) and breathing air 

reference gases (Figure 4.8), as well as the synthetic air standard (Figure 4.9) for C2-C5 

compounds are within 3 - 10% of the reference values from other laboratories and standard 

suppliers.  These agreements fell well within the GAW data quality objective.  However, 

results for hexane were 25% to 65% higher than the reference values.   

 The synthetic, multicomponent standard (see Table 4.2) contains a higher number of 

calibrated compounds than P 2006. An average response factor was used to determine the 

mixing ratios of isoprene, the branched hexane isomers and the aromatic compounds as 

no calibration gas was available. NMHC measurements of the synthetic air standard with 

the flask instrument were found on average within 4% agreement to the provided reference 

values from NCAR-ACD. A slightly higher deviation from unity was found for compounds 

without an available reference gas. Results for 2-2-dimethylbutane were more than 45% 

above the certified value.  The mass spectral analysis of this peak showed that this 

compound coelutes with methylcyclopentane. Using the sum of the 2, 2-dimethylbutane 

and methylcyclopentane as a reference this peak resulted in a 105% recovery rate for the 
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combined compounds.   Hexane was quantified with acceptable accuracy from this 

standard, much in contrast to the results from the ambient air reference gases. 
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Figures 4.7, 4.8: Standard measurements ratios relative to reference values by ESRL CSD. 
Each bar represents the average of 5 consecutive standard measurements by direct 
cylinder quantification. Error bars for the recovery ratios were calculated from the cylinder 
repeatability and the precision of the reference measurements (table 4.2) using 
propagation of error.  

 

 Initially, isoprene, benzene and toluene were not included in the set of compounds 

measured from the flasks due to the lack of a reliable standard. However, the accuracy in 
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the quantification of these analytes met the stated data quality guidelines.  These findings 

infer that these three NMHC could potentially be analyzed from network flasks.  Since 

these compounds were not included in the extensive sampler and storage tests, some 

questions related to their behavior in the flasks remain open at this time.  However, findings 

from the intercomparison measurements (see below) provide confidence for the reliable 

analysis of all of these three compounds from flask samples. 
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Figure 4.9: Recovery ratios of target compounds in the synthetic air standard when 
sampled with the PSU and analyzed from the flask referenced to direct sampling from the 
standard cylinder. Bar graphs show average recovery ratios from the analysis of 6 
individual flasks. Error bars represent the overall uncertainty calculated from 6 flask and 
three standard measurements by propagation of error. 
 

 It was striking that the accuracy for hexane was unacceptable in both of the ambient 

reference gases but better than 5% for the synthetic standard.  The mass-spectrometric 

analyses of the synthetic standard as well as of the 38 halogenated/partially halogenated 

hydrocarbons standard showed that under our chromatographic conditions hexane was 

coeluting with dichloromethane (CH2Cl2). CH2Cl2 has mostly industrial sources.  Ambient air 
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background levels in the northern and southern hemispheric air are approximately 50 pptv 

and 10 pptv respectively (Simmonds et al., 2006). Background mixing ratios for hexane are 

expected to be of similar magnitude or lower than CH2Cl2.  The FID response for CH2Cl2 

can be estimated to be approximately 70% that of an un-substituted hydrocarbon (Scanion, 

1985). Consequently, under typical northern hemispheric background mixing ratios of 10 

pptv of hexane and 50 pptv of dichloromethane, co-elution of these peaks will cause a 

~60% error (higher concentrations) in the hexane quantification.  Given these constraints 

hexane can not be reliably quantified in air samples from background sites using our 

instrumental conditions. Separation of the hexane peak could likely be achieved by 

switching to a different GC column, or alternatively, quantification might be possible by GC-

MS detection in single ion mode. 

 

Intercomparison with Hohenpeissenberg: The comparisons of flask data with the in-situ 

results from Hohenpeissenberg are shown in Figure 4.10 a-j.   
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Figure 4.10 a: Legend see Figure 4.10 j 
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Propane
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Figures 4.10 b, c: Legend see Figure 4.10 j 
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Butane
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Figures 4.10 d, e: Legend see Figure 4.10 j 
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Pentane
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Figure 4.10 f, g: Legend see Figure 4.10 j 
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Isoprene
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Figure 4.10 h, i: Legend see Figure 4.10 j 
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Toluene
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Figures 4.10 j: Comparison of results for ethane (a), propane (b), isobutane (c), butane (d), 
isopentane (e), pentane (f), hexane (g), isoprene (h), benzene (i) and toluene (j) from the 
network flasks with the stationary in-situ measurements at the GAW station 
Hohenpeissenberg during 2006. Flask measurements are shown as large solid symbols 
and DWD measurements as open, small symbols.  

 

Mixing ratios derived from both methods for saturated C2 to C5 NMHC at levels 

above 100 pptv typically agree within 5 +/- 2% for ethane, propane and butanes. Pentane 

differs from the DWD reference measurements on average by 20 +/- 5%.  

 The agreement below 100 ppt is 10% or better for the remaining butane and 

isopentane comparison. At these lower levels, pentane values from the flasks are 20 - 30% 

higher than the in-situ measurements.  Flask results for hexane are systematically higher, 

likely again due to coelution with dichloromethane. Benzene, toluene and isoprene were 

detected in the flask samples. Their mixing ratios were calculated using an adjusted, 

average carbon response factor, as mentioned above. A comparison with the reference 

values shows that the available flask and Hohenpeissenberg data for these compounds 

deviate by 8 +/- 5% for isoprene, 28 + 13% for benzene, and 39 +/- 19% for toluene.  
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  The overwhelming numbers of available in-situ-flask data comparisons meet the 

GAW data quality objective (figure 4.11).  96% of the ethane data, 85% of propane data, 

96% of iso – and n - butane data as well as 73% of iso and n - pentane data are in 

agreement with the reference data within the modified data quality objective boundaries of 

17% (at levels > 100 pptv) and of 52% (< 100 pptv), respectively.  Similarly, 95% of all 

measurements for isoprene, benzene and toluene are within the quality objective 

boundaries for accuracy.  
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Figure 4.11: Ratio of the results for flask measurements vs. the mixing ratios determined by 
the in-situ measurements at HP during April-July 2006. Thick black line indicates the 
boundaries set by the GAW data accuracy quality objective.  

 

 Lower agreements were found for ethene and propene measurements, where only 

54% and 23% of the comparisons met these requirements.  The consistently poorer results 

for ethene and propene are similar to reported findings in previous studies (Donahue and 

Prinn, 1993; Ramacher et al., 1997; Rudolph, 1999; Volz-Thomas et al., 2002, Plass-

Dülmer et al., 2006).   

 One possible source of uncertainty and analytical bias in the alkene analysis is due 

to reaction of these compounds with ozone during the sampling process or during storage.  
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This effect was investigated by calculating the ratio of the flask results for ethene, propene 

and isoprene over the in-situ measurement at Hohenpeissenberg and plotting it against the 

ozone mixing ratio that was recorded at the station during the time of the sample collection 

(Fig. 11).  Expected lifetimes from reaction with ozone at 50 ppbv for these compounds are 

10 d for ethene, 0.7 d for propene, and 1 d for isoprene.  Since ozone mixing ratios in 

ambient air typically are much higher than mixing ratios of these unsaturated compounds, 

complete loss of these analytes would be expected if ozone was not lost during sampling or 

storage due to other processes.  The results in Fig. 11 show no systematic change 

(decrease) of the isoprene or ethene mixing ratio as a function of increasing ozone; 

obviously these compounds can be analyzed without any interference from ozone.  In 

contrast, the ratio of propene appears to increase with increasing ozone, indicating a 

potential generation of propene with increasing ozone.  The fact that isoprene does not 

appear to show a sensitivity towards ozone levels implies that most ozone is rapidly 

removed during the sampling process or inside the flasks. However, no conclusive cause 

was found for the increase in propene found in the flask analysis. 
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Figure 4.12: Ratios (ARL/DWD) of mixing ratios determined in a pair of flask samples 
(shown data are the means of n=2 flask/in-situ (n=1) versus the on-line results for 
quantified unsaturated NMHC as a function of the ambient air ozone mixing ratio during the 
sample collection period. 
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Measurement precision: The results for the repeatability analysis are shown in Figure 4.13 

a-g which includes all available data from dual flask sampling and the data from laboratory 

experiments detailed above.  As expected, results for repeatability from the direct 

measurements of reference gases and standards from the gas cylinders generally 

exhibited the best precision.  Here, a median repeatability for NMHC measurements of less 

than 3% was found.  This precision deteriorates from variability and errors introduced in the 

sampling process, storing and shipping of samples, analyses steps prior to the NMHC 

quantification.  The data for the laboratory experiments that included the filling of and 

sample retrieval from flasks resulted in median relative precision results of better than 3%. 
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Figure 4.13 a: Legend see Figure 4.13 g 
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Figure 4.13 c, d: Legend see Figure 4.13 g 
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Figure 4.13 e, f: Legend see Figure 4.13 g 
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Figure 4.13 g: Measurement precision as function of mixing ratio for ethane (a), propane 
(b), isobutane (c), butane (d), isopentane (e), pentane (f) from analysis of pairs of flasks 
from network sites. Solid black line indicated GAW data quality objective for precision (5%, 
> 100 pptv; 50%, < 100 pptv). 

 

  Much wider mixing ratio range and much more variable sampling and handling 

conditions are expected for the network flask samples.  The data from these analyses 

shown in Figure 4.13 a-f illustrates how the relative precision of the analyses improves with 

increasing mixing ratio, indicating a larger contribution of analytical errors at lower 

concentrations.  Most of these data show a repeatability of 0-5% above 100 pptv, and 

approximately 0-10% below 100 pptv. These graphs also include the GAW quality criteria 

for repeatability.  Most results for C3-C5 NMHC measurements meet the GAW data quality 

guideline for precision (5% above 100 pptv, 50% below 100 pptv): 85 % (propane), 93 % 

(isobutane), 91 % (butane), 96% (isopentane), 97% (pentane).  

 Results for ethane are somewhat worse, as only 71% of the flask measurements 

meet the data quality guideline. However the median precision for ethane measurements 

was 5%. It can be seen in figure 12a that the relative standard deviation rarely exceeded 

10%.  A contributing factor to the loss of some precision in the ethane analysis is probably 
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the more difficult peak integration, as ethane is the earliest eluting peak on the GC-column, 

in close proximity to the injection peak.  

 

4.5 Conclusions 

 

These experiments define conditions and possibilities for NMHC monitoring using glass 

flasks, which are the primary sample collection vessels in some of the most extensive 

regional and global air monitoring networks, such as the ESRL cooperative air sampling 

network.   Saturated NMHC are stable in glass flasks for at least one year.  Atmospheric 

water vapor remains in the gas phase, can consequently be completely extracted from the 

sampling flasks and therefore needs to be removed prior to the focussing of NMHC by solid 

adsorption preconcentration.  NMHC recoveries from the flasks are not very sensitive 

towards the sample pressure, which allows quality analysis of NMHC in the remaining 

sample after completion of several other analytical steps with sample extraction prior to the 

NMHC quantification.  

 Extensive tests on the accuracy and precision of this analysis demonstrated that 

overall more than 90% of results for saturated C2-C5 NMHC, isoprene, benzene and 

toluene (standard cylinders and flasks) meet the WMO VOC data quality guideline. Hexane 

was found to coelude with dichloromethane and could not be quantified at the required 

accuracy.  Co-sampling of ozone was found to have a negligible effect on the recovery of 

ethene and isoprene, which hints towards to fast removal of ozone during the sampling 

process or during storage in the flasks. Ethene and propene exhibited a series of analytical 

problems which could not be fully explained and resolved within this study.   Our data 

suggests that these compounds can not be quantified using the tested procedures and 

materials at background levels with the desired precision and accuracy.   

 The findings of these experiments demonstrate the feasibility to study regional and 

global distributions of most C2-C7 NMHC and their atmospheric chemistry using 

infrastructure and sampling protocols within existing and operational glass flask sampling 

programs. 
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5   Global NMHC Measurements from the NOAA – ESRL 

Cooperative Air Sampling Network: Observations  

and  

Assessment of OH Concentrations by Variability Analysis 

 

Abstract 

 

Non-methane hydrocarbons were measured from whole air flask samples provided by the 

ESRL cooperative air sampling network. Between March 2005 and December 2006 more 

than 1700 samples (3400 flasks) were analyzed from 37 sites spanning from 82 °N to 90 

°S. Global distributions of the NMHCs (non-methane hydrocarbons): ethane, propane, 

butane and isobutane over these 1.5 years yield insights in the atmospheric budgets of 

these species. Maximum background mixing ratios in the northern (and southern) 

troposphere were 2500 pptv ethane, (500 pptv), 1000 pptv propane, (50 pptv) and 350 pptv 

butane (15 pptv) respectively. Northern hemispheric winter mixing ratios were higher than 

summer mixing ratios by a factor of 2.5 (ethane), 10 (propane) and 20 (butanes) resulting 

in sharp concentration changes during spring and fall. The NMHC data were combined with 

measurements of other atmospheric trace gases made from the flasks (carbon monoxide, 

methane, hydrogen and sulfurhexafluoride) to analyze the atmospheric variability - lifetime 

relationship. All stations exhibited a strong variability lifetime dependence confirming that 

the sites are not significantly influenced by local pollution. Furthermore this variability-

lifetime relationship was used to estimate an effective OH concentration for each site. The 

derived hemispheric winter and summer average OH was: NH (20°N to 90°N) summer:  

11.4 105 molec cm-3, winter:  6.8 105 molec cm-3; SH (20°S-90°S) summer: 4.5 molec cm-3, 

winter 3.2 105 molec cm-3 respectively. The tropical (20°N-20°S) OH mixing ratio was not 

found to be subject to seasonal changes and the 24h average was calculated to be: 40 105 

molec cm-3. The derived OH values are in good agreement with the available direct 

measurements and generally agree with the global OH distribution of Spivakovsky et al., 

2000. However, OH mixing ratios derived from variability analysis seem to be 

systematically higher in the tropics than found in Spivakovsky et al., 2000. 
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The results presented in this chapter are in preparation for submission to Journal of 

Geophysical Research (NMHC distribution) with D. Helmig, J. Hueber, P. Tans as co-

authors and Atmospheric Chemistry and Physics Discussions (variability analysis, OH 

Distribution) with J. Williams, D. Helmig, J. Hueber, P. Tans and J. Lelieveld as co-authors. 
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5.1 Introduction 

 

General motivation: Knowledge of the global distribution of non-methane hydrocarbons is 

essential to the understanding of atmospheric processes such as transport, radical 

chemistry and photooxidation (Williams, 2004 and references therein). Recent studies have 

indicated that a global NMHC measurement network with high spatial and temporal 

resolution (WMO Report, 1995, Krol and Lelieveld, 2003) is necessary to assess these 

processes. In-situ instruments are now routinely operated at several sites providing NMHC 

data with high temporal resolution (e.g.: Plass-Dülmer et al., 2002, Tanner et al., 2006), 

however, measurements with high spatial resolution are currently lacking, in particular on a 

global scale. 

 In this study we present results from a GC-FID (gas chromatography – flame 

ionization detection) instrument for the analysis of NMHC from whole air sampling flasks 

supplied by the ESRL – GMD cooperative air sampling network (Tanner et al., 2006, 

Pollmann et al., 2006, 2007). The observations shown here are from the first 20 months of 

this project. We show that these measurements can provide global distributions of NMHC 

as a function of time and latitude. The data was further exploited to derive insights into the 

distribution of OH, the primary sink for NMHC in the atmosphere.  

 

NMHC and OH: Detailed knowledge of the NMHC mixing ratios in an air sample can 

provide information on the type of sources and the photochemistry impacting the site where 

the sample was taken. The characteristics of anthropogenic NMHC emission sources to the 

atmosphere from traffic or fossil fuel production have been identified previously  (e.g.: 

Blake et al., 1992, Goldan et al., 1997, Parrish et al., 1998, Cardenas et al., 1998, 

Christensen et al., 1999, Derwent et al., 2000, Borbon et al., 2003, 2004). Distinct NMHC 

emissions from biomass burning episodes have also been identified and characterized, e.g. 

acetylene, ethane and methylchloride (Blake et al., 1996, Singh et al., 2000). In contrast, 

biogenic NMHCs are commonly emitted in an unsaturated form for example as ethene, 

isoprene or monoterpenes from the terrestrial biosphere and the oceans (e.g. Plass et al., 

1993, Guenther et al., 1999, Velasco, 2003, Sinha et al., 2007). A detailed analysis of 
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NMHCs can therefore reveal the source structure and the atmospheric history of an air 

sample. 

 The global distribution of NMHC has been reported previously to exhibit a large 

north - south gradient with a distinct seasonal cycle (e.g. Rudolph, 1995, Bonsang and 

Boissard, 1999, Blake et al., 2003, Gautrois et al., 2003). The highest NMHC mixing ratios 

were found in the mid northern latitudes (30 – 60 °N) reflecting the global energy 

consumption and population density. Maximum NMHC concentrations in the remote 

northern troposphere were up to 2500 pptv (ethane) and 1000 pptv (propane) during 

February and minimum mixing ratios were 1000 pptv and 70 pptv respectively during late 

summer (August) (e.g. Blake et al., 2003, Hakola et al., 2006). NMHC mixing ratio trends in 

the southern hemisphere were seasonally inversed in comparison to the northern 

hemisphere and at much lower levels: ethane: 142 pptv, propane: 9 pptv, isobutane: 6 

pptv, butane: 10 pptv (Cape Grim, Tasmania, Australia, Lewis et al., 2001). 

 Gautrois et al., 2003 reported a declining trend in NMHC mixing ratios from 1989 to 

1997 for most NMHCs in the high northern troposphere (Alert, Canada, 82.45°N, 62.52°W). 

In contrast, Hakola et al., 2006 did not observe significant trends during 10 years of 

continuous NMHC measurements in Finland. However, European emissions were shown 

to have declined since the 1980s and this should eventually be reflected by reduced NMHC 

concentrations in the high northern troposphere (Solberg et al., 2005). 

 The main sink for atmospheric NMHC is the reaction with the hydroxyl radical (OH) 

(Levy, 1972, Logan, 1981) and significant seasonal changes to the emission strengths of 

the NMHC sources were not expected on the global scale (Goldstein et al., 1995, Swanson 

et al., 2003). Therefore the NMHC seasonality at background stations is dominated by the 

seasonal cycle of OH (Goldstein et al., 1995). The atmospheric concentration of OH in 

remote regions is directly correlated to solar ultraviolet radiation, ozone and water vapor 

concentration (Rohrer and Berresheim, 2006). The estimated global average OH mixing 

ratio of 106 molec cm-3 has been mostly determined from model calculations using the 

measured removal of methylchloroform (CH3CCl3) from the atmosphere (Prinn et al., 1995, 

Prinn, 2003, Krol et al., 1998, 2003, Spivakovsky, 2000). Direct measurement methods for 

the hydroxyl radical are very elaborate (e.g. Eisele et al., 2001, Heard and Pilling, 2003, 

Mauldin et al., 2004) due to its high reactivity (atmospheric lifetime ~ 1 s). Consequently 
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these direct OH measurements are only available for short periods of time during intensive 

field campaigns, except for a single long term study conducted by Rohrer and Berresheim, 

2006. A summary of OH mixing ratios obtained from direct measurements during various 

field campaigns at remote surface stations can be found in Table 5.1.  

 

Table 5.1: Summary of previous direct OH measurements sorted from north to south  

Site (latitude, longitude, elevation) date analytical technique 24 h average Reference

OH mixing ratio (10
5
 molec cm

-3
)

Pennewitt, Germany (53.8°N, 11.7°E, 54 m asl) Aug 1994 DOAS/LIF 8.7 Plass-Dülmer et al., 1998

Mace Head Ireland (53.33°N, 9.90°W, 25 m asl) Summer 2002 FAGE 9.1 Smith et al., 2006

Weybourne, UK (53.57°N, 1.07°E, 25 m asl) Jun 1995 MOAS n/a Forberich et al., 1999

Hohenpeissenberg, Germany (47.80°N, 11.01°E, 985 m asl) June 18-21 2000 CIMS 20 Handisides et al., 2003

Hohenpeissenberg, Germany (47.80°N, 11.01°E, 985 m asl) 1999-2003 CIMS 12.3 Rohrer et al., 2006

Michigan (45.6°N, 84.7°W 230 m asl) Summer 1998 FAGE 18 Tan et al., 2001b

Whiteface Mountain, NY, USA (44.23°N, 73.51°W, 1483 m asl) Summer 2002 FAGE 8 Ren et al., 2006

Rock Springs, PA. USA (40.5°N, 77.5°W, 365 m asl) May - June 2002 FAGE 26 Ren et al., 2005

Fritz Peak, CO, USA (40°N, 105°W, 2680 m asl) Aug - Oct 1993 long-path spectroscopy 8 Mount et al., 1997

Agrafe Mountains, Greece (39.54°N, 21.44°E, 1180 m asl) Jul 26 - Aug 2 1997 FAGE 13 Creasey et al., 2001

Finokalia, Crete (35.20°N, 25.40°S, 150 m asl) Aug 6 - Aug 18 2001 SICIMS 45 Berresheim et al., 2003

Claremont, CA, USA (34.06°N, 117.43°W,  m asl) Sep - 1993 FAGE 20 George et al., 1999

Izaña, Tenerife(28.18°N, 16.30°W, 2370 m asl) May - 1995 MOAS 20 Armerding et al., 1997

Okinawa Island (26.88°N, 128.25°E, 60 m asl) Aug - 1999 LIF <25 Kanaya et al., 2001

Atlantic ship campaign (15°N to 15°S) Oct 23 - Nov 2 1996 DOAS 50 Brauers et al., 2001

Tropical Pacific (PEM Tropics B) Mar - Apr 1999 FAGE 30 Tan et al., 2001a

Cape Grim, Australia (40.68°S, 144.68°E, 94 m asl) Feb - 1999 FAGE 10 Creasey et al., 2003

Palmer Station, Antartica (64.92°S, 64.00°E, 10 m asl) Feb 16 - 23 1994 SICIMS 1.1 Jefferson et al., 1998

South Pole (90° S, n/a, 2810 m asl) Nov 15 - Dec 31 2000 SICIMS 25 Mauldin et al., 2004

 

 

Variability Analysis: Junge, 1974 first described the correlation between atmospheric 

variability and the lifetime of trace gases. This approach was later refined by Jobson et al., 

1998, 1999 and extended to shorter lived species. Atmospheric trace gases were 

correlated to atmospheric lifetime according to: 

 

σ (lnx) = A τ -b      eq. 1.5 

 

Only a brief explanation of the variables is given here since this equation was evaluated 

and applied multiple times in previous publications (Jobson et al., 1998, 1999, Ehhalt et al., 

1998, Williams et al., 2000, 2001, 2002, Karl et al., 2001) with A, proportionality factor; b, 

usually interpreted as an indicator of the relative strength of the chemical sink with values 

between 0 and 1, σ (lnx): standard deviation over the natural logarithms of all 

measurements; τ: atmospheric lifetime.  

 A low b factor (i.e. no correlation between atmospheric variability and lifetime) 

indicates a nearby anthropogenic source and a negligible influence of chemistry on the 
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sample set. b = 0.5 has been found for samples from remote tropospheric surface stations 

while b = 1 is only found for stratospheric samples (Ehhalt et al., 1998, Jobson et al., 1999, 

Williams et al., 2001). Recently this method was used to estimate the average OH mixing 

ratio that a sample was exposed to before reaching the measurement station. These 

studies were within 50% or better of model calculations and direct measurements of OH 

mixing ratio (Williams et al., 2001, Karl et al., 2001, Bartenbach et al., 2007).  

 In contrast to the relatively well understood meaning of the b factor, no satisfactory 

definition of the A factor has been found (Jobson et al., 1998). Previous studies interpreted 

this factor as an indicator for the age range of the sampled airmass (Williams et al., 2001). 

High values indicate a large age range (i.e. both fresh emissions and aged air were 

sampled) whereas smaller values are a sign for a more homogeneous age range of the 

sampled airmasses. Consequently, high A factors are expected for stations that are 

occasionally affected by additional sources, or highly variable OH mixing ratios during 

transport as found in the high northern and southern latitudes. Tropic samples would 

exhibit low A factors representing more homogenous source distribution as well as rather 

constant OH mixing ratios and meteorology conditions. 

 

The ESRL canister sampling network: The previous paragraphs describe the amount of 

information that can be gained by knowing the global distribution of NMHC e.g.: for the 

evaluation of OH oxidation chemistry.  We concluded that an economical and efficient way 

to access this information was to measure NMHC mixing ratios from flask samples 

collected by an existing air sampling network (here: the ESRL cooperative air sampling 

network, Pollmann et al., 2006, 2007). Additional benefits arise from the application of one 

single instrument over multiple in-situ instruments. The measurements can be readily 

compared without accounting for instrumental differences. 

 The ESRL cooperative air sampling network was designed to analyze the global 

distribution of the greenhouse gases: carbon dioxide (CO2), methane (CH4), nitrous oxide 

(N2O) and sulfurhexafluoride (SF6) as well as the distribution of other important 

atmospheric trace gases such as carbon monoxide (CO), and hydrogen (H2) (Conway et 

al., 1994 and Dlugokencky et al., 1994). The network consists currently of 69 surface 

sampling stations, and several aircraft and tower measurement sites from where canisters 
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or flasks are filled with air (http://www.esrl.ESRL.gov/gmd/ccgg/index.html). The isotopic 

composition of carbon dioxide and methane are measured from these flasks by mass 

spectrometric techniques in order to examine the global carbon cycle (Trolier et al., 1996). 

Distribution data for gases with atmospheric lifetimes ranging from several thousand years 

(SF6, Maiss, 1998) to one day (ethene (C2H4), Atkinson, 1994) are now available from the 

same whole air sample with the implementation of the NMHC measurements. This data 

can provide unique insight into global atmospheric transport and chemistry processes. 

Moreover, the NMHC data may be used as a data quality check for individual samples, and 

to ensure the sample is not influenced by local sources. Parrish et al., 1992 presented a 

method to evaluate an air sample with respect to atmospheric age, photochemistry and 

transport kinetics based on the quantification of ethane, propane and butane. This was 

applied to the dataset. 

 

Summary: These previous studies show that a good knowledge of the atmospheric 

distribution of NMHC is necessary to evaluate and understand important atmospheric 

processes such as transport and photooxidation (Krol and Lelieveld, 2003). The global 

distribution of the hydroxyl radical is still rather uncertain and our understanding of the 

atmospheric oxidative capacity is limited. The trace gas measurements from the ESRL 

cooperative flask sampling network provide a, to date, unique tool to evaluate the 

photooxidation chemistry and trace gas sources on a global scale In this paper we present 

our observations from 20 months of ethane, propane, isobutane and butane measurements 

from the cooperative flask network and their application together with isopentane, pentane 

and stable greenhouse gas measurements in the variability analysis to deduce the global 

OH distribution.  

 

5.2 Experimental 

 

Instrument: Detailed descriptions of all technical aspects and calibration procedures have 

been provided elsewhere (Tanner et al., 2006 and Pollmann et al., 2006, 2007 see also 

chapters 2, 4).  Only a brief overview is given here. The system relies on a solid adsorption/ 

thermodesorption technique for sample pre-concentration. An air sample is extracted from 
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the flasks, dried with thermoelectric coolers and preconcentrated on a custom-built 

microtrap filled with 100 mg Carboxen 1000 and 5 mg Carboxen 1016 which is 

thermoelectrically cooled to –30 ºC. The trap is then purged with carrier gas (H2) to remove 

residual oxygen, and heated resistively to 310 ºC within 3 s.  Desorbed analytes are 

injected onto an Al2O3 - KCl deactivated PLOT-column (porous layer open tubular, length: 

50 m, I.D: 0.53 mm, 19095P-K23, Agilent, Wilmigton, DE, USA). Analytes are identified by 

retention indexes and quantified by FID (flame ionization detection). Peak identification was 

confirmed by splitting the column flow and analyzing a portion of the GC eluent by mass 

spectrometry.  

 An automated inlet manifold with 12 flask and 2 standard ports was designed to 

connect the sampling flasks to this GC-system. The manifold was custom-welded (MKS, 

Boulder, CO, USA) using 1/8“ stainless steel tubing and Swagelok (Solon, OH, USA) 

welding components (6 union crosses: 316L-4-ATW-4 and 1 union tee: 316L-4-ATW3). The 

connection between the valve manifold and the sampling flasks was established with VCR 

to 1/4” tube bulkhead fittings (316L-4-VCR-61-4TB7, Swagelok) and flask adapters (SS-8-

UT-6-4, Swagelok). Each flask can be individually accessed from the manifold using 

pneumatically controlled shut-off valves (6LV-BNBW4-C, Swagelok). The entire system is 

completely automated and computer-controlled using LabView software (National 

Instruments, Austin, TX, USA). Analysis of a series of up to 12 flasks is always bracketed 

by one standard and one zero air run each to maintain high confidence in blanks and 

calibration stability (Pollmann et al., 2007). Intercomparison with a stationary in-situ 

instrument (Hohenpeissenberg, Plass Dülmer et al., 2002) proved that this instrument 

meets the GAW data quality guidelines (Rappenglück et al., 2006, WMO-Report 171, 

Pollmann et al., 2007). 

 

Evaluation of individual stations: Figures 5.1 a, b and 5.2 a, b show example time series for 

C2 to C4 NMHC compounds from flask measurements taken at two remote sites 1) Cold 

Bay, Alaska, USA 55.12°N, 162.42°W and 2) Crozet Island, French Territory, 46.45°S, 

51.85°W. Time series with similar data density as these example stations are available for 

33 of the 37 NMHC sampling stations (see Table 5.2). Measurements from 4 stations were 

considered too intermittent and were not regarded (AZR, OXK, TDF, SYO).  
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Table 5.2: NMHC flask sampling stations in alphabetic order by station code; station, 
station name; code, site code for network operation; latitude, north: positive, south: 
negative; longitude: east positive, west negative; altitude, elevation above sea level; NMHC 
sampling since, first flask sample analyzed for NMHC from the respective site  

station code latitude longitude altitude (m) NMHC 

sampling since

Alert, Canada ALT 82.45 -62.52 210 09/2005

Argyle, MI, USA AMT 45.03 -68.88 157 11/2005

Ascension Island ASC -7.92 -14.42 54 04/2005

Assekrem, Algeria ASK 23.18 5.42 2728 02/2006

Azores ARZ 38.77 -27.38 40 02/2005

Baltic Sea, Poland BAL 55.35 17.22 28 02/2005

Bukit Kototabang, Indonesia BKT -0.20 100.32 864 01/2006

Barrow, AK, USA BRW 71.32 -156.60 11 05/2005

Black Sea, Romania BSC 44.17 28.68 3 10/2005

Cold Bay, AK, USA CBA 55.12 162.42 25 05/2005

Cape Grim, Australia CGO -40.68 144.68 94 12/2004

Crozet Island CRZ -46.45 51.85 120 03/2005

Guam Island GMI 13.43 144.78 6 06/2005

Halley Station, Antarctica HBA -75.58 -26.50 33 02/2005

Hohenpeissenberg, Germany HPB
+

47.80 11.01 990 04/2006

Vestmannaeyjar, Iceland ICE 63.34 -20.29 127 10/2005

Izana, Tennerife IZO 28.30 -16.48 2360 12/2005

Cape Kumukahi, HI, USA KUM 19.52 -154.82 3 05/2005

Park Falls, WI, USA LEF 45.93 -90.27 868 09/2005

Mace Head, Ireland MHD 53.33 -9.90 25 03/2005

Midway Island MID 28.21 -177.38 8 02/2006

Mount Kenya, Kenya MKN -0.05 37.30 3897 02/2006

Mauna Loa, HI, USA MLO
+

19.54 -155.58 3397 05/2005

Ochsenkopf, Germany OXK
+

50.06 11.80 1356 07/2006

Pallas, Finland PAL 67.97 24.12 560 01/2006

Palmer Station, Antarctica PSA -64.92 64.00 10 09/2005

Seychelles Island SEY -4.67 55.17 7 02/2005

Southern Great Plains, OK, USA SGP 36.80 -97.50 374 11/2005

Shemya, AK, USA SHM
+

52.72 174.10 40 04/2005

America Samoa SMO -14.24 -170.57 42 05/2005

Amundsen Scott Station, Antarctica SPO -89.98 24.80 2810 01/2005

Summit, Greenland SUM 72.58 -38.48 3238 10/2004

Syowa Station, Antarctica SYO* -69.00 39.58 14 02/2005

Tierra del Fuego, Argentina TDF* -54.87 -68.48 20 10/2004

Trinidad Head, CA, USA THD 41.05 -124.15 107 05/2005

Wendover, UT, USA UTA 39.90 -113.72 1628 11/2005
Ny Alesund, Norway ZEP 78.90 11.88 1320 10/2005



 One of the purposes of this study was to determine the global background 

distribution of light NMHC. Stations that were significantly influenced by local emissions 

thus had to be removed. Sampling stations were considered to be systematically influenced 

by local sources when 20% of the ethane data exceeded the seasonal average for this 

latitudinal region by a factor of 2, or if 20% were outside the photochemically expected 

range as detailed by Parrish et al., 1992 and Tanner et al., 2006, similarly figure 5.3.  

 Five northern hemispheric continental measurement stations were excluded on this 

basis (AMT, BAL, BSC, LEF, and SGP). The NMHC time series from 28 of the remaining 

33 stations were available to generate 3-D global background distribution plots for C2 to C4 

NMHC. Nonetheless, occasional local pollution may still affect individual sampling stations 

and could bias this analysis. Similar plots as presented for the example stations in Figure 

5.3 a, b were used to filter for individual data points that were subject to stochastic local 

influence i.e. outside the kinetic and photochemical boundaries. Any data points outside the 

boundaries were not regarded for this analysis. In total not more than 5% of the 

measurements for each individual station were subject to such local pollution events and 

hence disregarded. Measurements not meeting the GAW data quality objective for 

precision (Rappenglück et al., 2006, WMO report, 2006) based on the dual flask analysis 

were also removed from the raw data for the 3D plots.  

 The remaining NMHC data (~ 93%) was processed with IDL 6.2 software (ITT Visual 

Information Solutions, Boulder, CO, USA). The measurement results were fitted linearly in 

a 3D grid from Julian day 70 (March 10, 2005) to Julian day 600 (August 25, 2006) and 

modified with the standard IDL smoothing algorithm.  

 

Variability Analysis: Mixing ratios for eleven species (7 NMHC: ethane, propane, isobutane, 

butane, isopentane, and pentane and 4 further trace gases (measured by ESRL GMD): 

methane, carbon monoxide, hydrogen and sulfurhexafluoride) were available from the flask 

measurements presented here. Atmospheric lifetimes for the NMHCs, carbon monoxide 

and methane predominately depend on the OH mixing ratio (Atkinson, 1994). In contrast, 

hydrogen and sulfurhexafluoride have largely independent sinks: soils for H2 (Rhee et al., 

2006) and stratospheric removal above 50 km for SF6 (Maiss and Brenninkmeijer, 1998). It 

is thus possible to estimate the average OH mixing ratio that air sampled at an individual 
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station was exposed to during transport to the station, following the method proposed by 

Williams et al., (2001). This was considered a viable approach to estimating global OH 

distributions following the previous work by Jobson et al., 1998, 1999 and Karl et al., 2001). 

In brief: the variability for each compound was calculated as the standard deviation of the 

natural logarithms of the individual measurements. The data was then plotted versus the 

atmospheric lifetime. The lifetimes for hydrogen and sulfurhexafluoride are fairly well known 

and generally independent of atmospheric photochemistry: 1.4 +/- 0.2 years for H2 (Rhee et 

al., 2006) and 3200 years for SF6 (Maiss and Brenninkmeijer, 1998). The atmospheric 

lifetimes of the remaining 8 compounds depend on the OH mixing ratio alone (Atkinson, 

1994). By varying the OH assumed in the lifetime calculation, a best fit regression or 

optimum (least square method) to all data can be obtained. The derived OH mixing ratios 

were expected to correspond to average OH to which airmasses arriving at the site have 

been exposed since the last influence of anthropogenic sources.  

 The NMHC variability outside the tropics is greatly enhanced during spring and fall 

when the changes in OH production generate steep NMHC gradients over these months 

(Goldstein et al., 1995, Rohrer and Berresheim, 2006). However, sulfurhexafluoride is not 

subject to this seasonal variation and information on hydrogen seasonality is rather scarce. 

Consequently, we have chosen to perform this variability analysis over distinct time periods 

when the OH concentration is less variable, namely for the summer (NH: Jun to Aug, SH: 

Dec to Feb) and winter (NH: Dec to Feb, SH: Jun to Aug) periods only. However, this 

limitation does not apply to tropical stations as they are not subject to significant 

photochemical seasonality.  

 Average OH concentrations for the individual stations were calculated according to 

the above described methods. This data was compared to the global OH distribution profile 

by Spivakovsky et al., 2000. The A and b factors were evaluated for their meridional 

distribution. 
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5.3 Results and Discussion 

 

5.3.1 Individual Stations 

Evaluation of example stations: Figures 5.1 a, b show the ethane, propane, isobutane and 

butane timeseries from the second quarter of 2005 to the end of 2006 for Cold Bay, AK, 

USA (CBA). A pronounced seasonal cycle for these 4 NMHCs is clearly visible. The 

minimum NMHC mixing ratios were found during late summer (August): ethane: 700 pptv, 

propane: 30 pptv, butanes: <10 pptv. NMHC mixing ratios were at a maximum during late 

winter (February): ethane: 2500 pptv, propane: 800 pptv, isobutane: 150 pptv, butane: 300 

pptv. Similar patterns for the seasonal NMHC cycle have been found by other researchers 

at comparable stations (e.g.: Gautrois et al., 2003, Swanson et al., 2003, Hakola et al., 

2006). The seasonal cycles presented here indicate that this station is generally not subject 

to local anthropogenic pollution. However, several samples during summer of 2006 did 

show anomalously high butane mixing ratios (days: 526, 529, 537, 561 and 565) possibly 

indicating local contamination due to fossil fuel evaporation or use. 

Cold Bay, AK, USA

0

500

1000

1500

2000

2500

3000

91 182 273 364 455 546 637 728

Julian day (2005-2006)

N
M

H
C

 m
ix

in
g

 r
a

ti
o

 (
p
p

tv
)

ethane

propane

 

Figure 5.1 a: Seasonal cycle of ethane and propane from Cold Bay, AK, USA in continuous 
Julian days (1 = Jan 1st 2005). Data points are calculated as average of one pair 
measurement; error bars represent the standard deviation of the pair. 
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Figure 5.1 b: Seasonal cycle of butane and isobutane from Cold Bay, AK, USA in 
continuous Julian days (1 = Jan 1st 2005). Data points are calculated as average of one 
pair measurement; error bars represent the standard deviation of the pair. 
 

 

Ethane, propane, isobutane and butane mixing ratios from Crozet Island, France, South 

Atlantic are displayed in Figure 5.2 a, b. As expected for a southern hemisphere site, the 

seasonality for NMHC was inverse to Cold Bay. Ethane mixing ratios were found at 300 to 

500 pptv during winter (June to August) with minimum mixing ratios of 170 pptv during the 

summer months (December to February). Propane mixing ratios were at a maximum of 60 

pptv during winter and less than 20 pptv in summer. Isobutane and butane mixing ratios 

were often found close to the detection limit of 3 pptv so that the data accuracy and 

precision is somewhat reduced. Nevertheless, a pronounced seasonal cycle is still 

discernable with butane mixing ratios of 30 (winter) and <10 (summer). Similar NMHC 

mixing ratios were also found during the austral summer by Lewis et al., 2001 at Cape 

Grim, Tasmania, Australia. 
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Figure 5.2 a, b: Seasonal cycle of ethane and propane (isobutane and butane) from Cold 
Bay, AK, USA in continuous Julian days (1 = Jan 1st 2005). Data points are calculated as 
average of one pair measurement; error bars represent the standard deviation of the pair. 



 133 

  

 A comparison of these two sites of similar remoteness highlights the large 

interhemispheric gradient of NMHC mixing ratios and by inference, emissions. Additionally, 

the seasonal cycle for light NMHC in the southern hemisphere is less pronounced than in 

the northern hemisphere, possibly indicating longer transport times to these stations and air 

masses that are significantly depleted of shorter lived compounds. 

 An analysis of ln (butane/ethane) vs. ln (propane/ethane), as displayed in Figure 5.3 

a, b, shows the influence of kinetic and photochemical effects on the NMHC ratios (similar 

to Parrish et al., 1992, Swanson et al., 2003, Tanner et al., 2006). 
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Figure 5.3 a: Evaluation of photochemistry and kinetic transport for Cold Bay, AK, USA 
according to Parrish et al., 1992. Photochemistry and kinetic slope originate from typical 
northern hemispheric urban source mixing ratio (Barletta et al., 2005 and references 
therein). 
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Figure 5.3 a shows this relationship after the removal of the high butane data for 

Cold Bay, AK, together with the average northern hemispheric source ratios (Barletta et al., 

2005 and references therein) and the calculated kinetic mixing and photochemistry slopes 

expected from typical northern hemispheric source values. The homogeneity of the air 

samples from this station is clearly visible. Winter samples were found to the upper right 

corner of the graph indicating less processed (younger) air masses whereas summer 

samples were found to be more processed (lower left corner). 
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Figure 5.3 b: Evaluation of photochemistry and kinetic transport for Crozet Island, French 
Territories, South Atlantic according to Parrish et al., 1992. Photochemistry and kinetic 
slope originate from typical northern hemispheric urban source mixing ratio (Barletta et al., 
2005 and references therein). 
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 Figure 5.3 b shows the same analysis for the samples taken from Crozet Island. A 

clear relationship of these ratios is still visible, indicating the homogeneity of these air 

samples. However, the characteristics of this plot are significantly different to Cold Bay and 

the data points do not fall as clearly into the area bordered by the photochemical and 

kinetic slopes.  The typical source mixing ratios for NMHC thus appear to be different than 

found in the northern hemisphere.  Additionally, summer and winter samples are not as 

distinctively separated as found for Cold Bay. The slope of the regression line is also not as 

steep indicating a larger ratio of mixing over photochemistry. A comparison with previously 

presented results (Lewis et al., 2001) showed similar results. 

 This analysis of two individual stations shows the data quality and information 

typically available for each sampling station. A similar detailed analysis of all sampling 

stations would exceed the scope of this thesis and will be presented in later publications. 

However, the averaged monthly mixing ratios for ethane, propane and butane are 

displayed for all stations in Figure 5. 4a – l. The respective seasonal cycles are clearly 

visible. It can also be seen that certain stations regularly exceed typical background mixing 

ratios by up to a factor of five. These stations were identified as AMT, BAL, BSC, LEF and 

SGP. In addition, more than 20% of the ln(butane/ethane)/ ln(propane/ethane) data was 

found outside the kinetic mixing or photochemistry slopes. Conclusively, these stations 

were not regarded in the following sections.  
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Figure 5.4 a – d: monthly distribution of ethane, propane and butane determined from flask samples provided by the ESRL 
cooperative air sampling network. 
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Figure 5.4 e – f: monthly distribution of ethane, propane and butane determined from flask samples provided by the ESRL 
cooperative air sampling network. 
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Figure 5.4 i – l: monthly distribution of ethane, propane and butane determined from flask samples provided by the ESRL 
cooperative air sampling network.
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5.3.2 Global Distribution 

Ethane: The global seasonal cycle for ethane can be found in Figure 5.5. The seasonality 

of ethane in the northern hemisphere with low values in August and high in February is 

clearly visible. The seasonality is inversed in the southern hemisphere. Winter maximum 

background mixing ratios of 2500 pptv and 500 pptv for the northern and southern 

hemisphere were found. Minimum mixing ratios were found during summer at 1000 pptv 

and 150 pptv in the northern and southern hemisphere, respectively. Ethane mixing ratios 

from tropical sampling stations were found at 800 to 1200 pptv but without a clearly defined 

seasonal cycle. 

 

Figure 5.5: Global distribution of ethane derived from NMHC measurements from the 
NOAA cooperative air sampling network. 
 

 

 The latitudinal distribution of ethane is similar to that of long-lived greenhouse gases 

such as methane and reflects the global energy consumption. The general shape of the  
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3-D ethane global distribution plot is similar to previously published data (Rudolph, 1995). 

However, the 1995 publication shows significantly higher mixing ratios for the northern 

hemisphere with ethane mixing ratio of up to 3500 pptv in winter and 1500 pptv in spring. A 

quantitative comparison of these two data sets suggests that the global ethane burden in 

the remote northern hemisphere has declined by circa 30% (approximately 2.5% yr-1) since 

the early 1990s. A similar reduction of the ethane mixing ratio on the order of 3% yr-1 was 

described previously for a single arctic site: Alert, Canada (Gautrois et al., 2003). This 

decrease is most likely caused by a reduction of NMHC emissions from industrialized 

northern hemispheric countries, perhaps in part to the introduction of catalytic converters or 

the modernization of the economies of the former Warsaw pact countries (Solberg et al., 

2005). In contrast to these observations no reduction of the southern hemispheric ethane 

was observed compared to Rudolph, 1995 or Lewis et al., 2001. 

 

Propane: The global seasonal distribution for propane can be found in Figure 5.6. The 

trend in the propane mixing ratio generally follows the ethane trend although absolute 

numbers are on average a factor of 2.5 (winter) to 10 (summer) lower. Northern 

hemispheric maximum and minimum mixing ratios were 1000 pptv and 100 pptv 

respectively. The equivalent Southern hemispheric mixing ratios were 70 pptv and 15 pptv 

respectively. Equatorial samples showed no clear seasonality with an average mixing ratio 

of 50 pptv. The ratio between summer and winter mixing ratios for propane (10) is 

significantly higher than the respective ratio for ethane (2.5). The difference can be 

explained by the higher reactivity of propane towards OH, and hence faster photochemical 

removal under high OH conditions during summer. 

 The interhemispheric gradient between the northern and southern hemisphere is 

significantly larger as well. It was previously shown that a significant source for ethane in 

the southern hemisphere is interhemispheric transport from the north (Rudolph, 1995). 

Propane has a much shorter atmospheric lifetime (~25% of ethane, Atkinson, 1994) and 

interhemispheric transport can be considered negligible.  

 A previously published global distribution analysis for propane compiled by the 

integration of multiple measurement campaigns showed a similar latitudinal distribution of 

propane (Bonsang and Boissard, 1999). However their analysis included polluted samples 
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from industrialized regions between 45 °N and 65 °N so that no statements can be made 

on a potential decline of the tropospheric propane burden. 

 

Apr 1 2005

Aug 1 2005

Oct 1 2005

Jan 1 2006

Apr 1 2006

Aug 1 2006

Apr 1 2005

Aug 1 2005

Oct 1 2005

Jan 1 2006

Apr 1 2006

Aug 1 2006

Apr 1 2005

Aug 1 2005

Oct 1 2005

Jan 1 2006

Apr 1 2006

Aug 1 2006

 

Figure 5.6: Global distribution of propane derived from NMHC measurements from the 
NOAA cooperative air sampling network. 
 
 

Isobutane and Butane: The 3-D global distribution plots for isobutane and butane can be 

found in Figures 5.7 and 5.8. The summer/winter ratio for the butane isomers is 

significantly higher in the northern troposphere in comparison to the longer lived alkanes 

ethane and propane (up to 20). The seasonal changes for butane and isobutane show 

steep slopes between summer and winter. Butane mixing ratios north of 40°N were found 

to increase from 40 to 300 pptv within 70 days at the onset of winter (Julian days 270 – 

340). Southern hemispheric butane mixing ratios were found to be 10 and 20 pptv for 

isobutane and butane respectively during the winter and at or below the detection limit of 3 
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pptv during the summer. However, a distinct seasonal cycle inverse to the northern 

hemisphere was still observed.  
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Figure 5.7: Global distribution of isobutane derived from NMHC measurements from the 
NOAA cooperative air sampling network.  
 

 These results (especially for the northern hemisphere) show the distinct anti-

correlation between butane and hydroxyl radical abundance as the butane isomers are 

much more reactive towards OH than ethane or propane. No global distribution profiles of 

either isobutane or butane have been previously published and thus no statement can be 

made regarding a global longterm atmospheric trend. A comparison with Gautrois et al., 

2003 suggests a decline in the high latitude northern troposphere. 
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Figure 5.8: Global distribution of butane derived from NMHC measurements from the 
NOAA cooperative air sampling network. 
 

 

 Previous research has shown that the isobutane/butane ratio is rather stable at 

approximately 0.5 ± 0.05 (e.g.: Parrish et al., 1998 and Swanson et al., 2003). The global 

seasonal distribution for the butane isomeric ratio is presented in Figure 5.9. It can be seen 

that the butane ratio is indeed very planar (i.e. generally featureless) over wide temporal 

and regional scales. The average ratio was calculated at 0.55 +/- 0.14 in excellent 

agreement to literature data (Swanson et al., 2003).  
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Figure 5.9: Global distribution of the isobutane/butane ratio derived from NMHC 
measurements from the NOAA cooperative air sampling network. 
 

 

 The roles of Cl radical chemistry in the marine troposphere as well as nighttime 

nitrate radical chemistry have been repeatedly discussed in the literature (e.g.: Ariya et al., 

1998). Laboratory studies have shown that Cl radicals react more readily with n-butane 

than with isobutane: reaction rate constants: 1.94 * 10-10 cm3 molec-1 s -1 (butane) and 1.30 

* 10-10 cm3 molec-1 s-1 (isobutane), (Hooshiyar and Niki, 1995). The nitrate radical reacts 

faster with isobutane (4.5 10-16 molec cm-3 s-1) than with butane (1.44 10-16 molec cm-3 s-1) 

(Atkinson, 1992). Consequently the isobutane over butane ratio should increase during 

times of significant chlorine radical chemistry and decline in case of nitrate radical 

reactions. Figure 5.9 shows no evidence of large scale chlorine or nitrate radical chemistry 

as the isomeric butane ratio remains generally at 0.55. Some scatter was found especially 
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for measurements in the southern hemisphere which can explained by higher uncertainties 

for measurements at the detection limit. OH radical chemistry is most likely the main 

removal pathway of NMHCs in the troposphere, see also next section. Similar results for 

Summit, Greenland were previously shown by Swanson et al., 2003. 

 

5.3.3 OH Quantification by variability analysis 

Variability Analysis: A typical example of the variability analysis for a remote northern 

hemispheric background site (Cold Bay, AK, USA) from winter and summer is displayed in 

Figures 5.10 and 5.11 respectively. The variability-lifetime dependence is clearly visible 

and indicated by both an R2-factor of > 0.9 and a “b” factor of > 0.5. All C2 to C5 NMHC 

were found to follow the regression curve, again indicating that OH chemistry is driving the 

variability and that the station is remote and free of local sources. 
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Figure 5.10: Variability analysis for Cold Bay, AK, USA, from December to February 
(winter); numbers indicate compounds; 1, sulfurhexafluoride; 2, methane; 3, hydrogen; 4, 
carbon monoxide; 5, ethane; 6, propane; 7, isobutane; 8, butane; 9, isopentane, 10, 
pentane 
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Crozet, Dec-Feb
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Figure 5.11: Variability analysis for Crozet Island from December to February; numbers 
indicate compounds; 1, sulfurhexafluoride; 2, methane; 3, hydrogen; 4, carbon monoxide; 
5, ethane; 6, propane; 7, isobutane; 8, butane; 9, isopentane, 10, pentane 
 

 The variability – lifetime relationship was applied to estimate the seasonal OH 

mixing ratio as described above (see also: Williams et al., 2000, 2001, Karl et al., 2001, 

Bartenbach et al., 2007). The derived average effective OH mixing ratios for Cold Bay were 

determined as 105 molec cm-3 during winter (Dec – Feb) and 11 * 105 molec cm-3 during 

summer (Jun – Aug). These OH values for the Cold Bay station are in close agreement 

(within 20%) with the most comprehensive distribution study for OH to date (Spivakovsky et 

al., 2000). However, the two datasets cannot be compared directly as the OH mixing ratios 

derived by the variability analysis represent the average 24h OH mixing ratio a certain air 

sample was exposed to during its transport to the sampling station rather than the local OH 

mixing ratio. 
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 The data from Crozet Island was evaluated similar to the measurements from the 

Cold Bay station described above. The variability – lifetime relationship is again clearly 

visible (R2 ~ 0.9). The “b” factors of ~ 0.6 indicate the pronounced remoteness of this 

station. The estimated average OH mixing ratio for Crozet Island was 6 molec cm-3 (Dec – 

Feb) and 3 molec cm-3 (Jun - Aug). Good agreement compared to Spivakovsky et al., 2000 

was found during both seasons (within 20%).  

 Interestingly, the figures for both stations show that the measured variability of both 

methane and hydrogen is less than predicted by the variability lifetime fit. This could 

indicate atmospheric lifetimes longer than stated in the literature or possibly to widespread 

sources in these regions which act to suppress variability generated by chemistry (as 

similarly described by Jobson et al., 1998). This effect was found more pronounced during 

winter and more significantly at Crozet than at Cold Bay.  

 It was previously shown that the major source for hydrogen in the troposphere is 

photochemical production by methane oxidation (Novelli et al., 1999, Rhee et al., 2006). 

This process is dispersed across the troposphere and a reduced variability for hydrogen 

must be expected. Additionally, the dominant sink is thought to be soils and the 

predominant sink must then be expected in the northern hemisphere (Rhee et al., 2006). 

This sink is probably subject to some seasonal changes (melting and thawing of soil) but 

currently no details are available. It can be expected that hydrogen lifetime during winter 

would be slightly longer than during summer possibly explaining the observed differences. 

 Methane sources can affect even remote stations due to the long lifetime. This and 

the large source strength would reduce methane variability. Similarly, a significant biogenic 

methane source was recently discovered (Keppler et al., 2006, Ferretti et al., 2007) which 

possibly also acts to reduce atmospheric variability.  

 The variability analysis as exemplified in the previous section was conducted on a 

global scale for all sampling stations with enough temporally continuous data (at least 10 

measurements per season) including the locally influenced sites. A summary for the 

derived parameters including the average 24h OH mixing ratio from the best fit analysis 

can be found in Table 5.3. The latitudinal distribution of the A and b factors can be found in 

Figure 5.12. A clear relationship between the A factor and latitude was observed. Minimum 

values of the A factor were found at approximately 1 in tropical regions. Highest values of 
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the A factor were found in the high latitudes at 3 – 4. A factors in the northern troposphere 

exhibit significant differences between summer and winter with lower A values during the 

summer. Similar behavior was not found for the southern hemispheric stations. The 

latitudinal distribution of the A factor follows the behavior predicted in the introduction, 

representing the age range of an airmass. However, to date the physical meaning of this 

parameter is rather uncertain and further research is needed. 
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Figure 5.12: latitudinal evolution of analytical factors for the variability lifetime relationship  

 

 The airmass transport in the tropics is dominated by the relative constant trade 

winds. Thus a small band of ages would be expected. In the temperate zone large scale 

synoptic events such as high pressure fronts etc. exhibit a wider range of wind speeds and 

directions resulting in a mixing of air masses of a wider age range. 
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The b factor for most stations exceeds 0.5 as would be expected for remote sites where 

OH chemistry is driving the measured variability, see figure 5.12. Reduced b factors of 

approximately 0.4, indicating some locally influenced airmasses, can be found in the mid 

northern latitudes from 30 to 60 °N. These stations are within relatively close proximity to 

pollution sources. Far southern stations (south of 40°S) show b factors higher than 0.6 

representing extremely remote atmospheric conditions. 

 

Hydroxyl Radical: All stations examined show a clear relationship between atmospheric 

lifetime and variability as documented by b factors > 0.4 and R2 factor > 0.9 (Table 5.3). 

We concluded that it is thus possible to determine the average OH mixing ratio an air mass 

was exposed during transport for all individual stations with sufficient sampling frequency. 

This latitudinal distribution of OH mixing ratios derived from the variability analysis can be 

found plotted in Figures 5.13, 5.14 and the numeric values in Table 5.3. The maximum of 

the OH distribution was found near the equator at approximately 40 * 105 molec cm-3 and 

the derived OH concentration decreased towards the high northern and southern latitudes. 

OH mixing ratios during summer (NH: Jun - Aug; SH: Dec - Feb) in the mid to high latitudes 

were found to be approximately 10 * 105 molec cm-3. Similarly winter (NH: December to 

February; SH: June to August) hydroxyl radical mixing ratios were found to be 2 * 105 

molec cm-3.  

 Tropical mixing ratios determined in this paper by variability analysis were found to 

be two to three times higher than those calculated by Spivakovsky et al., 2000. 

Interestingly, the available direct OH measurements agree well with our observations in the 

tropics (made over the ocean) (Brauers et al., 2001). One tropic station shows rather low 

OH mixing ratio (Mount Kenya 0.05°S, [OH] = 17 105 molec cm-3). This deviation from the 

observed average tropical mixing ratios can be attributed to the high altitude of this station 

and hence reduced water vapor availability for the formation of OH. 

  

 



 150 

Table 5.3: Summary, variability analysis; site, station code; b-factor, exponent from equation by Jobson et al., (1998); R2 
factor, best fit factor for regression curve; best fit OH, resulting average OH mixing ratio for summer and winter; average 
annual values for tropical stations. 
 

 

site latitude longitude altitude (m)
December to June to December to June to December to June to December to June to

February August February August February August February August

ALT 82.45 -62.52 210 0.5887 0.5362 2.6074 2.0814 0.9193 0.8972 2 5
AMT 45.03 -68.88 157 0.447 0.3575 2.1284 1.0074 0.93 0.955 3 15
ASC -7.92 -14.42 54
ASK 23.18 5.42 2728
ARZ 38.77 -27.38 40 0.5077 n/a 1.3264 n/a 0.9089 n/a 11 n/a
BAL 55.35 17.22 28 0.4067 0.4927 0.8017 1.9945 0.9434 0.9412 16 5
BKT -0.20 100.32 864
BRW 71.32 -156.60 11 0.5458 0.4688 2.39 1.2797 0.9599 0.9193 4 15
BSC 44.17 28.68 3 0.4485 0.4931 1.1316 2.1502 0.9067 0.9377 14 9
CBA 55.12 162.42 25 0.5677 0.5108 4.2325 1.6791 0.9248 0.9406 1 11
CGO -40.68 144.68 94 0.5945 0.6126 2.7678 3.697 0.8744 0.8748 3 2
CRZ -46.45 51.85 120 0.6055 0.6078 3.1444 3.7849 0.8882 0.8742 6 3
GMI 13.43 144.78 6
HBA -75.58 -26.50 33 0.6168 0.6139 3.5774 2.0988 0.8906 0.8614 4 4

HPB
+

47.80 11.01 990 n/a 0.5189 n/a 0.4326 n/a 0.974 n/a 28
ICE 63.34 -20.29 127 0.5175 0.5342 2.3597 2.406 0.8936 0.9144 1 4
IZO 28.30 -16.48 2360 0.5191 0.4647 1.779 0.8715 0.9193 0.8805 5 15
KUM 19.52 -154.82 3 0.5572 0.4797 2.2759 0.8975 0.9614 0.9598 5 20
LEF 45.93 -90.27 868 0.4547 0.4144 2.1063 1.1118 0.9091 0.8983 3 8
MHD 53.33 -9.90 25 0.4486 0.4383 1.7278 0.8444 0.9534 0.9139 2 9
MID 28.21 -177.38 8 0.4222 0.5215 0.7374 1.6527 0.8505 0.9162 10 8
MKN -0.05 37.30 3897

MLO
+

19.54 -155.58 3397 n/a 0.518 n/a 1.4395 n/a 0.9385 n/a 9

OXK
+

50.06 11.80 1356 n/a n/a n/a n/a n/a n/a n/a n/a
PAL 67.97 24.12 560 0.5206 0.4925 2.467 1.4667 0.9642 0.9386 4 7
PSA -64.92 64.00 10 0.6097 0.5591 2.8347 2.8575 0.8845 0.8901 5 4
SEY -4.67 55.17 7
SGP 36.80 -97.50 374 0.4125 0.3806 0.9139 0.7066 0.9352 0.9181 25 20

SHM
+

52.72 174.10 40 n/a 0.4788 n/a 1.0172 n/a 0.8978 n/a 16
SMO -14.24 -170.57 42
SPO -89.98 24.80 2810 n/a 0.6139 n/a 2.7596 n/a 0.865 n/a 7
SUM 72.58 -38.48 3238 0.5283 0.5378 2.2099 2.631 0.9139 0.9069 2 3
SYO* -69.00 39.58 14 n/a n/a n/a n/a n/a n/a n/a n/a
TDF* -54.87 -68.48 20 n/a n/a n/a n/a n/a n/a n/a n/a
THD 41.05 -124.15 107 0.5499 0.5488 3.4574 2.3284 0.9475 0.9499 3 8
UTA 39.90 -113.72 1628 0.4514 0.4793 2.9043 2.4046 0.9412 0.9386 1 5
ZEP 78.90 11.88 1320 0.4976 0.5098 1.5022 1.2538 0.945 0.9025 4 6

b-factor

* not enough data
+
 only selected seasons available

A factor

1.12420.5222
1.68720.5546

1.058

regression (R
2
) factor best fit OH [10

5
 molec cm

3
 s

-1
]

0.9398

0.9049

0.9548

0.8922

0.9285

18
160.9354

400.90470.4142

350.76160.4656

0.8846 210.5305

171.20740.5083

250.81570.4327



Calculated OH mixing ratios in the northern hemisphere (Figure 5.13, 5.14) agree better 

with direct OH measurements from published intensive field campaign data (table 5.1) than 

with the calculated OH distribution by Spivakovsky et al., 2000. Similarly, more locally 

influenced continental sites especially in the northern hemisphere were often found to have 

elevated OH mixing ratios of up to two times larger than the unpolluted background sites. 

This can be attributed to the conversion of HO2 into OH by NO (George et al., 1999). The 

direct OH measurement sites as well as the cooperative flask network stations are usually 

fairly remote. In contrast, the Spivakovsky model data was produced by integrating over 

large geographical regions with high NO emissions potentially leading to higher OH mixing 

ratios than found at remote sampling stations. 
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Figure 5.13: Estimated latitudinal OH mixing ratio from December to February derived by 
variability analysis (diamonds). Crosses indicate OH mixing ratios determined by direct OH 
measurements (references, see table 5.1); Solid line represents OH distribution calculated 
by Spivakovsky et al., 2000. 
 

 Southern hemispheric OH mixing ratios especially for the Antarctic continent 

(Jefferson et al., 1998, Mauldin et al., 2003) appear to be underestimated by variability 



 152 

lifetime analysis compared to summertime direct measurements but agree well with the OH 

mixing ratio estimated by Spivakovsky et al., 2000. Direct measurements were up to a 

factor of 3 higher than the derived OH mixing ratios from variability analysis and the 

Spivakovsky model study. No explanation could be found. Only 2 direct measurement 

campaigns of OH were made on the Antarctic continent and are available for comparison. 

More research would be necessary to evaluate the photochemical mechanisms for a 

remote region such as the Antarctic. 
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Figure 5.14: Estimated latitudinal OH mixing ratio from June to August derived by variability 
analysis (diamonds). Crosses indicate OH mixing ratios determined by direct OH 
measurements (references, see table 5.1); Solid line represents OH distribution calculated 
by Spivakovsky et al., 2000. 
  

Unfortunately, most intensive field campaigns were conducted during the hemispheric 

summers so that no winter OH measurements are available for comparison. However, the 

comparisons on hand generally support the validity of the variability analysis in the 

estimation of the average OH mixing ratio and indicate that the OH distribution derived by 

this method is a reasonable representation of the atmospheric OH distribution. 
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Cl Radical:  

Table 5.4: Evaluation of the impact of OH and Cl radical chemistry on atmospheric NMHC 
variability 

Station marine

R squared slope R squared slope

ALT X 0.0926 -0.4276 0.6625 -0.4938

AMT 0.7443 -0.7037 0.4106 -0.2257

ASC X 0.1708 -0.3659 0.9124 -0.3651

ASK 0.1254 -0.3628 0.914 -0.4228

AZR X 0.1771 -0.2973 0.6446 -0.2449

BAL X 0.0558 -0.2719 0.6575 -0.4029

BKT 0.0295 -0.12 0.8186 -0.2731

BRW X 0.0006 -0.0166 0.526 -0.2067

BSC 0.1343 -0.2801 0.2449 -0.1633

CBA X 0.3112 -0.5443 0.9347 -0.4072

CGO X 0.2028 -0.6066 0.9039 -0.553

CRZ X 0.516 -1.0728 0.8989 -0.6114

GMI X 0.2243 -0.4823 0.9365 -0.4254

HBA X 0.7312 -1.0744 0.8782 -0.5861

HPB 0.1003 -0.2886 0.7791 -0.3474

ICE X 0.2545 -0.5638 0.8234 -0.4379

IZO X 0.2363 -0.3319 0.9028 -0.2801

KUM X 0.2233 -0.5696 0.8686 -0.485

LEF 0.5581 -0.5189 0.5391 -0.2202

MHD X 0.0474 -0.2364 0.6563 -0.3798

MID X 0.4256 -1.1351 0.805 -0.674

MKN 0.2727 -0.6898 0.957 -0.5579

MLO 0.0727 -0.2353 0.86 -0.3494

OXK 0.0255 -0.1606 0.6059 -0.3377

PAL 0.2776 -0.8501 0.7985 -0.6225

PSA X 0.022 -0.1989 0.7534 -0.5023

SEY X 0.2806 -0.4048 0.9056 -0.3242

SGP 0.1677 +0.3047 0.2145 -0.1488

SHM X 0.1829 -0.4183 0.8305 -0.3849

SMO X 0.2793 -0.707 0.8936 -0.546

SPO 0.6926 -0.7263 0.7296 -0.4711

SUM 0.2776 -0.6568 0.9566 -0.5265

THD X 0.205 -0.5432 0.8577 -0.4797

UTA 0.0785 -0.3714 0.7177 -0.485

ZEP X 0.068 -0.3029 0.7245 -0.4268

mean (marine) 0.2140 -0.4805 0.7717 -0.4190

mean (terrestrial) 0.2541 -0.4588 0.6819 -0.3680

mean (total) 0.2361 -0.4864 0.7578 -0.4105

OH only

Jun-AugJun-Aug

Cl only

 

The relationship between atmospheric variability of C2 to C5 NMHC and the respective 

atmospheric lifetimes with exclusive regard to either OH or Cl was investigated due to 
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recent results indicating wide spread Cl radical chemistry (Pszenny et al., 2007, Arsene et 

al., 2007). The analytical parameters for the regression slope with respect to both 

atmospheric oxidants are presented in Table 5.4. 

 The good correlation between C2 – C5 NMHC and OH is obvious (R2>0.8) as seen 

above. However, only poor correlation was found between NMHC variability and lifetime 

with respect to Cl. Cl chemistry as a sink for NMHC might only be of importance within the 

marine planetary boundary layer while the majority of air mass transport is found in the free 

troposphere. Similarly the major source for atmospheric Cl radicals was found to be 

photolytic release of Cl radicals from sea salt aerosol. Conclusively, Cl radical chemistry 

represents only a minor sink for NMHC on a global scale but may be the dominant sink in 

selected isolated environments. Further evidence for this assessment is provided in figure 

5.8. The isobutane/butane ratio was found to be generally flat and featureless again 

indicating that no wide spread Cl oxidative chemistry exists. 

 

5.4 Conclusions 

 

 In this research article we have presented the global atmospheric distribution of four 

NMHC (ethane, propane, isobutane and butane) over a 1.7 year timespan. The presented 

profiles are the first to be compiled with one single method and, to our knowledge, the first 

global distribution profiles for both butane and isobutane. A comparison with previously 

published timeseries indicates a declining trend of the ethane mixing ratio of about 2.5% yr-

1 in the northern troposphere over the past two decades (Rudolph et al., 1995, Gautrois et 

al., 2003). 

 Variability analysis was used to assess the available data in terms of local influence. 

Southern hemispheric stations showed strong remoteness from sources. Mid latitude 

northern hemispheric stations were found more influenced by local pollution sources. A 

clear latitudinal distribution of the “A” factor was found and linked to convective events. The 

average seasonal OH mixing ratios for both hemispheres and the tropics were calculated: 

NH (20°N to 90°N) summer:  11.4 105 molec cm-3, winter:  6.8 105 molec cm-3; SH (20°S-

90°S) summer: 4.5 molec cm-3, winter 3.2 105 molec cm-3, tropical regions 40 105 molec 

cm-3 (yearly average). These estimates agree well (within 20 to 50%) with previously 
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published measurement data and the global OH distribution presented by Spivakovsky et 

al., 2000. This comparison shows that the variability analysis is a viable tool to estimate the 

average OH mixing ratio an airsample was exposed to during transport to a measuring 

station. 
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6    Conclusion and future perspectives 

 

The main objective of this work was to improve the understanding of the global 

distribution of non-methane hydrocarbons (NMHC) and to provide constrains on the global 

hydroxyl radical cycle based on these measurements. For this task we were given access 

to whole air flask samples from the NOAA cooperative air sampling network. In total flasks 

from 37 measurement stations were available for this study. The sampling locations span 

from 82 °N (Alert, Canada) to 90 °S (Amundsen Scott Station, Antarctica).  

After the development of an automated and computer controlled GC system, 3402 

flasks (~1500 pairs and 400 individual flasks) were analyzed over the period of 18 months. 

The sampling air was analyzed for C2-C6 saturated NMHC. Other important atmospheric 

trace gases as well as their isotopic composition were measured from the same 

atmospheric airsample by different laboratories namely: CO2, CO, CH4, N2O, H2, SF6 and 

13CO2, 
13CH4, CH3D. These concurrent measurements were used in combination with the 

NMHC measurements to constrain the global hydroxyl radical cycle. Here we summarize 

the conclusions from chapter 2 – 5 based on the research objectives defined in chapter 1. 

 

Development of a gas chromatographic flame – ionization (GC-FID) system for the analysis 

of sum-ambient pressure low volume flask samples: In chapter 2 we focus on the 

instrumental development of a cryogen – free GC FID system for the flask analysis. A 

detailed investigation of potential solid adsorbents for the development of a cryogen free 

micro trap for the gas – chromatographic system is presented. Two adsorbent choices 

(Carboxen 1000 and a three – stage combination of Carbosieve S III, Carboxen 563 and 

Carboxen 1016) for the quantification of the widest range of analytes were presented. A 

wide linear response for most compounds was determined. The trapping temperature had 

to be below -25 °C to ensure 100% recovery for C2 compounds. However, the 

breakthrough volume for acetylene was exceeded early, below the typical flask sampling 

volumes. 

In chapter 4 the suitability of glass network flasks in NMHC analysis is investigated. 

NMHC were stable in the network flasks (< 5% deviation from the reference) over a storing 
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time of at least one year. Inward contamination could not be found. Internal flask pressure 

fluctuations were found to not affect the recovery of NMHC. 

 

Evaluation of analytical interferences: The effect of water vapor on NMHC measurements 

by solid adsorption GC – FID were investigated in chapter 2. Atmospheric water vapor was 

found to significantly interfere with the analysis of NMHC. Elevated water vapor affect the 

quantification in two ways: 1, The effective sampling volume may be reduced due to freeze-

out of water inside the trap leading to increased sampling flow resistance up to complete 

blockage and 2, Water may occupy the micropores of the carbon molecular sieves thus 

reducing the trapping efficiency. It was found that the sampling air had to be cooled to a 

dewpoint of less than -10 °C to avoid this interference. A self – regenerating automated 

water trap was successfully developed for this instrument. 

Several carbon molecular sieves proved to be an internal contamination source for 

benzene and toluene. Carboxen 1000 was found to have low aromatic contamination and 

was therefore chosen as primary adsorbent in the further applications. 

The effect of ozone during the solid adsorption of biogenic NMHC was investigated 

in chapter 3. Substantial sampling losses of up to 95% were found even at ozone levels of 

20 ppb. These loss rates were found to be proportional to the number of double bonds in 

the individual molecules. Consequently, it was concluded that co-sampling of ozone will not 

interfere with the quantification of saturated C2-C6 NMHC. We found in chapter 4 that 

hexane cannot be determined accurately due to coelution of this compound with 

dichloromethane (CH2Cl2). Additionally, it was found that propene could not be quantified 

as significant growth of this compound was found in the flasks. Therefore only saturated 

C2-C5 compounds and ethene were regarded for this thesis. 

 

Analytical accuracy and precision: The analytical parameters reproducibility and 

repeatability were evaluated in section 4. The NMHC flask measurements were found to 

follow the WMO – GAW data quality directive as detailed in the GAW report, 2007. 

Intercomparison and standard comparison exercises were conducted with two local and 

one international laboratory. Summarized, 87% of the datapoints were found to adhere to 

the directive. Smaller problems still persist with the ethane precision as only 70% of the 
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datapoints are in agreement with the directive. Three further compounds (isoprene, 

benzene, and toluene) that were not regarded in the previous sections were found to follow 

the GAW standards and will be included in future flask measurements. 

 

Flask Measurements of C2 – C5 NMHC: The global distributions of four NMHC (ethane, 

propane, isobutane and butane) as measured from the cooperative flask network are 

shown in chapter 5. These results on the global distribution of OH are to our knowledge the 

first to be compiled by a single instrument and method (ethane, propane) and the first ever 

to be presented for butane isomers. A comparison of the derived ethane distribution with 

earlier work (Rudolph, 1995) showed a significant reduction in the atmospheric ethane by 

approximately 2.5% yr-1 or 30% in total since the late 1980s early 1990s in agreement with 

Gautrois et al., 2003 and Plass-Dülmer et al., 2007). These and future NMHC 

measurements from the NOAA cooperative network will be made available to the general 

research community shortly. The analysis of the butane isomer ratio on a global scale 

revealed a rather feature less plain at a ratio of isobutane/ butane = 0.5. This suggests that 

chlorine radical oxidative reactions are not of significance on a global scale. 

 

Evaluation of the OH distribution by variability analysis: The variability analysis was used to 

estimate the 24h average OH mixing ratio an airsample was exposed to during transport 

following the method of Williams et al., 2001. Good agreement between our estimations 

and model calculations by Spivakovsky et al., 2000 were found. Similarly good agreement 

was found between our OH mixing ratios and local direct OH measurements. Large 

discrepancy was found in the tropics where our estimations and direct OH measurements 

suggest significantly higher OH mixing ratios than predicted by model calculations.  

The main achievements can be summarized as follows: 

 

- We have developed an analytical method to reliably and reproducibly quantify NMHC 

from the NOAA cooperative air sampling network. 

- We have presented a unique dataset representing the global background mixing ratios 

of NMHC. 
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- It was confirmed that trends seen at local stations in the atmospheric burden of ethane 

(Gautrois et al., 2003, Plass Dülmer, personal conversation, 2007) persist on a global 

scale. 

- We have estimated the local OH mixing ratios at individual stations, improving our 

understanding of atmospheric oxidation chemistry 

 

Recommendations for future research: Based on the results presented in this work we 

suggest directions for future research on this topic. 

In chapter 2 of this thesis we show the low breakthrough volume of the biomass 

burning tracer acetylene making its quantification currently not possible. Similarly, hexane 

cannot be analyzed due to coelution problems (chapter 4). Three additional compounds 

(isoprene, benzene and toluene, chapter 4) were proven to be quantifiable with acceptable 

accuracy. We suggest to perform instrumental changes to reliably quantify specifically 

acetylene and if possible hexane. Aromatic compounds as tracers for anthropogenic 

pollutions should be included into the routine measurements. Isoprene should be included 

in the regular data analysis as a tracer for photosynthetic activity. A detailed knowledge of 

isoprene could help to further constrain the global carbon cycle with respect to 

photosynthetic activity. 

The benefits of intercomparison campaigns as detailed in chapter 4 were clearly 

visible. The documentation of data quality guide lines by Rappenglück et al., 2006 and 

GAW report, 2007 were helpful to characterize the analytical parameters. Further 

international intercomparison efforts should be conducted and the efforts of the GAW 

community towards a world calibration center (WMO report, 1995) should be pursuit with 

highest priority. 

In parallel to the NMHC measurements several other trace gases as well as the 

isotopic composition of selected trace gases is measured. It can be expected that further 

research with respect to these measurements from the same air sample will yield important 

results to further improve our understanding of atmospheric chemistry. 

Most importantly we think that high priority should be placed on the continuation of 

this project as we expect to gain further knowledge on atmospheric processes if multi-year 

dataseries would be available. The presented data set (chapter 5) contains a large amount 
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of information both on a global scale and regional scale (individual stations) that could not 

be addressed within the limits of this thesis. We suggest making this data available to the 

atmospheric research community for their respective needs and applications. We propose 

that individual stations could be analyzed with the tools presented by Parrish et al., 1994, 

1996. The results of the global distribution of NMHC can be used in detailed comparison 

with global scale climate models to further validate these important scientific tools. 

Additionally these measurements can be used to further investigate the global hydroxyl 

radical cycle and potentially estimate the robustness of its atmospheric budget. 
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7      Summary 

 

 This thesis focuses on global scale measurements of light reactive non-methane 

hydrocarbon (NMHC), in the volatility range from ethane to toluene with a special focus on 

ethane, propane, isobutane, butane, isopentane and pentane. Even though they only occur 

at the ppt level in the remote troposphere these species can yield insight into key 

atmospheric processes. 1. Selected hydrocarbons and hydrocarbon ratios were identified 

as tracers for anthropogenic pollution. 2.  Elevated NMHC mixing ratios are necessary to 

enable ground layer ozone formation. 3. Due to their high reactivity towards atmospheric 

tracers such as the nitrate (•NO3), chlorine (•Cl) and hydroxyl radical (•OH) NMHC can 

serve as ideal tracers to assess the oxidation capacity of the atmosphere. However at the 

beginning of this work no long term global scale NMHC measurements derived from a 

single analytical method were available. The global distribution of these atmospheric key 

species remained largely unknown or was associated with large errors because an 

integrative approach over multiple large scale field campaigns was necessary. 

 The overall aim of this thesis was to enhace our knowledge of the global background 

distribution of light NMHC. This data then was to be applied to derive constraints for the 

global atmospheric oxidation chemistry. To meet this aim we were given access to whole 

air flask samples taken from the NOAA – ESRL cooperative air sampling network. In total 

we had access to samples from 40 stations spanning from 90° South (Amundsen Scott 

Station, Antarctica) to 82° North (Alert Station, Canada). Most stations were located within 

the (marine) boundary layer.  

 Trace gas measurements from the regular network operations (CO, CH4, H2, SF6) 

were made available by ESRL and provided important reference point to assess the age, 

transport and oxidation chemistry and airmass was exposed to during transport to the 

sampling stations. 
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 The specific scientific objectives can be summarized as follows 

 

1. The development of a gas-chromatographic flame – ionization (GC – FID) system capable 

to meet the above challenges, especially focusing on designing a highly automated system 

with high sample throughput at low operational costs.  

 

2. Evaluate potential analytical interferences by other trace gases particularly ozone and 

atmospheric water vapor 

 

 3. The establishment of a reproducible calibration for this instrument and the evaluation of 

analytical parameters (accuracy and precision) with particular emphasis on 

intercomparisons with other laboratories 

 

4. Obtaining a full year of NMHC measurements from the network flasks with extensive 

meridional coverage to assess the global distribution of the most important NMHC 

 

5. Evaluate the measurements with respect to atmospheric oxidation chemistry applying 

analytical techniques such as the variability analysis 

 

 

 The first research objective is addressed by describing the instrumental set-up and 

the method development in chapter 2. The investigation of multiple adsorbent materials for 

the design of a microtrap is investigated. This microtrap had to be optimized to be 

operational in a highly automated system with a large sample throughput and useable 

without the application of an expensive coolant such as liquid nitrogen. Two set-ups were 

found suitable under these conditions a: a three stage trap (Carboxen 1016, Carboxen 563, 

Carbosieve SIII) and a single stage trap (Carboxen 1000) both traps had to be cooled to -

30 °C. 

Analytical interferences by other atmospheric trace gases were investigated in chapters 2 

and 3. Atmospheric water vapor was found to be a major interference for light NMHC 

(chapter 2). The recovery ratios for light NMHC such as ethane and propane were 
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significantly reduced. However, heavier NMHC (pentane isomers or hexane) were 

recovered at much higher ratios. Atmospheric water vapor was found to occupy micropores 

in the molecular sieves. A sampling volume decrease was observed for air samples with a 

dew point of 10 °C or higher. Water was found to freeze out inside the microtrap, increasing 

the flow resistance to a complete flow stoppage. A fully automated regenerating watertrap 

was developed to control water vapor interference. It was determined that an atmospheric 

whole air sample needs to be at a dewpoint of less than -25 °C to avoid any analyte losses 

during whole air solid adsorption sampling. 

Ozone was found to be a major interference when sampling unsaturated biogenic 

volatile organic compounds (BVOC) with a solid adsorption, thermal desorption technique. 

Analyte losses due to reaction with ozone were found proportional to the available number 

of doublebonds. Significant interferences during light saturated NMHC analysis as 

presented in this thesis were not expected. 

The analytical parameters accuracy and precision were determined in chapter 4. 

Several standard and reference gas comparisons with local partner laboratories showed 

that the described method follows the WMO GAW data quality objective for 90% of the 

measurements for C2 to C5 NMHC. Hexane was systematically overestimated because of 

coelution with dichloromethane. This chapter yielded evidence that the previously 

disregarded compounds isoprene, benzene and toluene may be quantified with acceptable 

accuracy and precision. 

The glass flasks, the whole air sampling methods and the analytical path were 

investigated extensively for sources of systematical sample contamination. An 

intercomparison with the GAW station at Hohenpeissenberg was organized. Air samples 

were subject to the standardized treatment through ESRL before the quantification of 

NMHC. It was shown that the NMHC quantification for C2 to C5 NMHC and for isoprene, 

benzene and toluene meets the GAW data quality guideline by 90% or better. The whole 

air flask NMHC measurements are an accurate representation of local NMHC mixing ratios 

during the sampling period. 

The global distribution of ethane, propane, isobutane and butane over 15 months is 

documented in chapter 5. A clear seasonal cycle and a strong interhemispheric gradient 

were identified. Highest mixing ratios were found in the late hemispheric winter months. 
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NMHC minima were documented for the late hemispheric winter. Maximum background 

mixing ratios of 2500 pptv (ethane), 1000 pptv (propane), 150 pptv (isobutane) and 300 

pptv (butane) were found during late winter in the high northern latitudes. A comparison 

with previous results suggested a large decline (~30%) in the atmospheric ethane burden 

since the late 1980s. The results represent to my knowledge the first ever global 

background distribution data for ethane and propane acquired with one single analytical 

instrument and method. For the first time ever the global distribution data for the butane 

isomers is documented. 

This dataset combined with other trace gas measurements made available by ESRL 

were utilized to determine the 24h average OH radical mixing ratio an airsample was 

exposed to during transport to the individual sampling stations. This analysis was 

conducted by a further developed variability analysis method based. Sulfurhexafluoride 

was used as a reference point since it is non-reactive towards OH. The derived OH mixing 

ratios were compared to direct OH measurements from intensive field campaigns and from 

model calculations. Generally good agreement was found between measured and 

variability derived OH mixing ratios. However, the comparison with the model showed a 

discrepancy in the tropical regions. The measured as well as the here presented OH data 

were significantly higher than derived by the model calculations. 

In summary this thesis yielded a unique and continuously growing dataset to 

describe the global distribution of light NMHC. A novel method to estimate OH mixing ratios 

was successfully applied. The main advantage of this method was the independence of 

source strength estimates. I hope that this measurement program will continue for years to 

come. I expect that a multitude of new insights into atmospheric chemistry will be 

presented with the help of these measurements. 
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