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Abstract 

The composition of the atmosphere is frequently perturbed by the emission of gaseous and particulate 

matter from natural as well as anthropogenic sources. While the impact of trace gases on the radiative 

forcing of the climate is relatively well understood the role of aerosol is far more uncertain. Therefore, 

the study of the vertical distribution of particulate matter in the atmosphere and its chemical 

composition contribute valuable information to bridge this gap of knowledge. The chemical 

composition of aerosol reveals information on properties such as radiative behavior and 

hygroscopicity and therefore cloud condensation or ice nucleus potential.  

This thesis focuses on aerosol pollution plumes observed in 2008 during the POLARCAT (Polar Study 

using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, 

and Transport) campaign over Greenland in June/July and CONCERT (Contrail and Cirrus 

Experiment) campaign over Central and Western Europe in October/November. Measurements were 

performed with an Aerodyne compact time-of-flight aerosol mass spectrometer (AMS) capable of 

online size-resolved chemical characterization of non-refractory submicron particles. In addition, the 

origins of pollution plumes were determined by means of modeling tools. The characterized pollution 

episodes originated from a large variety of sources and were encountered at distinct altitudes. They 

included pure natural emissions from two volcanic eruptions in 2008. By the time of detection over 

Western Europe between 10 and 12 km altitude the plume was about 3 months old and composed to 

71 % of particulate sulfate and 21 % of carbonaceous compounds. Also, biomass burning (BB) plumes 

were observed over Greenland between 4 and 7 km altitude (free troposphere) originating from 

Canada and East Siberia. The long-range transport took roughly one and two weeks, respectively. The 

aerosol was composed of 78 % organic matter and 22 % particulate sulfate. Some Canadian and all 

Siberian BB plumes were mixed with anthropogenic emissions from fossil fuel combustion (FF) in 

North America and East Asia. It was found that the contribution of particulate sulfate increased with 

growing influences from anthropogenic activity and Asia reaching up to 37 % after more than two 

weeks of transport time. The most exclusively anthropogenic emission source probed in the upper 

troposphere was engine exhaust from commercial aircraft liners over Germany. However, in-situ 

characterization of this aerosol type during aircraft chasing was not possible. All long-range transport 

aerosol was found to have an O:C ratio close to or greater than 1 implying that low-volatility 

oxygenated organic aerosol was present in each case despite the variety of origins and the large range 

in age from 3 to 100 days. This leads to the conclusion that organic particulate matter reaches a final 

and uniform state of oxygenation after at least 3 days in the free troposphere.  

Except for aircraft exhaust all emission sources mentioned above are surface-bound and thus rely on 

different types of vertical transport mechanisms, such as direct high altitude injection in the case of a 

volcanic eruption, or severe BB, or uplift by convection, to reach higher altitudes where particles can 

travel long distances before removal mainly caused by cloud scavenging. A lifetime for North 

American mixed BB and FF aerosol of 7 to 11 days was derived. This in consequence means that 

emission from surface point sources, e.g. volcanoes, or regions, e.g. East Asia, do not only have a 

relevant impact on the immediate surroundings but rather on a hemispheric scale including such 

climate sensitive zones as the tropopause or the Arctic.  



 



Zusammenfassung 

 

Die chemische Zusammensetzung der Atmosphäre wird oft durch die Emission von Gasen und Partikeln 

aufgrund natürlicher sowie anthropogener Prozesse gestört. Während die Rolle der Spurengase für den 

Strahlungsantrieb des Klimas relativ gut erforscht ist, ist der Einfluss von Aerosolen weit unsicherer. Deshalb 

kann die Untersuchung der vertikalen Verteilung von Partikeln in der Atmosphäre und deren Eigenschaften noch 

fehlende Informationen liefern. Insbesondere das Wissen über die chemische Zusammensetzung von Aerosolen 

gibt Aufschluss über deren Strahlungseigenschaften und Hygroskopizität und somit über die 

Wolkenkondensations- und Eiskeimfähigkeiten.  

Diese Dissertation konzentriert sich auf die Beobachtung von Aerosolfahnen während der POLARCAT (Polar 

Study using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, and 

Transport) Kampagne über Grönland im Juni/Juli 2008 und der CONCERT (Contrail and Cirrus Experiment) 

Kampagne über Mittel- und Westeuropa im Oktober/November 2008. Die Messungen wurden mit einem 

Aerodyne compact time-of-flight Aerosol Massen Spektrometer (AMS) durchgeführt, welches in Echtzeit die 

größenaufgelöste chemische Zusammensetzung von nicht refraktären Partikeln, die kleiner als ein Mikrometer 

sind, liefert. Zusätzlich wurden die Quellen der Aerosolverschmutzung mit Hilfe von Modellen bestimmt. Die 

charakterisierten Verschmutzungsperioden sind auf eine große Bandbreite von Quellen zurückzuführen und 

wurden in unterschiedlichen Höhen gemessen. Sie resultierten teilweise aus zwei Vulkanausbrüchen im Jahr 

2008. Zur Zeit der Detektion war die Aerosolschicht ca. 3 Monate alt und bestand zu 71 % aus Sulfat und zu 

21 % aus organischen Verbindungen. Verschmutzung durch Waldbrände (BB) in Kanada und Ostsibirien wurde 

über Grönland in einer Höhe von 4 bis 7 km Höhe gemessen. Der Ferntransport dauerte ca. ein bis zwei Wochen, 

respektive. Das Aerosol war zu 78 % aus organischer Materie und zu 22 % aus Sulfat zusammengesetzt. Einige 

kanadische und alle sibirischen BB Verschmutzungsfahnen waren mit anthropogenen Emissionen aus der 

fossilen Brennstoffverbrennung (FF) in Nordamerika und Ostasien vermengt. Ein Trend, bei dem der Anteil von 

Sulfat mit wachsendem Einfluss von FF aus Ostasien auf bis zu 37 % nach zwei Wochen Transport anstieg, 

konnte nachgewiesen werden. Rein anthropogene Verschmutzung aus den Abgasen des Luftverkehrs wurde in 

der oberen Troposphäre gemessen. Jedoch war eine chemische in-situ Charakterisierung dieser Art von 

Atmosphärenverschmutzung nicht möglich. Jede Art von ferntransportiertem Aerosol unbeachtlich der Herkunft 

und des Alters (drei bis 100 Tage), wies ein O:C Verhältnis nahe bei eins oder sogar größer auf. Dies entspricht 

schwer volatilen oxygenierten organischen Verbindungen. Diese Beobachtung führt zu der Schlussfolgerung, 

dass organische Partikel nach ca. drei Tagen Aufenthalt in der freien Troposphäre eine endgültige und 

einheitliche Form der Oxygenierung erreichen können.  

Alle hier erwähnten Emissionsquellen, bis auf die Abgase aus dem Luftverkehr, sind bodengebunden, weshalb 

verschiedene Arten vertikalen Transports nötig sind, um die Emissionen in der Atmosphäre zu verteilen. Diese 

sind u.a. direkte Injektion in große Höhen wie im Falle der Vulkanausbrüche, starke Waldbrände und Transport 

durch Konvektion. Sobald das Aerosol die freie Troposphäre erreicht hat, kann es über weite Strecken 

transportiert werden bevor es hauptsächlich durch Wolkenbildung und anschließenden Niederschlag aus der Luft 

entfernt wird. Eine Lebenszeit zwischen 7 und 11 Tagen wurde für BB und FF gemischtes nordamerikanisches 

Aerosol berechnet. Dies bedeutet, dass Emissionen aus Punktquellen, z.B. Vulkane, oder Regionen wie Ostasien, 

nicht nur Einfluss auf die nähere Umgebung, sondern auf die gesamte Hemisphäre und damit auch auf äußerst 

klima-sensible Regionen wie die Tropopause oder die Arktis ausüben.  
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1. Introduction 

1.1 Motivation  

In contrast to the radiative forcing by long-lived greenhouse gases such as CO2 CH4, N2O, and O3, the 

radiative forcing caused by aerosol is still poorly understood (Forster et al., 2007). Therefore the 

investigation of airborne particulate matter requires further attention to quantify its role in climate 

change. Depending on the vertical distribution of the aerosol, impacts are different with altitude. 

Aerosol plays a crucial role in the upper troposphere and lower stratosphere (UTLS), because particles 

in this atmospheric regime affect the mixing ratios of water vapor and ozone due to heterogeneous 

(involving the gaseous and particulate phase) chemical reactions. Earth’s radiative balance is 

especially sensitive to the abundance of these trace gases in this region (Lacis et al., 1990; Forster and 

Shine, 2002). Furthermore, aerosol lifetime is enhanced in these altitudes (Farina et al., 2010) so that 

their impact augments. However, detailed knowledge on these particles’ properties is scarce because 

only few aircraft-based in-situ measurements have been conducted up to now in these altitudes (8 – 

18 km). In the context of studying UTLS aerosol, several more aspects need to be considered: Little is 

still known about the sources of the UTLS aerosol, its transport pathways, chemical composition, 

photochemical state and mixing state. To understand these aspects and processes it is necessary to 

vertically resolve the analysis of atmospheric aerosol which implies equally focusing on free 

tropospheric particulate matter which ultimately might be uplifted to the UTLS. In the free 

troposphere, the impact of particles is dominated by their interaction with clouds through which they 

change not only the optical properties of clouds but also their precipitation behavior. In addition, air 

mass exchange between the LS and UT or vice versa influences the abundance and properties of 

UTLS aerosol. Up to now, this type of air mass movement has been studied almost exclusively by 

means of trace gases. Hence knowledge of respective aerosol characteristics is rare. 

The field experiments conducted within the scope of this work contribute insights into the 

characteristics of free tropospheric and UTLS aerosol through measurements performed over 

Greenland during June/July 2008 and over Central and Western Europe in October/November 2008. 

The measurement of air masses on their way into and out of the Arctic bears an additional asset 

compared to the general interest in such data as mentioned above: Since the Arctic is one of the most 

sensitive environments to climate change (Lemke et al., 2007), investigating the properties of 

summertime aerosol is of greatest interest because understanding the role of short-lived pollutants as 

climate forcers is the key to promoting effective mitigation strategies. The objective of this thesis is to 

elaborate aerosol source-receptor relationships within the target regions of the two campaigns and to 

put the results into larger context via comparison with similar available data. More specifically, this 

includes the identification of aerosol and precursor gas emission source regions and types, their 

influence on the aerosol chemical composition, the identification of transport pathways and their 

effects on the measured particle chemical properties and potential significance for aerosol direct 

radiative effects or aerosol-cloud interactions. 
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1.2 Structure of the thesis  

This thesis encompasses a large variety of aspects associated with the study of submicron aerosol in 

the free troposphere and tropopause. On the one hand instrumental and measurement related 

challenges need to be overcome to obtain valuable data in environments where particle mass 

concentrations are near the detection limit and the aircraft flight speed requires high time resolution. 

On the other hand aerosol chemical data alone are not sufficient for a comprehensive analysis. 

Complementary tools such as trajectory and dispersion models, additional information from 

meteorological parameters and trace gas mixing ratios are necessary to establish links between 

emission sources and receptor regions, and aerosol properties in the atmosphere. Additionally, 

knowledge of particle characteristics related to their emission source type is indispensible for the 

correct interpretation of the data. The introduction shall answer the following questions to provide the 

reader with the background knowledge to follow the motivation and focus of the performed data 

analysis: 

 For what purpose and where were the data obtained? 

 What do we already know about aerosol from various emission source types that reach the free 

troposphere and tropopause? 

 What are common aerosol transport pathways? 

 What are potential effects? 

 What are the expected new contributions to this field of research through this work? 

Additionally, definitions for relevant terms and concepts are given. Subsequently, this work is 

structured as follows: A brief history of mass spectrometric airborne aerosol measurements is 

presented followed by the instrument and data processing description (sections 1.7 to 2.7). Additional 

resources for the analysis of the aerosol mass spectrometric data are introduced before the final results 

are elaborated. Representative case studies are discussed in chapter 3. In the end, all data are combined 

and put into larger context (chapter 4) including the final conclusions and an outlook for further 

research needs (chapter 5). 
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1.3 Field experiments and their objectives 

This work is based on the data sets which I obtained through the deployment of the Aerodyne compact 

time-of-flight aerosol mass spectrometer (C-ToF-AMS or AMS) in two airborne field experiments in 

2008. The main results have been published in Schmale et al. (2010) and (2011). The AMS measures 

the online size-resolved chemical composition of non-refractory submicron particles.   

1.3.1 POLARCAT campaign 

The POLARCAT (Polar Study using Aircraft, Remote Sensing, Surface Measurements and Models, of 

Climate, Chemistry, Aerosols, and Transport) France summer campaign was carried out from 30 June 

to 14 July, 2008, as part of the International Polar Year (http://ipy.arcticportal.org/) initiatives. The 

Safire (Service des Avions Français Instrumentés pour la Recherche en Environnement) research 

aircraft ATR-42 was based in Kangerlussaq (67.0°N, 50.7°W), Greenland, from where all scientific 

flights were conducted between 60 to 71°N and 40 to 60°W (see green trace in Figure 1).  

 

Figure 1: Flight tracks of the POLARCAT (green), CONCERT (red) and ARCTAS (grey) campaigns, and 

relevant emission source regions and types of the characterized aerosol.  

The maximum altitude ceiling was 7.6 km, the speed 100 m s
-1

 and the maximum flight duration three 

hours. Eight out of twelve flights the AMS operated successfully. The main purpose of the AMS 

deployment within the scope of the POLARCAT-France study was the identification and chemical 

characterization of particulate matter in long-range transport pollution plumes originating from 
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different source regions and emission sources. The relevant source regions (East Asia, Siberia, 

Canada, and eastern and mid-west USA) are indicated in Figure 1 by symbols for anthropogenic 

activity, corresponding primarily to fossil fuel combustion (FF), and biomass burning (BB) as having 

occurred in June/July 2008.  

In the Arctic, numerous campaigns and continuous measurements of Arctic aerosol have been 

conducted previously (Rahn et al., 1977; Schnell, 1984; Shaw, 1995; Law and Stohl, 2007; Quinn et 

al., 2007). However, Arctic aerosol research has focused predominantly on winter/spring (Rahn and 

McCaffrey, 1980; Shaw, 1995; Stohl, 2006) while fewer measurements have been performed during 

summer when concentrations are generally lower (Law and Stohl, 2007). Most of the available in-situ 

measured aerosol data (optical, microphysical, and chemical) have been collected at the surface, 

whereas only very few summertime airborne studies of aerosol chemical composition have been 

carried out so far (Brock et al., 1989; Brock et al., 1990; Talbot et al., 1992; Franke et al., 1997; 

Dreiling and Friedrich, 1997). In this respect, results from the POLARCAT summer campaign 

contribute to the knowledge about aerosol on its way into and out of the Arctic and sub-Arctic. 

1.3.2 CONCERT campaign 

From 27 October to 2 November, 2008, the CONCERT (CONtrail and Cirrus ExpeRimenT) 

Chemistry campaign was performed out of Oberpfaffenhofen (48.07° N, 11.27° E), Germany, (Voigt 

et al., 2010). Six flights were conducted mostly in altitudes between 8 and 12 km at a speed of roughly 

200 m s
-1

 over Central and Western Europe between longitudes of 15° E and 14° W and latitudes of 

48° and 55° N (see red tracks in Figure 1). The intended primary goal of the AMS deployment was the 

measurement of submicron particles in the North Atlantic flight corridor and in condensation trails 

(here after contrails) produced by commercial airliners. However, when probing a tropopause fold on 

28 and 31 October over the North Atlantic near the Netherlands and between France and Ireland, 

respectively, coincidentally a lower stratospheric volcanic aerosol plume was intercepted. This enabled 

us to investigate volcanic particles emitted by Mts. Okmok (53.40° N, 168.17° W) and Kasatochi 

(52.18° N, 175.51° W) that erupted on 12 July and 7 August, 2008, in the Aleutians (see volcano 

symbol in Figure 1). This was the first time on-line mass spectrometric data on volcanic aerosol in the 

UTLS were obtained from direct in-situ measurements. 

1.3.3 ARCTAS campaign 

An additional set of AMS data, acquired by the Jimenez working group at CU Boulder during the 

ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft and Satellites) 

summer campaign flown out of Cold Lake, Canada (see grey trace in Figure 1), was used to 

complement results from the POLARCAT study. Specifically, pollution plumes originating from East 

Asia and Siberia detected in altitudes near the tropopause were investigated for this work since the 

adopted NASA research aircraft DC-8 reached much higher altitudes than the ATR-42.  
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1.4 Structure and dynamics of the tropopause region  

Vertical profiles of chemically resolved aerosol mass concentrations are an important aspect of this 

work. Therefore, relevant concepts and terminology describing the vertical structure of the atmosphere 

are introduced here. Figure 2 is the original graph published by Holton et al. (1995) including captions 

explaining the structure of the lower atmosphere as a function of pressure and altitude versus latitude. 

The dashed lines indicate ambient temperature while the solid contours denote the potential 

temperature. The potential temperature (theta, Θ) is a measure of the temperature that an air parcel 

would have if it was moved dry-adiabatically to a pressure of 1000 hPa. Lines of constant Θ are 

isentropes. As long as the Θ of an air parcel is not changed by diabatic processes like radiative cooling 

or latent heat release, transport occurs along the isentropes. Based on this, potentially, air parcels at 

different locations can be linked while adjacent air masses can be distinguished based on their 

potential temperature as it may function as a measure of air mass origin as long as diabatic processes 

can be excluded in the history of the air mass. All air masses with a Θ below 300 K are per definition 

tropospheric, all with a Θ above 380 K are stratospheric. These two regimes are also called 

underworld and overworld, respectively. The middleworld, or lowermost stratosphere, is defined as 

the space between these two isentropes (grey shaded areas in Figure 2).  

 

Figure 2: Original figure with captions explaining the concept of the tropopause, upper troposphere and 

lower stratosphere as published in Holton et al. (1995). 



 

6 

 

From Figure 2 it becomes clear that these regimes are a function of latitude. Near the tropics the 

middleworld disappears above 15 km altitude while it gains vertical extension towards the poles where 

it reaches down to roughly 8 km. The lower boundary of the lowermost stratosphere is indicated in the 

figure as the 2 potential vorticity unit (PVU in 10
-6

 m
2
 s

-1
 K kg

-1
) isoline. Ertel’s potential vorticity is a 

measure for the vertical stability of the atmosphere: the higher the PVU the more stable the layering of 

air masses and the more stratospheric the characteristics. This measure of stability describes a 

fundamental difference between the two regimes troposphere and stratosphere. Conventionally, 2 PVU 

are used as the threshold between the upper troposphere and lower stratosphere (UTLS) whereas 

values in literature range between 1 and > 3 (e.g. Bethan et al., 1996; Stohl et al., 2003a). Figure 2 

shows that isentropes cross the 2 PVU isoline so that air mass transport from the troposphere to the 

stratosphere (TST) can happen polewards while exchange from the stratosphere to the troposphere 

(STT) happens towards the equator. For this work relevant details of TST and STT are elaborated later 

in this section.  

The term UTLS was introduced in the literature to represent the immediate region above and below 

the 2 PVU isoline. This threshold is also described as tropopause. While the potential vorticity 

embodies a conservative dynamical tracer on the scale of a few days for the tropopause there are 

several other definitions referring to important differences between stratosphere and troposphere. 

According to the World Meteorological Organization’s (WMO) temperature based definition the 

tropopause is reached once the vertical gradient of temperature with altitude (lapse rate) is equal to or 

smaller than -2 K/km ((WMO), 1986). In the troposphere temperature decreases with altitude while it 

stagnates near the tropopause at a (local) minimum and then increases in the stratosphere before it 

remains at a certain temperature again. The temperature interpretation of the tropopause, however, was 

not applied within the scope of this work. Next to the dynamic rather chemical definitions were used 

to determine the chemical composition of submicron aerosol relative to the tropopause. Chemical 

interpretations of the tropopause make use of the significantly different trace gas (and aerosol) 

composition of the two regimes. 
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Figure 3: Chemical definition of the tropopause. a) Schematic vertical profiles of tropospheric and 

stratospheric tracers. b) L-shaped profile resulting from relating the stratospheric to the tropospheric 

tracer. This figure is adapted from Pan et al. (2004). 



 

7 

 

Figure 3 illustrates the chemical interpretation of the tropopause based on a stratospheric and 

tropospheric tracer as introduced in Pan et al. (2004). Panel a) shows the vertical profile of the two 

types of tracers. The stratospheric tracer, e.g. ozone, has a low concentration in the troposphere which 

increases gradually with altitude and steeply near the tropopause. The tropospheric tracer, e.g. carbon 

monoxide, shows the opposite behavior by decreasing slowly towards the tropopause and then 

abruptly above the threshold. When correlating the two tracers, as done in panel b), an L-shaped 

profile is obtained featuring distinct regimes. The upper vertical extending branch represents 

stratospheric characteristics while the lower horizontally directed branch indicates tropospheric 

properties. The tropopause is found where the two branches meet. If the interception resembles a right 

or slightly obtuse angle the transition from troposphere to stratosphere is sharp (compare grey dashed 

lines in Figure 3b). If the interception is curve-like (red line) a transition regime or mixing layer exists 

above the tropopause which exhibits stratospheric and tropospheric characteristics e.g. (Fischer et al., 

2000; Hoor et al., 2004; Pan et al., 2004). Tracers might also fall along mixing lines (inclined grey 

dashed line) by means of which it can be estimated how strongly each regime influences the probed air 

mass. Instead of ozone and carbon monoxide other tracers such as water vapor and nitrous oxide 

(N2O) can be used as tropospheric tracers, and NOy (relatively reactive total nitrogen gases NOy = N + 

NO + NO2 + ClONO2 +
 
NO3 + N2O5 + BrONO2  + HNO3 + other trace species (Solomon, 1999)) or 

even particulate matter as stratospheric tracers (e.g. Borrmann et al., 1995; Foltescu and Zahn, 1995; 

Fischer et al., 2000; Pan et al., 2004; Hoor et al., 2004; Hegglin et al., 2006; Strahan et al., 2007). 

When using onboard measured tracer correlations it has to be kept in mind that there are natural 

limitations inherent to in-situ measurements. The correlations cannot reflect the characteristics of a 

single vertical atmospheric column but rather represent properties along the entire flight track or the 

chosen segment.  

Another way to determine the location of the chemical tropopause is based only on the ozone mixing 

ratio (Bethan et al., 1996) which by ozonesonde profiles has been observed to occur slightly below the 

thermal tropopause. As a result of 5 years long CARIBIC (Civil Aircraft for the Regular Investigation 

of the atmosphere Based on the Instrument Container) measurements between Germany and southern 

India and southern Africa Zahn and Brenninkmeijer (2003) introduced an empirical formula on how to 

derive the tropopause ozone mixing ratio. The formula (see Eq. 1) is a function of the day of the year 

due to seasonal variations of the UT ozone mixing ratio and is best applied in low polluted (little CO 

perturbations) regions which is between 35 and 45°N in their case. 

𝑂3
𝑡𝑟𝑜𝑝𝑜𝑝𝑎𝑢𝑠𝑒

= 97 𝑛𝑚𝑜𝑙 𝑚𝑜𝑙−1 + 26 𝑛𝑚𝑜𝑙 𝑚𝑜𝑙−1 ∗ 𝑠𝑖𝑛  
2𝜋 𝑑𝑦 − 30 

365
  

 Eq. 1 

O3
tropopause

 denotes the ozone mixing ratio in nmol mol
-1

 and dy is the day of year. 

In this work not only the location of submicron aerosol with respect to the tropopause is determined 

but also the history of the air masses is discussed. This includes considerations on whether the air 

parcel has descended from the LS to the troposphere or vice versa. Chemically resolved measurements 

of particles during cross-tropopause exchange processes in the extra-tropics is of particular interest 

because this phenomenon has mainly been studied on a basis of trace gas measurements and model 

simulations (e.g. Shapiro, 1980; Holton et al., 1995; Sprenger and Wernli, 2003; Hoor et al., 2004; 
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Strahan et al., 2007). One major reason for this lack of data is the only recent development of aircraft-

deployable aerosol mass spectrometers (see section 1.7) providing the needed time resolution and the 

limited number of aircraft and field experiments which are flown in the UTLS. In the following only a 

brief overview on the topic of UTLS air mass exchange is given with focus on the aspects most 

relevant for the observations reported in this work.  

Generally, cross-tropopause exchange can occur in many ways, for example through large-scale and 

seasonal air mass movements between the potential temperature surfaces of 300 and 380 K, advection 

of air parcels along isentropes, intrusion associated to jet streams, tropopause folds (see Figure 32 b) 

and subsequent filamentation and small-scale diffusions (e.g. Shapiro, 1980; Holton et al., 1995; 

Appenzeller et al., 1996; Esler et al., 2001; Stohl et al., 2003c). Briefly, according to the WMO 

definition, jet streams are strong and narrow currents along a quasi-horizontal axis in the UTLS. They 

are characterized by high vertical and horizontal wind speeds with a defined minimum of 30 m s
-1

. 

They can extent over several thousand kilometers in length encircling large parts of the globe, and 

several kilometers in width. Jet streams occur in the Southern and Northern Hemisphere (NH). In the 

NH there is a weaker subtropical jet near 30°N and a stronger polar jet stream by the polar front at 

high northern latitudes depending on the seasonal location. A tropopause cannot be defined within a 

jet stream. Tropopause folds can be associated with jet streams and described as stratospheric tongue-

like intrusions into the troposphere. While the center of a fold exhibits stratospheric properties near the 

interface to the tropopause small scale mixing occurs (Holton et al., 1995). STE (stratosphere 

troposphere exchange, general term for STT and TST) can be subdivided in shallow and deep events 

where the deep events account only for 10 % of the air mass exchanges (James et al., 2003). Shallow 

events exhibit short residence times of stratospheric air masses in the troposphere or vice versa and 

mixing is likely to be reversible. Deep convective events intrude significantly into the stratosphere or 

troposphere and lead to irreversible air mass exchange (Stohl et al., 2003c). For the cases discussed in 

this work both types of STE apply, however not all events can be clearly categorized. Detailed 

discussions follow in sections 3 and 3.2. In the case of the Mts. Okmok and Kasatochi volcanic 

aerosol, deep intrusion into the stratosphere occurred through the ascending eruption column. When 

probing the plume, a tropopause fold was crossed with true stratospheric properties where mixing had 

not taken place. Only when flying very close to the modeled 2 PVU isosurface characteristics of a 

transition region could be observed (see section 3.1.3). Besides the sporadic volcanic deep TST more 

frequent intrusions occur by the entrance regions of the mid-latitude North Pacific and Atlantic storm 

tracks (Stohl et al., 2003c; Sprenger and Wernli, 2003) which are located over the Pacific east of Japan 

and over the Atlantic at the east coast of North America. These regions coincide with areas of intense 

anthropogenic activity and thus represent a potential source for emission transport into the lower 

stratosphere or upper troposphere (see sections 3 and 3.2). While this is generally true for all seasons, 

maximum air mass exchange occurs during winter. The strong and rapid (time scale of roughly 2 days) 

uplift of air masses occurs in so-called warm conveyor belts (WCB, Browning and Monk, 1982; 

Cooper et al., 2002; Eckhardt et al., 2004) associated with cold fronts in extratropical cyclones (low 

pressure systems). The warm and moist air mass ascends ahead of the cold front polewards in north or 

north-easterly flow and develops clouds as the humidity condenses in higher altitudes. These boundary 

layer air masses can well penetrate through the tropopause. Sprenger and Wernli (2003) found that 

TST is strongest near southern Greenland and the Aleutians. Another TST phenomenon is the so-
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called pyroconvection in association with biomass burning triggered thunderstorm development 

(Fromm et al., 2005). This transport pathway is introduced in more detail in the context of biomass 

burning transport in section 1.5.2. Like TST, STT is less intense in summer than in winter. However, it 

is still significant over the Arctic and high northern latitudes and has been observed in individual cases 

described in section 3 and 3.2.  
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1.5 Sources, pathways, properties and effects of aerosol in the free 

troposphere and the UTLS  

Before going into details of source type specific aerosol properties, in the following subsections basic 

concepts that characterize atmospheric particles are discussed, based on the illustration in Figure 4. At 

the very bottom the terms for aerosol size modes are introduced.  

0.001 0.01 0.1 1 10 100

particle diameter, µm

nucleation 

mode

accumulation 
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coarse mode

secondary 
particles

low volatility 
vapor

chemical conversion 

of gases
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condensation

coagulation
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dust

sea spray

volcanic ash
biological particles
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processes
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10-3 1-10
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tropopause

secondary 
particles

 

Figure 4: Basic concept of atmospheric particle sources, size distributions, removal processes and 

lifetimes. This figure is adapted from Seinfeld and Pandis (2006) and Jaenicke (1988). 

Nucleation mode particles are in the order of 1 to 20 nanometers, particles in the size range of several 

10 to several 100 nm are described by the accumulation mode while particles larger than 1 µm are 

attributed to the coarse mode (green curve). The smallest size category consists of secondary particles 

which were formed by homogeneous nucleation, i.e. low volatile vapors that cluster and subsequently 

form particles. The nucleation mode can grow to accumulation mode sizes by coagulation of particles. 

Another way of accumulation mode particle formation is the condensation of low volatile gases onto a 

pre-existing particle. In this way, different components which may originate from different sources, 

thus being constituted of different chemical substances, compose a single particle which is then called 

internally mixed. Externally mixed aerosol is composed of individual particles that consist of distinct 
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substances. Accumulation mode particles can serve as cloud condensation nuclei (CCN) or ice nuclei 

(IN) on which water vapor condenses or freezes thereby forming clouds and influencing the properties 

of clouds such as droplet number and size and therefore cloud lifetime and cloud emissivity. Many 

small drops lead to whiter clouds which reflect more sunlight. This is defined as the aerosol indirect 

effect. The aerosol direct effect refers to the particles’ radiative properties. Black carbon, for example, 

absorbs strongly, while sulfate aerosol tends to scatter sunlight. Particles coated by condensed organic 

vapors adopt different optical properties. Since accumulation mode particles are involved in cloud 

formation processes they are removed primarily via precipitation from the atmosphere. Coarse 

particles are mainly emitted by primary processes and sediment quickly due to their relatively high 

mass. The removal processes influence aerosol lifetime which is denoted at the top of Figure 4. The 

most relevant size range for this work, the accumulation mode, has roughly a lifetime of 1 to 10 days 

in the free troposphere and up to several hundred days in the tropopause and stratosphere where wet 

removal cannot occur (see Figure 5). Nucleation mode particles have a short lifetime because they 

coagulate quickly to larger particles and coarse mode particles have such a high mass that they are 

deposited quickly by gravitational force.  

 

Figure 5: Aerosol lifetime as a function of particle size from Jaenicke (1988). The bottom axis describes 

the radius of the particles while the vertical axes show their lifetime τ (left in seconds, right in days). 
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Figure 6: Cartoon of the main emission sources, transport pathways and basic aerosol characteristics that 

were observed during POLARCAT and CONCERT campaigns. 
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Figure 6 illustrates schematically the main emission sources which were probed during the 

POLARCAT and CONCERT campaigns and complemented by ARCATS data as a function of 

latitude. More specifically these are anthropogenic fossil fuel combustion (FF) between 35 and 45°N 

in East Asia and the United States, and air traffic above Central and Western Europe, boreal forest 

fires or biomass burning (BB) between 50 and 65°N in the Yakutsk region, Siberia, Saskatchewan, 

Canada, and less influential in Alaska, and two volcanic eruptions in the Aleutians at 52 and 53°N. BC 

stands for black carbon, VOC for volatile organic compounds, SOA for secondary organic aerosol, 

and POA for primary organic aerosol. The most relevant pathways are indicated (orange arrows) and 

show how emissions were transported away from their near surface sources and into higher regimes. 

On the right side the free troposphere (FT), upper troposphere (UT), tropopause (blue line) and lower 

stratosphere (LS) are marked. The transport patterns include low-level and free tropospheric transport, 

uplift by convection and in WCBs, advection in storm tracks and jet streams, and volcanic eruption or 

fire induced convection triggered direct injection into the UTLS. The receptor regions or sampling 

areas are indicated by the horizontal bars at the bottom saying CONCERT and POLARCAT. Also, the 

main emitted species and the basic SO2 chemistry are indicated. Primary emitted and from precursor 

gases formed secondary particles interact with solar radiation through the aerosol direct effect. 

Depending on their properties they can also function as CCN or IN and thus significantly determine 

the characteristics of clouds and their emissivity. Clouds were drawn in prominent places for better 

readability of the figure but are not confined to these locations, as well as the associated precipitation. 

To indicate mechanisms of stratosphere troposphere exchange two orange rolling arrows cross the 

tropopause.  

 

The following subsections provide more detailed information on aerosol properties and evolution, 

their transport pathways and potential effects classified according to the source type starting from pure 

natural emissions and ending at exclusively human induced pollution. [Large parts have been adapted 

from Schmale et al. (2010) and (2011).] Considerations on aerosol types which have not been 

observed during the respective field experiments, such as marine particles, mineral dust, primary and 

secondary organic aerosol from biogenic sources, e.g. forests, and biological aerosol etc. are excluded.  

1.5.1 Volcanic eruptions  

Volcanoes are a purely natural, sporadic but important source of stratospheric aerosol and precursor 

gases. In Figure 6 an eruption column injecting chemical species into the stratosphere is shown. The 

emission of gaseous species and primary aerosol particles, which sediment quickly if too large, is 

depicted. Other particles like sulfuric acid droplets and trace gases are transported across the 

tropopause. Gaseous constituents, especially SO2, undergo chemical oxidation and build up aerosol 

mass when forming new particles or condensing onto pre-existing ones. A more detailed description of 

the SO2 chemistry is given in section 2.6.6. Also, chemical species in the free troposphere might be 

entrained into the eruption column and uplifted with it.  
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Figure 7: Lidar observations (integrated particle backscatter coefficient, sr
-1

) of stratospheric aerosol 

from 1976 to 2010 in Garmisch-Partenkirchen, Germany. Perturbations due to volcanic eruptions are 

indicated by arrows. This figure is adapted from (Trickl et al., 2010). 

Figure 7 provides an overview of stratospheric perturbations due to volcanic eruptions from 1976 to 

2010 (Trickl et al., 2010). The measurements were performed by the lidar (light detection and ranging) 

at Garmisch-Partenkirchen and are shown as integrated particle backscatter coefficient (sr
-1

) from 

1 km above the tropopause to the layer top about 30 km (Jäger, 2005). Large eruptions like El Chichón 

(1982, Mexico) or Mt. Pinatubo (1991, Philippines) emitted approximately 8 and 20 Mt of sulfur 

dioxide, respectively, into the stratosphere (Krueger et al., 2008; von Glasow et al., 2009) that was 

eventually converted into sulfate (or sulfuric acid) aerosol and perturbed the stratosphere for half a 

decade (Thomas, 2003). Between these two eruptions stratospheric aerosol did not decline to 

background values. The grey columns in Figure 7 covering periods in the late 70’s and from 98 – 2008 

denote stratospheric aerosol background in volcanically quiescent times (Deshler, 2008; Borrmann et 

al., 2010) as does the horizontal grey line based on the average data from 1979. Only the eruption of 

Mts. Okmok and Kasatochi on 12 July and 7 August, 2008, terminated the latter period allowing for 

the first time to study stratospheric volcanic particles by means of airborne aerosol mass spectrometry. 

Previously only tropospheric mass spectrometric measurements of continuous volcanic sulfate 

emissions originating from Mts. Popocatépetl and Colima near Mexico City and Iceland have been 

reported by DeCarlo et al. (2008) and Ovadnevaite et al. (2009), respectively. In 2009 several more 

outbreaks contributed to the aerosol load in the stratosphere: Mt. Redoubt on 22 March and Mt. 

Sarychev on 13 June, and Mt. Shiveluch on 10 September, 2009, (Mattis et al., 2010). However, 

neither these plumes, nor the tropospheric plumes of Mt. Eyjafjalla in April and May 2010 (Schumann 

et al., 2011) were probed by airborne aerosol mass spectrometry. 

Mt. Okmok (53.40° N, 168.17° W) became active between 12 July and 19 August, and Mt. Kasatochi 

(52.18° N, 175.51° W) on 7 and 8 August, 2008. Both plinian eruptions were strong enough to inject 

trace gases and aerosol particles into the stratosphere. The estimated altitude range for the multiple 

injections is between 8 and 20 km while the predominant receptor height was observed to be around 

15.2 and 13.7 km for Mts. Okmok and Kasatochi, respectively (Karagulian et al., 2010; Bitar et al., 

2010; Kristiansen et al., 2010). The enhanced trace gas and aerosol load in the lower stratosphere and 

tropopause has been observed by in-situ and remote sensing measurements, (e.g. Martinsson et al., 
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2009; Theys et al., 2009; Mattis et al., 2010; Hoffmann et al., 2010; Jurkat et al., 2010). Based on 

these observations the estimated amount of SO2 injected into the stratosphere is between 1.0 and 

1.7 Tg for Mt. Kasatochi and 0.3 Tg for Mt. Okmok (Karagulian et al., 2010; Prata et al., 2010; 

Kristiansen et al., 2010). Compared to the amount of material which Mts. El Chichón and Pinatubo 

injected, these two eruptions are at least a factor 4 and 10 smaller, respectively. Model simulations 

revealed that their climatic effects were negligible mainly because of the reduced solar radiation by 

August and the fast decay of the aerosol layer so that it did not persist until the following spring 

(Kravitz et al., 2010). Based on satellite measurements stratospheric background conditions were 

reached again 7 months after the eruptions (Bourassa et al., 2010).  

Unfortunately, this short episode of stratospheric perturbation did not allow for extensive in-situ 

aerosol and trace gas measurements which are indispensible for deducing chemical and microphysical 

properties, effects on heterogeneous chemistry, and climatic implications of volcanic plumes. 

Therefore, the main knowledge is based on intensive measurements performed after the Mt. Pinatubo 

eruption. In-situ aerosol data are available that quantify the additional particle surface area due to the 

volcanic aerosol, e.g. (Borrmann et al., 1993; Wilson et al., 1993; Jonsson et al., 1995). In addition to 

the effects of the volcanic aerosols on radiation and climate the particles offer surface and volume for 

heterogeneous reactions (Arnold et al., 1990; Fahey et al., 1993; Borrmann et al., 1997) and act as 

nuclei for the formation of polar stratospheric clouds (Thomason and Peter, 2006). Generally, polar 

stratospheric clouds form during winter as a result of adiabatic and diabatic air mass cooling which 

leads to condensation or freezing. In particular, for the layers directly in the vicinity of the mid-latitude 

tropopause heterogeneous effects of cirrus and volcanic aerosol enhancements may influence the 

ozone and water vapor abundance and thus the radiative budget (Lacis et al., 1990; Borrmann et al., 

1996; Solomon et al., 1997; Forster and Shine, 2002; Voigt et al., 2006; Froyd et al., 2009a). For the 

descending aerosol layer after the 1991 Mt. Pinatubo eruption Keim et al. (1996) showed based on 

mid-latitude in-situ measurements that NOx can be reduced to almost zero near the thermal tropopause 

on account of heterogeneous processing. The influence of such chemistry on ozone is still under 

debate (Smith et al., 2001; von Hobe et al., 2011) and quantification of its magnitude and frequency of 

occurrence still remains open. The efficiency of heterogeneous reactions largely depends on the 

chemical composition and size of the aerosol particles involved (Cziczo et al., 2004; Froyd et al., 

2009a). Reaction rates for e.g. N2O5 depend most significantly on aerosol particles when the surface 

area is between 2 and 5 µm
2
 cm

-3
 (Fahey et al., 1993). Thus a small enhancement of reactive particles 

as provided by volcanic eruptions can increase the reaction rates efficiently in the upper troposphere 

and lower stratosphere (Sander et al., 2006; Griffiths et al., 2009). For these reasons direct in-situ 

measurements of the particulate chemical composition are of high value. This is in particular the case 

for the tropical UTLS where post eruption volcanic aerosols have been shown to contain significant 

amounts of volatile material (Borrmann et al., 2010) and where low temperatures enhance 

heterogeneous processing (Popp et al., 2007; Voigt et al., 2007). Comprehensive summaries of the 

issues in connection with volcanic aerosols are provided by SPARC und WMO Ozone assessments 

(WMO, 1999; Thomason and Peter, 2006) including extensive referencing and by von Glasow et al. 

(2009).  
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1.5.2 Biomass burning  

Biomass burning (BB) occurs ubiquitously all around the year and is a major source of atmospheric 

chemical composition perturbation. In the Northern Hemisphere around April and June to August wild 

fires are most frequent whereas inter-annual variations can be large (Bond et al., 2004; van der Werf et 

al., 2006). Most important for this work are fires which occur in the circumboreal between 50°N and 

the Arctic Circle that make up 4 % of global fires on average (Lavoue et al., 2000). Siberian boreal 

forest fires are estimated to contribute around 56 % of CO emissions from extratropical NH fires (van 

der Werf et al., 2006). In general, boreal biomass burning is ignited both naturally by lightning and by 

humans (Flannigan et al., 2009). However, while the number of human induced fires is greater, large 

fires are rather caused by lightning (Stocks et al., 2002).  

BB is responsible for the emission of a vast number of different volatile, semi-volatile and particulate 

species that are primarily black carbon and of organic nature (Andreae and Merlet, 2001). According 

to the inventory by Bond et al. (2004) primary organic carbon aerosol emissions exceed black carbon 

release by a factor of 10 for forest and savanna fires. Reid et al. (2005) state that about 50 to 60 % of 

the emitted particle mass is composed of organic carbon and 5 to 10 % of BC. Roughly half of the 

organic matter is thought to be water soluble (Andreae and Rosenfeld, 2008). Focusing on gaseous 

precursor species, Table 1 lists the emission ratios of SO2 and VOC (volatile organic compounds) to 

CO for fossil fuel combustion and biomass burning. FF characteristics are discussed in the following 

subsection. Both types of gaseous tracers, SO2 and VOCs, will undergo chemical oxidation over time 

and transport and partition to the particle phase e.g. Hallquist et al. (2009), Donahue et al. (2009), 

Jimenez et al. (2009), and section 2.6.6 for SO2 chemistry. Little SO2 is released from wild fires with a 

ratio of below 1 %. Depending on the inventory the VOC emission of BB sources is in the same order 

magnitude as from FF emission (Streets et al., 2003) or roughly an order of magnitude smaller 

(Andreae and Merlet, 2001; Wiedinmyer et al., 2006; Yokelson et al., 2009; Neto et al., 2009). Even 

though it is suggested that BB events emit less VOCs than FF, the VOC/CO ratio is at least a factor 10 

higher than the SO2/CO ratio. Based on this and a recent estimation that secondary organic aerosol 

formed from BB emissions is responsible for roughly 5 % of the global organic aerosol (Cubison et 

al., 2011), a dominant particulate organics signature is expected in BB related aerosol. Yokelson et al. 

(2009) reported 67 times higher concentration of particulate carbon than sulfate measured by an AMS 

in relatively young BB plumes. Also Shinozuka et al. (2010) report on high ratios of organics to 

particulate sulfate for BB plumes measured by an AMS over Alaska during ACRTAS spring 2008. In 

aged plumes, however, the contribution of sulfate as a secondary species is expected to increase if 

sulfur sources are present along the transport pathway (Hudson et al., 2004). Young BB mass spectra 

can be identified by the ratio of certain markers for levoglucosan (m/z 60 and m/z 73, Schneider et al. 

(2006b) and Alfarra et al. (2007), which is a thermal decomposition product of cellulose (Simoneit et 

al., 1999). However, during long-range transport, especially in summer, particles might be 

photochemically processed to such high degree that levoglucosan is expected to be decomposed 

(Hennigan et al., 2010). Nevertheless, under special circumstances such as the spring Arctic 

atmosphere, which is characterized by cold temperatures and extreme dryness, m/z 60 has been 

observed even in mass spectra recorded out-of-plume in aged background air (Cubison et al., 2011). 
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Table 1: Emission ratios of gaseous sulfur and gaseous organic compounds from fossil fuel (FF) and 

biomass burning (BB) based on several emission inventories and studies 

Reference Fossil fuel combustion  Biomass burning 

 SO2/CO VOC/CO SO2/CO VOC/CO 

EDGAR 32FT2000 
1)

 0.30-0.45 
 

- - - 

Streets et al. (2003) 
2) 

0.16 0.19 0.007 0.18 

Lamarque et al. (2010) 
3) 

0.15 0.21 0.008 0.17 

Zhang et al. (2009) 
4) 

0.16 0.18 - - 

Andreae and Merlet 

(2001) 
5) 

- - 0.009  0.05 
 

Wiedinmyer et al. (2006) 
6) 

- - 0.0004 0.004 
 

Yokelson et al. (2009) 
7) 

- - - 0.04 

Neto et al. (2009) 
8) 

- - - 0.05 

1) for North America (Great Lakes, Ohio Valley, East Coast) and Asia (Beijing area, Korea, Japan) 

2) Asia, values for FF correspond to combustion, values for BB to open burning, VOC = NMVOC 

3) global for the year 2000 

4) Asian anthropogenic emissions, VOC = NMVOC 

5) extratropical forest, VOC = total VOC 

6) average over all vegetation classes, VOC = NMHC 

7) BB in the Yucatan, VOC = NMHC 

8) deforestation in Brazil, VOC = NMHC 

VOC = volatile organic compounds, NMVOC = non methane volatile organic compounds, NMHC = non methane 

hydrocarbons 

Characterizing the size and chemical composition of BB particles is important to understand the 

effects on the radiative balance and climate. As for the aerosol direct effect, BC particles have a 

warming impact, while primary and secondary organic particles exhibit cooling properties (Maria et 

al., 2004). BC particles coated with organic matter are thought to absorb solar radiation even more 

than pure black carbon (Schwarz et al., 2008) and coating was observed to happen quickly (Shiraiwa 

et al., 2007). The organic aerosol (OA) indirect effect depends primarily on the cloud condensation 

nuclei characteristics. According to Reid et al. (2005) 80-90 % of the volume of biomass burning 

aerosol is found in accumulation mode which is coherent with more recent studies (e.g. Petzold et al., 

2007). Generally, the size of an aerosol particle is more important for its CCN capability compared to 

the chemical composition: Larger particles are more effective than nucleation mode aerosol (Dusek et 

al., 2006). However, BB particles were found to be effective CCN even near the source still being 

relatively small and hydrophobic due to the large fraction of elemental carbon. In addition, during 

long-range transport, BC particles grow through coating by organic matter as organic acids form 

within BB plumes which become more hygroscopic during photochemical aging and thus enhance the 
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CCN capability (Reid et al., 2005: Andreae and Rosenfeld, 2008 and references therein). 

Consequently, BB particles have an impact on cloud formation processes, precipitation and radiation 

properties. In the context of Arctic clouds, Lance et al. (2011) found that BB aerosol leads to a 

decrease in precipitating ice particles in mixed-phased (containing ice particles and liquid droplets) 

clouds and an increase in cloud lifetime and emissivity.  

Figure 8 provides a satellite view of MODIS (Moderate Resolution Imaging Spectroradiometer 

onboard NASA’s Terra and Aqua satellites) observations of biomass burning between 29 June and 8 

July, 2008. The orange circles highlight the fires in Yakutsk, Siberia, and Saskatchewan, Canada, from 

where BB aerosol long-range transport towards the Arctic happened. These emissions were intensively 

characterized during ARCTAS in Canada (e.g. Jacob et al., 2010; Singh et al., 2010), the YAK 

campaign in Russia (Paris et al., 2009) and POLARCAT in Greenland (Schmale et al., 2011; 

Quennehen et al., 2011), all in summer 2008. 

BB aerosol is not only a local but also a hemispheric source for air pollution. Observed and modeled 

lifetimes range from 5 days for BC to up to 16 days for SOA near the tropopause (Koch and Hansen, 

2005; Paris et al., 2009; Farina et al., 2010). Due to the elevated injection height of emissions 

compared to e.g. fossil fuel combustion, trace gases and particles frequently reach the free troposphere 

or even higher altitudes. Guan et al. (2010) investigated plume injection heights by means of satellite 

data and found that a large number of emissions reach altitudes higher than 5 km, especially over 

North America and Asia/Siberia. They also found an important number of events that reached the 

UTLS. Once the emissions enter the free troposphere they can be advected across long distances, 

thousands of kilometers, (Fromm and Servranckx, 2003; Jost et al., 2003; Mattis et al., 2003) 

including to the Arctic (Stohl et al., 2007; Hirdman et al., 2010). A rather recently discovered 

phenomenon is the fire started thunderstorm which is accompanied by strong convection facilitating 

fire emissions to reach the lower stratosphere (Fromm et al., 2008a; Fromm et al., 2008b). These 

incidents are also called pyro cumulonimbus or pyroCb. The presence of BB trace gases and particles 

in the LS has important implications on the characteristics of stratospheric aerosol which was formerly 

considered to originate primarily from volcanic eruptions (Fromm et al., 2010). According to Hudson 

et al. (2004) 7 % of submicron lower stratospheric particles exhibit BB signatures. PyroCb events 

were also observed in June / July 2008 during the ARCTAS summer campaign (personal 

communication, September, 2010
1
).  

 

                                                      
1
 The reference of this information is known by name to the author of this thesis. 
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b)

a)

 

Figure 8: Biomass burning in the Northern Hemisphere from 29 June to 8 July, 2008, recorded by MODIS 

(Moderate Resolution Imaging Spectroradiometer). The red dots denote fire events that were accounted 

for within the 10 day period. The orange circles indicate the relevant fire regions in Saskatchewan, 

Canada (a), and Yakutsk, Siberia (b). (downloaded from http://rapidfire.sci.gsfc.nasa.gov/firemaps/ on 14. 

April 2011) 

1.5.3 Fossil fuel combustion  

Our economies, industries and life styles including mobility are based on fossil fuel resources which 

we constantly burn to obtain energy. Thereby a multitude of trace gases and primary particles are 

emitted. The main activities contributing to FF emissions are power plants, industry, transport and 

domestic activities. Comparing global FF to BB emissions for the year 2000 based on an inventory by 

Lamarque et al. (2010) anthropogenic activities seem to be the larger emission source in terms of CO 

(608.3 vs 459.1 Tg y
-1

), SO2 (92.7 vs 3.8 Tg y
-1

), VOCs (129.5 vs 78.3 Tg y
-1

), and BC (5.0 vs 2.6 

Tg y
-1

), whereas the emission of primary organic aerosol is dominated by forest fires (23.3 vs 12.7 

Tg y
-1

). While the BB CO and SO2 emissions increased by a factor of 1.4 between 1850 and 2000, 

mainly due to changing land use and associated fire clearing, FF sources released almost a factor 10 

more CO and a factor 46 more SO2. FF emissions are thus associated with a clear sulfate signature in 

the secondary formed aerosol (compare also Table 1). The SO2 emission ratio for FF may vary largely 

due to the fuel sulfur content (FSC). While natural gas has a low FSC, bituminous coal might contain 

large fractions of sulfur of up to 2 % (Zhao et al., 2010). Historically, a first peak of SO2 emissions has 

already been overcome after the 1990s when western industrialized countries introduced clean air acts 

thereby reducing emission of sulfur compounds. Recently, however, Asian development leads to 

increased emissions again (Asian Development Bank, 2008). Lu et al. (2010) report that the annual 

growth rate of SO2 emissions from China was 7.3 % between 2000 and 2006. The main contribution 

came from Northern China power plants which almost doubled their SO2 emissions in this period. 
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These historical changes of emission source areas and strengths are clearly reflected by particle 

deposition data from ice-cores from receptor regions like Greenland (McConnell et al., 2007). Figure 9 

shows the satellite retrieved average SO2 columns over the Northern Hemisphere for the year 2006 

which reflects the situation in 2008 when the here discussed field campaigns were carried out. The 

enhancement over the Beijing area is clearly visible being currently the strongest emission sources on 

a global level. Additionally, the eastern United States, especially the Ohio Valley, strongly emit SO2. 

0 0.5 1 1.5 2 2.5 3

SO2 vertical columns (1016 molecules cm-2)
 

Figure 9: SCIAMACHY annual mean SO2 column for 2006, adapted from (Lee et al., 2011). 

Numerous field experiments involving AMS measurements to study the composition of primary and 

secondary anthropogenic aerosol, their evolution and effects were conducted at near-source surface 

sites in e.g. Pittsburgh (Zhang et al., 2005b), Mexico City (e.g. Aiken et al., 2009) or Beijing 

(Takegawa et al., 2009) or by airborne studies close to and distant from the source (e.g. Crosier et al., 

2007; DeCarlo et al., 2008; Bahreini et al., 2009; Dunlea et al., 2009). Generally, near-source 

anthropogenic aerosol comprises organic matter, particulate sulfate, ammonium, nitrate and chloride, 

based on a multitude of AMS measurements (Zhang et al., 2007a), black carbon and other 

components. The contribution of each species depends strongly on the source type, the FSC and the 

NOx chemistry which is responsible for particulate nitrate. Aged outflow plumes exhibit a different 

composition with enhanced particulate sulfate and organics fractions, low particulate ammonium 

(below 10 %) associated to sulfate, and nitrate contributions near 1 % (Dunlea et al., 2009). The 

changed composition is due to several factors such as wet deposition of highly water soluble aerosol 

which is especially important for nitrate components, and the formation of secondary species such as 

particulate sulfate and secondary organic aerosol. It has been established that SOA forms roughly 

within one day downwind of the emission source (DeCarlo et al., 2008; Brock et al., 2008) while the 

exponential production time for sulfate is around 3 to 4 days in summer (Brock et al., 2008). In the 

absence of cloud processing this means that young (1-2 days) anthropogenic plumes are dominated by 

organic matter, while with increasing age sulfate will gain in importance. Much attention has been 

paid to the evolution of the organic aerosol component. Close to the emission source hydrocarbon-like 
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organic aerosol (HOA) from incomplete combustion is dominant while downwind oxygenated organic 

aerosol (OOA) is found. OA evolves during the atmospheric aging process over semi-volatile (SV-) to 

highly oxygenated organic aerosol, i.e. low-volatile (LV-) OOA (Jimenez et al., 2009). This is 

determined by a high fraction of the organic aerosol contribution to the m/z 44 in the AMS mass 

spectra (Zhang et al., 2005a). The contribution from chemically changed HOA to downwind or long-

range transported OA was observed to be low. Rather the formation of SOA is responsible for the 

increase in OA mass (Zhang et al., 2007a). As particulate sulfate is equally a secondary species, OOA 

and particulate sulfate are often found to be positively correlated (Zhang et al., 2005a). For 

measurements conducted in the free troposphere and UTLS over Europe and Greenland, 

characteristics of the SV- and LV-OOA component are of higher interest than HOA as it was not 

detected in the pollution plumes due to the long distance from the source. Due to the extended time of 

one to two weeks the aerosol spent in the atmosphere before detection, some properties can be 

estimated to be quite similar despite the different emission origins. Most particles are found in the 

accumulation mode and are likely to have similar CCN capabilities due to the aging of the organic 

matter and thus chemical homogenization (Andreae, 2009; Jimenez et al., 2009; Roberts et al., 2010). 

With regard to FF source regions relevant for POLARCAT, CONCERT and ARCTAS-summer 

campaigns mainly already characterized transport patterns of pollution outflow from East Asia, Siberia 

and North America were observed. Long-range transport from East Asia towards North America is 

strongly determined by cyclones, the westerly zonal winds and seasonal convection. Two important 

factors for efficient intercontinental transport are the uplifting of air masses from the boundary layer to 

the mid or upper troposphere and the strong winds (jet streams) in the upper troposphere which allow 

for rapid advection of short-lived pollution (Wuebbles et al., 2007). One of the most important lofting 

mechanisms is the warm conveyor belt (Wuebbles et al., 2007; Dickerson et al., 2007; Dunlea et al., 

2009). As discussed in section 1.4 WCB are associated with precipitation events through which water 

soluble particles will be scavenged influencing strongly the composition of long-range transport 

aerosol. Based on the discussion above, secondary species (organic matter and particulate sulfate) are 

thus more likely to arrive at the receptor regions than other aerosol constituents (e.g. Dunlea et al., 

2009). Hydrophobic particles were found to have a higher export efficiency than hygroscopic particles. 

The export efficiency from combustion related emissions is defined after Park et al. (2005) as the 

inverse of the emission ratio of species X to CO, times the ratio of the enhancements of X and CO over 

the background at a defined altitude. Park et al. report that the export efficiency of BC is at least 63 % 

in altitudes between 2 and 4 km and 27 % between 4 and 6 km over the Pacific whereas efficiencies 

for sulfur and nitrate species are lower. A similar study for BC export to the North American Arctic in 

summer 2008 based on ARCTAS data by Matsui et al. (2011) revealed that efficiencies are 4 % for 

Siberian BB and below 1 % for Asian FF due to the enhanced wash-out along the pathways. The 

importance and impact of East Asian aerosol outflow on regional meteorological patterns has been 

shown by Zhang et al. (2007b) who argue that due to aerosol-cloud interactions convection and 

precipitation over the Pacific is enhanced leading to intensified Pacific storm tracks. This 

phenomenon, however, occurs primarily during winter season. 

Dickerson et al. (2007) argue that next to WCB lofting over the Pacific Ocean dry convection is the 

more important mechanism over the continent that feeds pollution into the westerly winds. In addition, 
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the second phase of the POLARCAT campaign was characterized by cross-polar transport of Asian 

and Siberian pollution towards Greenland (Sodemann et al., 2010; Roiger et al., 2011). Despite the 

different pathway the air mass uplifting occurred as well in WCBs as described in detail by Roiger et 

al. (2011) and as illustrated in Figure 50. Generally, for the POLARCAT and ARCTAS-summer 

campaigns Asian and Siberian pollution arrived primarily in the mid and upper troposphere and in 

several cases in the lower stratosphere.  

Like for Asian pollution export WCBs and all associated aspects play a significant role over the West 

Atlantic of the east coast of the United States (Cooper et al., 2002) and were responsible for pollution 

plumes detected in the mid and upper troposphere above Greenland. Additionally, low-level 

transported outflow from the Ohio Valley region occurs regularly (Stohl et al., 2003b). In such cases 

air masses travel at low altitudes over the North Atlantic in north-easterly direction towards Greenland 

where they are uplifted due to the high elevation of the ice sheet and continue in the mid troposphere 

north of Iceland towards north-western Europe. This pathway was observed near the southern tip of 

Greenland at altitudes around 2 km and over Ireland in the mid troposphere.  

A source of FF aerosol different from all discussed ones above is the exhaust from aircraft which was 

sampled during the CONCERT campaign. It is distinct in the sense that the emissions are released 

directly in the UTLS, in cruising altitude, and do not need to be uplifted and thus avoid potential wet 

removal. Aircraft engines emit a large variety of compounds among which water vapor, primary 

particles such as soot, and aerosol precursor gases are most relevant for the formation of contrails. 

When the hot and humid air mixes with the cold and dry ambient air, supersaturation with respect to 

ice and water can be reached and the water vapor condenses on the available particulate matter. It is 

assumed that condensation starts to form water or solution droplets first since higher supersaturation 

for ice crystal nucleation is necessary except for very low temperatures (Schumann, 1996). If ambient 

temperatures are below the freezing point or as the air cools further, the droplets become supercooled 

and can subsequently freeze and form ice crystals. If saturation conditions exist throughout longer 

periods, contrails may become persistent and evolve into cirrus clouds (ice clouds). The available 

particulate matter originates either from the combustion process or is entrained by mixing with 

ambient air. Also, secondary particulate matter can be formed through the oxidation of SO2, whose 

amount is a function of the FSC, and VOCs and subsequent condensation (Kärcher et al., 2007). From 

the perspective of AMS detectable species, young contrails will probably contain little non-refractory 

aerosol in the size range which is transmitted through the inlet system. Soot particles are non-

detectable, other primary non-refractory particles are too small, and the secondary formation of aerosol 

exceeds the timescale of several seconds to minutes as does the coagulation of particles (Kärcher et al., 

2007). After a period of time in which aerosol might have formed and grown to detectable sizes 

dilution will be too strong as to distinguish the “plume” from UTLS background (see section 3.3). 

Nevertheless, from a climate perspective, the study of contrails is of greatest interest as the particles 

exhibit direct and indirect radiative effects. As for the latter, the net effect is estimated to be positive 

and accounts for roughly 5 % of anthropogenic radiative forcing. Contrails and contrail-induced cirrus 

reflect solar radiation thereby cooling but also reflect longwave terrestrial radiation thereby heating 

which is the more dominant effect (Lee et al., 2009). As aviation is still on the rise the impact is 

increasing. Aircraft exhaust does not only have implications through contrail formation but also 
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through the deposition of particles in the lower stratosphere. Forster et al. (2003) found by means of a 

modeling study that between 60 and 70 % of the emissions are directly released to the LS and have a 

mean residence time of 23 days. The impact of trace gas and particle injection into the stratosphere has 

already been discussed in section 1.5.1 by the example of volcanic eruptions.  
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1.6 Current knowledge of the atmospheric vertical distribution of aerosol 

chemical components and new contributions through this work 

Several chemical aerosol measurements have been performed in the past ten years providing a general 

perspective on the composition of particles in the atmosphere as a function of altitude. Even though 

techniques other than mass spectrometry, e.g. Lee et al. (2003) and Kline et al. (2004), have added to 

the current knowledge, this section focuses on contributions made by aerosol mass spectrometry. 

Knowing the vertical aerosol chemical distribution and particle mixing state is necessary to understand 

the atmospheric budget of aerosol, the associated light scattering (aerosol direct effect), the impact of 

aerosol size and chemistry on CCN capability (aerosol indirect effect) and the impact of particles on 

gas phase tracers through heterogeneous chemistry (Murphy et al., 2006; Solomon et al., 2007; Pratt 

and Prather, 2010). The latter is especially important in the UTLS where water vapor and ozone 

abundances are most climate-sensitive (Lacis et al., 1990; Forster and Shine, 2002). Furthermore, this 

type of information is indispensible for global modeling studies trying to estimate the role of aerosol 

radiative impact for climate change.  

This paragraph briefly summarizes the current state of knowledge of aerosol chemical vertical 

distribution. In the planetary boundary layer, closer to emission sources, particles are constituted of a 

larger variety of chemical compounds including amongst other ammonium sulfate, ammonium nitrate, 

organic matter (e.g. Crosier et al., 2007; Morgan et al., 2010b) and black carbon. Especially 

ammonium nitrate and –sulfate containing particles have larger scattering properties than distinctly 

composed higher altitude aerosol (Morgan et al., 2010a). Next to the aerosol mass also the number of 

chemical superordinate species, i.e. particulate sulfate, organics, ammonium, nitrate, black carbon, 

dust, sea salt etc., declines with altitude in the free troposphere. The main reasons for lower particle 

concentrations are dilution and scavenging. Many studies found that the major free tropospheric 

aerosol constituents are particulate sulfate and carbonaceous and organic matter (e.g. Murphy et al., 

2006; Schneider et al., 2006a; Pratt and Prather, 2010) which seem to be internally mixed (Pratt and 

Prather, 2010). Implications and effects have been discussed in the previous sections. In the upper 

troposphere and tropopause only few measurements have been conducted so far. For the tropical 

regions it was found that UT aerosol was composed mainly of highly oxygenated organic material, 

partly containing nitrate probably due to direct injection through convection (Froyd et al., 2009b). 

Above the local tropopause organic matter containing aerosol concentration decreases and sulfuric 

acid particles are most abundant (Murphy et al., 1998; Froyd et al., 2009b). However, organic material 

is still present and it was observed that sulfate particles formed in the stratosphere assimilated organic 

matter when descending to the tropopause (Murphy et al., 2007). Also the injection of BB particles 

directly into the LS has been observed (Fromm et al., 2010). Regarding trends of stratospheric aerosol, 

Hofmann et al. (2009) report of long-term lidar measurements on Mauna Loa, Hawaii, and Boulder, 

Colorado, where an increase in aerosol backscatter between 20 and 30 km altitude in the order of 4-

7 % was found beginning in 2001. The authors attribute this enhancement to intensified coal burning 

in East Asia and the related SO2 emissions of which 0.6 – 0.8 % reach the stratosphere. Considering 

this from the perspective of where relevant TST happens, it is likely that East Asian emissions enter 

the stratosphere via the North Pacific storm track east of Japan. However, Vernier et al. (2011) argue 
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that such large increase in stratospheric background aerosol cannot exclusively be attributed to 

anthropogenic activity. According to their observations, rather a number of medium explosive tropical 

volcanic eruptions after 2002 are responsible for the gradual increase in the aerosol optical thickness 

between 20 and 25 km altitude. 

Results which I obtained during the POLARCAT and CONCERT campaigns can contribute to the 

current knowledge in several respects. Information regarding the vertical distribution of particulate 

matter in the Greenland troposphere is very scarce, hence the data will reveal how this remote region 

is impacted by long-range transport of short-lived aerosol in summer. Concentrations are usually too 

low to be characterized by means of satellite data but nevertheless significant with regard to their 

impacts in the sub-Arctic and Arctic environment as ice-core data show. Furthermore, there is almost 

no aerosol data available from regions this remote as such, so that especially the photochemical state 

of organic material is of high interest. Considering the outcome from the CONCERT campaign the 

chemical in-situ analysis of lower stratospheric volcanic aerosol is a novum which showed that 

opposed to the former belief volcanic particulate matter is not solely composed of binary sulfuric acid 

water droplets but also organic matter is present in the aerosol. At the same time this confirms 

observations as discussed above that suggested the presence of organic material in the LS imported 

from the troposphere.  
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1.7 Overview of on-line airborne mass spectrometric particle measurements 

To measure the aerosol chemical composition in the UTLS it is necessary to operate aerosol mass 

spectrometers on aircraft. However, airborne on-line size-resolved mass spectrometric measurements 

of submicron particles are still sparse since respective aircraft deployable instruments have only been 

developed since the late 1990s. The following technical challenges have to be overcome: A reduced 

physical size is required for installing the instruments in standard aircraft racks. The overall payload 

and energy supply are usually limited so the instruments need to be light-weight and power efficient. 

Moreover, since aircraft move at speeds between 100 and 200 m s
-1

, propeller airliner and jet aircraft, 

respectively, fast data acquisition is indispensable as measurement conditions change quickly and 

aerosol composition might be highly variable. Slow response times would lead to undifferentiated data 

and inhibit detailed understanding of particle chemical composition in the atmosphere. Furthermore, 

away from sources the particle concentration can be very low, less than 1 µg m
-3

 (Murphy, 2005) so 

high sensitivities and low detection limits are necessary. Furthermore, with on-line techniques 

sampling artifacts such as evaporation of volatile particle components (e.g. ammonium, organics) or 

condensation of gas-phase components onto the particles are mainly avoided. An alternative to 

aircraft-based mass spectrometer deployment, balloon borne experiments have been conducted to 

study the bulk composition of polar stratospheric aerosol (Arnold et al., 1998; Voigt et al., 2000; 

Schreiner et al., 2002). However, the aircraft deployment has several advantages over balloon missions 

such as better electrical power supply, the possibility that an operator can accompany the instrument 

and the flight track can be controlled and adapted if necessary. 

Basically, there are two categories of mass spectrometric instruments which meet the requirements: 

the single particle and the particle ensemble mass spectrometers (MS). The first type of MS attributes 

the chemical composition and size to a single particle while the second type of MS chemically 

characterizes particles within a certain size range and measures their mass size distribution. The 

Aerodyne AMS, an ensemble instrument, is the only aircraft deployable one of its kind whereas there 

are several exemplars in the first category. They shall only be mentioned very briefly here. A more 

thorough discussion can be found in Brands (2009). The PALMS (Particle Analysis by Laser Mass 

Spectrometry, (Murphy and Thomson, 1995)) was the very first aerosol mass spectrometer to be 

operated during the WB-57 Aerosol Mission in 1998 (Murphy et al., 1998) and has been flown several 

times since. The (A)-ATOFMS (Aircraft Aerosol Time-of-Flight Mass Spectrometer (Pratt et al., 

2009) was deployed first in 2007 on a C-130 aircraft during ICE-L (Ice in Clouds Experiment-Layer 

Clouds), and SPLAT II (Single Particle Laser Ablation Time-of-Flight Mass Spectrometer, (Zelenyuk 

et al., 2009) during ISDAC (Indirect and Semi-Direct Aerosol Campaign) in 2009. ALABAMA 

(Aircraft-based Laser Ablation Aerosol Mass Spectrometer, (Brands et al., 2011), the most recent 

development, measured boundary layer aerosol over Paris onboard the ATR-42 during MEGAPOLI 

(Megacities: Emissions, urban, regional and Global Atmospheric POLlution and climate effects, and 

Integrated tools for assessment and mitigation) in summer 2009.  

In contrast to the AMS these instruments use laser desorption and ionization and detect either positive 

or negative ions with the time-of-flight MS in the case of the PALMS or both ion types for all other 

instruments. An important research focus for single particle MS is the characterization of ice particle 
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residuals in the context of cirrus cloud formation processes. Also, Murphy et al. (1998) reported on the 

chemical composition of UTLS aerosol and Hudson et al. (2004) focused on biomass burning 

particles. Moreover, these instruments have the ability to detect refractory particulate matter such as 

soot, mineral dust and metals which the AMS cannot measure. 

While single particle MS were deployed first on aircraft, the airborne operation of AMS has also been 

established by now. The history of AMS aircraft deployments (see Table 2) starts in 2001 with a Q-

AMS on a Twin Otter aircraft during ACE-Asia (Aerosol Characterization Experiment). Since then, 

AMS instruments were flown about 19 times until summer 2009 including the newer developments of 

the compact and the high resolution time-of-flight AMS. Details regarding the different versions of 

AMS instruments are discussed in chapter 2. Most campaigns with extensive AMS participation were 

conducted in 2004, 2006 and 2008. The research foci were manifold and included the general chemical 

composition of the atmosphere, aircraft exhaust characterization, distribution and chemical evolution 

of urban/anthropogenic aerosol, biomass burning aerosol, and detection and identification of long-

range transport particulate pollution. Next to the evaluation of the size-resolved chemical data as such, 

AMS results are used to complement particle optical property and cloud condensation nuclei 

measurements for multi-dimensional aerosol characterization (e.g., Morgan et al., 2010a; Lance et al., 

2011; McNaughton et al., 2011). The majority of campaigns took place in the proximity of highly 

polluted areas or near biomass burning sources so that aerosol concentration was usually well above 

detection limit. An exception are measurements conducted mainly in the free troposphere away from 

sources such as ICARTT-ITOP based in the Azores and as described in Morgan et al. (2009) and 

during CONCERT (Schmale et al., 2010). The campaign operated in the most remote region was 

POLARCAT in Greenland (Schmale et al., 2011). Altitudes ranged between near surface (boundary 

layer) to 12 km (UTLS). Most campaigns were flown in the lower and free troposphere, either due to 

the maximum altitude ceiling of the aircraft or due to the scientific objectives of the campaigns. Out of 

the aircraft fleet from Table 2 exclusively the two jet aircraft DC-8 (four engines) and Falcon (two 

engines) are able to reach the upper troposphere and lower stratosphere so that only four missions 

(PAZI, ARCTAS I & II and CONCERT) provide AMS data in these altitudes. Future AMS 

deployments aboard the DLR HALO (High Altitude LOng Range Research Aircraft) will contribute 

significantly to the available data.  

 

 

 



 

 

Table 2: History of AMS aircraft deployments 

 

Year Instru

ment 

Aircraft Location Max. 

Altitude 

Acronym Focus Publication 

2001 Q-AMS Twin 

Otter 

East Asia 3.7 km ACE-Asia East Asian outflow Bahreini et al. (2003) 

2003 Q-AMS Falcon Germany 11 km PAZI Aircraft exhaust, tropospheric chemical 

composition 

Schneider et al. (2006a) 

2004 Q-AMS WP-3D US East 

Coast 

6.4 km NEAQS-ITCT 

ICARTT 

Air Quality and air mass chemical evolution over 

NE United States 

Brock et al. (2008) 

2004 Q-AMS BAe-146 Azores 9 km ITOP 

ICARTT 

Long-range transport from North America Fehsenfeld et al. (2006), 

Lewis et al. (2007)  

2004 Q-AMS Twin 

Otter 

Cleveland, 

USA 

FT ICARTT Cloud-

Aerosol Study 

Aerosol Cloud interaction Fountoukis et al. (2007)   

2004 Q-AMS BAe-146 Po, Valley, 

Adriatic and 

Black Sea 

5 km ADRIEX Quantative analysis of internally/externally mixed 

aerosol  

Crosier et al. (2007), 

Brooks et al. (2007)  

2005 / 

2006 

Q-AMS BAe-146 UK, western 

Europe 

10.5 km - Tropospheric chemical composition Morgan et al. (2009)  

2006 C-ToF-

AMS 

WP-3D Texas 6.5 km TexAQS II Distribution and evolution of industrial/urban 

aerosol in the atmosphere 

Bahreini et al. (2009) 

2006 Q-AMS Twin 

Otter 

Texas FT TexAQS II Aerosol and cloud properties in the free 

troposphere 

Parrish et al. (2009)  

2006 HR-

ToF-

AMS 

C-130 Washington, 

USA 

7.5 km Intex-B Asian long-range transport Dunlea et al. (2009), 

Roberts et al. (2010)  

2006 Q-AMS Cessna Whistler, 

Canada 

5 km Intex-B Asian long-range transport Van Donkelaar et al. (2008)  

2006 HR-

ToF-

AMS 

C-130 Mexico City, 

central 

Mexico 

2 km, 6 

km 

MILAGRO / 

MIRAGE 

Megacity boundary layer aerosol, megacity 

outflow 

DeCarlo et al. (2006; 2008; 

2010)  

 

2008 C-ToF-

AMS 

BAe-146 Europe 3 km (5 

km) 

LONGREX 

(EUCAARI) 

Chemical composition and evolution of OA in the 

PBL 

Morgan et al. (2010a; 

2010b) 

2
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2008 HR-

ToF-

AMS 

DC-8 Alaska 12 km ARCTAS-I Tropospheric composition of the Arctic Jacob et al. (2010), Singh et 

al. (2010)  

2008 C-ToF-

AMS 

WP-3D Alaska 7.4 km ARCPAC Aerosol, radiation and cloud processes affecting 

the Arctic Climate 

Brock et al. (2010) 

2008 C-ToF-

AMS 

ATR-42 Rotterdam, 

North-

Western 

Europe 

3 km EUCAARI Aerosol Cloud  interactions and European Air 

Quality  

Weigel et al., in prep. 

2008 C-ToF-

AMS 

ATR-42 Greenland 7.6 km POLARCAT Long-range pollution transport to the Arctic Schmale et al. (2011) 

2008 HR-

ToF-

AMS 

DC-8 California, 

Canada 

12 km ARCTAS-

CARB, 

ARCTAS-II 

Biomass Burning emissions, tropospheric 

composition of the Arctic 

Jacob et al. (2010), Singh et 

al. (2010) 

2008 C-ToF-

AMS 

Falcon Central and 

Western 

Europe 

12 km CONCERT Aircraft exhaust, volcanic aerosol Schmale et al. (2010)  

2009 C-ToF-

AMS 

ATR-42 Paris 5 km MEGAPOLI Megacity boundary layer and outflow aerosol 

characterization and evolution 

- 
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2. The mass spectrometer, data analysis, complementary tools, 

air mass and plume classification 

2.1 Description of the aerosol mass spectrometer  

In this section, the general set-up and functioning of the compact time-of-flight aerosol mass 

spectrometer (C-ToF-AMS) used for measurements discussed in this thesis are presented briefly. 

Aircraft deployment specific issues are highlighted. Thorough descriptions of the C-ToF-AMS can be 

found in Drewnick et al. (2005) and in the PhD thesis by Hings (2006).  

2.1.1 Functioning of the AMS 

On both aircraft the same instrument was used to measure the chemical composition, mass 

concentration, and size distributions of non-refractory submicron particles (Drewnick et al., 2005; 

Canagaratna et al., 2007). The C-ToF-AMS is a unit resolution mass spectrometer.  

Figure 10 shows a schematic set-up of the C-ToF-AMS (adapted from Drewnick et al. (2005) and 

Kimmel et al. (2008)) Typically, aerosol is sampled through a critical orifice (100 µm) at a flow rate of 

1.4 cm
3
s

-1
 at sea level pressure upstream of an aerodynamic lens system (Liu et al., 2007; Liu et al., 

1995a, b) which focuses the particles into a narrow beam before they enter the vacuum chamber. 

Generally, this system permits the detection of particles in the range of 30 – 1000 nm vacuum 

aerodynamic diameter (dva) (Liu et al., 2007). The aerodynamic diameter is defined as: 

𝑑𝑣𝑎 = 𝑑𝑚𝑜𝑏 ∗ 𝑆 ∗
𝜌𝑝

𝜌0
 

 Eq. 2 

with dmob: mobility diameter, S: Jayne shape factor, ρp particle density, and ρ0 unit density (Jayne et al., 

2000; DeCarlo et al., 2004). Details regarding the orifice, flow rate and actual detected particle size 

range are discussed in section 2.3. The chamber is pumped differentially with five turbo pumps in total 

which establish a vacuum of approximately 10
-7

 mbar at the rear side of the chamber. The entrance of 

the chamber is separated from the main body by a 1 mm inner diameter (ID) skimmer to further reduce 

the pressure. Behind the lens, the particles are thus concentrated and accelerated. The start point of the 

particle time-of-flight region is marked by a metal plate chopper which is operated at a rotational 

speed of typically 120 Hz. In the blocked position, it inhibits the particle beam from further entering 

the vacuum chamber. This way, the instrumental background concentrations from residual gases can 

be determined. In the open position, particles pass unhindered, while in the chopped position the beam 

is let through only 2 % of the time. This periodical “release” of the particle beam serves the purpose of 

recording the time-of-flight along a defined distance from the chopper to the vaporizer (long chamber 

395 mm) which takes time in the order of milliseconds (approximately 2 - 5 ms at standard 

temperature and pressure (STP) according to Jayne et al. (2000)). The particle velocity can be 

converted into the dva by means of a previously recorded calibration curve. The minimum and 

maximum time thresholds for particle size recording can be set by the acquisition software (see further 

discussion in section 2.3). The time-of-flight region ends with the heater, an inverted tungsten cone 
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operated at 600 °C, upon which the particles impact and flash-vaporize (50 – 100 µs). This operational 

temperature implies that only non-refractory particle components can be detected. Mineral dust, metals 

and BC cannot be vaporized under these conditions. The generated gas molecules are ionized by 

electron impact (70 eV). The electrons are emitted by a tungsten filament with a 2 mA emission 

current. A set of lenses operated at different voltages extracts the ions into the time-of-flight mass 

spectrometer (Tofwerk, Thun, Switzerland) where an orthogonal extractor redirects the ions onto the 

c-shaped flight path (430 mm). The user can determine the number of points per recorded mass 

spectrum which is typically in the order of 10,000 points (covering a range from 10 to 300 m/z, 1 point 

representing 1 ns of ion flight time) and thus the range of mass to charge (m/z) ratios recorded. The 

ions are detected by a multi channel plate (MCP) which is operated between 1900 and 2500 V. The 

analog output is converted by a high speed acquisition card (ADC) into a digital signal which is stored 

by a custom written logging software.  

 

Figure 10: Compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS), adapted from (Drewnick 

et al., 2005; Kimmel et al., 2008). 

The standard AMS quantification procedure is described in Allan et al. (2003) and in Hings (2006). 

Very briefly, for the quantification the following measures are necessary: A calibration of the ion 

flight time has to be conducted to relate this parameter to the respective m/z. Typically, dominant 

peaks such as N
+
, N2

+
, O2

+
, Ar

+
 or W

+
 (m/z 14.003, 28.006, 31.990, 39.962 and 183.951, respectively), 

are used. By means of the analysis software the user can decide how much of the area around a full 

m/z shall be integrated. This function is m/z dependent. The single ion intensity (SI) in bits*ns is 

determined by recording the signal of very small gas-phase background ions signals which are due to 

single ion events. Thus the signal per m/z can be converted into ion s
-1

 based on the SI and the 

orthogonal extractor frequency. A duty cycle of the pulser needs to be applied as the ion velocity and 

thereby the efficiency of the extraction into the MS is m/z dependent. Through regularly conducted 
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ionization efficiency (IE) calibrations for nitrate, typically in the order of 10
-7

 ions/molecule (details 

see section 2.4.1), and relative ionization efficiencies for other species (RIE) the original amount of 

molecules per species can be deduced (Allan et al., 2003; Jimenez et al., 2003). A rough estimation of 

how many molecules could be obtained from1 µg m
-3

 NH4NO3 yields a number of 2.3*10
16

 molecules. 

During the evaporation process in the AMS molecular fragments of NH4NO3 are formed, such as NH, 

NH2, NH3, H2O, NO, and NO2. Assuming that about 3 fragments result from each NH4NO3 molecule, 

based on the molecular mass, the above mentioned result is obtained. By means of an editable 

“fragmentation table” (Allan et al., 2004b) the recorded mass spectra can be attributed to determined 

chemical species (sulfate, nitrate, ammonium, organics, and chloride). Knowing the molecular weight 

of the species (e.g. nitrate, NO3, 62 g mol
-1

) and the volumetric flow rate at constant ambient pressure 

into the instrument the ambient mass concentration can be calculated. As the instrument’s sensitivity 

to the species varies during sampling the recorded "air beam" (m/z 28, N2, and 32, O2) is used as a 

standard to correct for these variations. Finally, a collection efficiency (CE) factor accounting for 

bounce-off effects of particles on the vaporizer is applied to the mass loading. 

2.1.2 Advantage of the compact time-of-flight AMS over other models for 

aircraft deployment 

Beside the C-ToF-AMS, there exists the quadrupole AMS (Q-AMS), a predecessor model (Jayne et 

al., 2000), and the successor, the high-resolution time-of-flight AMS (HR-ToF-AMS) (DeCarlo et al., 

2006). The instruments are exactly the same until the ionization stage, only the type of mass 

spectrometer differs. In contrast to the C-ToF and HR-ToF-AMS which can acquire a complete mass 

spectrum every 12 µs, the Q-AMS needs to scan over the mass range of m/z 1 – 300 within 300 ms 

with only one m/z at a time (Hings et al., 2007). This gives the ToF-AMS types the advantage of more 

complete chemical information over the Q-AMS. For aircraft deployment this is important as aerosol 

populations and concentrations might change rapidly when intercepting air masses of different origins 

at speeds between 100 and 200 m s
-1

.  

The HR-ToF has two available modes, the high-resolution mode (W mode) with R ~4300 at m/z 200 

and a high-sensitivity mode (V mode) with R ~2100 at m/z 200 (DeCarlo et al., 2006). R is the ratio of 

m/z over ∆m/z (full width half maximum at a specific m/z). The C-ToF has an approximate resolution 

of R ~640 at m/z 184 (data from CONCERT flight on 2 Nov. 2008). Thus, with the HR-ToF more 

detailed information on chemical composition of aerosol can be gained compared to the C-ToF. For 

example, organic fragments containing oxygen, nitrogen or both atoms can be distinguished from 

alkane chains and the O:C ratio (oxygen to carbon ratio) can be determined directly (Aiken et al., 

2008).  

Another aspect to consider is the detection limits, shown in Table 3 for one-minute average data. The 

Q-AMS and HR-ToF in W mode have the highest limits of detection (LOD), whereas the HR-ToF in 

V mode is almost as sensitive as the C-ToF for the surface measurements. Comparing the surface data 

to aircraft data from the CONCERT and POLARCAT campaign it becomes obvious that for airborne 

data acquisitions the LOD is between a factor 4 to 30 higher. This can be attributed to the operating 

conditions during aircraft campaigns. Powering up the instrument and thus establishing the vacuum is 

usually only possible four hours prior to take-off. Hence, instrumental background concentrations are 
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still elevated and increase the LOD whereas long pumping times can be assumed for ground-based 

experiments. More details are discussed in section 2.4.  

Table 3: One-minute detection limits of the three different versions of AMS, units in µg m
-3

 (STP), and the 

highest mass resolving power R (m/z/∆m/z) between m/z 10 and 200. Data from DeCarlo et al. (2006) are 

surface measurements, whereas POLARCAT and CONCERT data are aircraft-based. 

Species C-ToF-AMS 
HR-ToF-AMS (DeCarlo et 

al., 2006) 

Q-AMS 

(DeCarlo et 

al., 2006) 

Data in 

µg m
-3

 

(STP) 

CONCERT POLARCAT DeCarlo et 

al. (2006) 

W mode V mode  

Particulate 

Organics 

 

0.07 

 

0.5 

 

0.019 

 

0.360 

 

0.022 

 

0.470 

Sulfate 0.02 0.08 0.002 0.110 0.005 0.160 

Nitrate 0.02 0.03 0.001 0.032 0.003 0.032 

Ammonium 0.10 0.37 0.016 0.150 0.038 0.350 

Chloride 0.02 n. d.  0.004 0.053 0.012 0.032 

R  ~640 ~640 ~800 ~4300 ~2100 ~220 

n. d. not defined 

This comparison shows the advantage of a C-ToF-AMS aircraft deployment over a Q-AMS or HR-

ToF-AMS in W mode. The high LODs during POLARCAT are still of the same order of magnitude or 

even lower than the surface LODs for the other two instrument types. Alternatively, a HR-ToF in V 

mode could be operated instead of a C-ToF-AMS with similar results. Considering especially the 

remoteness of the two campaigns POLARCAT (Greenland, long distance from sources) and 

CONCERT (tropopause) and the relatively low aerosol concentrations it is important to aim rather for 

a high sensitivity instrument than for high-resolution.   

2.1.3 Acquisition modes 

For aircraft-based measurements three operational modes are relevant. The mass spectrum mode (MS 

mode) serves to quantify the aerosol mass concentration and composition via the difference of mass 

spectra recorded from ambient particles and instrumental background. Mass concentrations are given 

in µg m
-3

 at standard temperature and pressure (STP). Details relevant to the measurements presented 

here are given in section 2.4.  

Chemical composition can also be provided size-resolved in the particle time-of-flight mode (PToF 

mode) (Jayne et al., 2000; Allan et al., 2003). Above it was already described that the chopper cuts the 

particle beam to provide a starting point for the flight time measurement. The determination of mass 

concentration is exactly the same as for the MS mode only that the data is acquired as a function of 
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particle flight time. To relate the particle time of flight to the vacuum aerodynamic size, calibrations 

need to be performed. Data is typically displayed as dM/dlog(dva), with dM is the aerosol mass 

concentration for the respective size interval, and dlog(dva) is a notation for log(dva i+1/dva i). More 

information regarding the specific configuration and calibration of the C-ToF-AMS is discussed in 

section 2.3 and 2.4. The sequential recording of data in MS and PToF mode is called general 

alternation mode.  

The third relevant acquisition mode is the fast mass spectrum mode (FMS) in which spectra can be 

obtained at rates greater than or equal to 1 Hz (Kimmel et al., 2008). The key to such fast acquisition 

is the onboard averaging of data in the ADC card before transfer to the computer, a time consuming 

step. In contrast to the MS and PToF modes a single data point does not comprise both, a particle 

(open) and a background (closed) spectrum, but either one of them. Therefore, the average of a certain 

number of closed spectra in a measurement cycle is subtracted from each open data point in the same 

cycle. The advantage of the FMS is that rapid changes in aerosol concentration and composition can be 

highly resolved. This is especially important for airborne measurements where data acquisition 

translates into spatial resolution and characteristics of single air masses with different origins can be 

described more accurately. Beside FMS application during CONCERT it was only used during the 

ARCTAS campaigns before. More details regarding the data analysis of FMS are given in section 2.4. 
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2.2 Technical modifications to the aircraft deployable C-ToF-AMS 

Prior to mounting the C-ToF-AMS in either research aircraft, ATR-42 or Falcon, several technical 

modifications had to be realized. 

2.2.1 Mechanical requirements 

The instrument had already been placed into two standard 19” Falcon racks (see Figure 11) from an 

earlier campaign (PAZI) in 2003 (Schneider et al., 2006a). All components need to be fixed in the rack 

properly so they resist certain forces (multiples of gravitational acceleration g) in all six directions 

oriented in flight direction: forward 9 g, backward 1.5 g, upward 4.5 g, downward 7 g, and to either 

side 3 g. This is based on the European Joint Aviation Requirements JAR 23/25/27. The first rack (see 

also block diagram in Figure 12) contains the electronic equipment such as the computer (AMS 06, 11, 

400, 401), two voltage converters (AMS 02, 22), the turbo pump controller (AMS 04), further 

electronic controllers for various other components like the chopper or the vaporizer (AMS 09), a 

BNC board (AMS 21), and an uninterruptable power supply (UPS, AMS 01). The second rack 

comprises the vacuum chamber (AMS 10) with the inlet system (AMS 24, 241-247) and diaphragm 

pumps (AMS 03, 23), the turbo pumps (AMS 101-106) and the actual mass spectrometer (AMS 10) 

with the control unit (AMS 18). Altogether this specific instrument weighs 168.4 kg including the 

racks (14.6 kg each). This already satisfies HALO requirements with an upper payload of 150 kg per 

rack. When installing all components into one HALO rack, potentially, weight can still be reduced by 

shortening cables and condensing the electronics into one box. Additionally, the required rack power 

distribution box can replace the voltage converters. A major weight contributor is the UPS (21.1 kg) 

which could be omitted if possible. However, in case of power failure the UPS provides extra time 

(20 min) for a controlled shut down avoiding stress for the MCP detector and turbo pumps. 

Additionally, switching power from the ground power unit to aircraft power supply is usually 

accompanied by a short power interruption which is bridged by the UPS.  

2.2.2 Electrical requirements 

For the AMS deployment on Falcon in October 2008, the main modifications to be realized concerned 

the electrical security. Currents of up to 10 A for the pumps are reached during the start-up of the 

instrument and voltages of up to 3 kV are reached during operation. The total electrical power 

consumption during data acquisition is about 0.7 kW. This C-ToF-AMS is equipped with a total of 79 

cables. Adequate cable diameters for the expected currents, protection wrapping against fire and fuses 

need to assure save power distribution. An additional 7 A fuse box (AMS 300) was installed, as well 

as single fuses for turbo pump fans and the standard inlet diaphragm pump. Also, all power cables 

were replaced by Teflon mantled cables and power cable connectors had to be exchanged by certified 

Amphenol plugs which are screw-tied to the socket and cannot come lose during flight. Another major 

modification was the installation of an emergency shut-off switch (AMS 10S). In case power has to be 

cut from the scientific equipment, the UPS would continue to provide the AMS with power, so a 

simple switch to disconnect the UPS from the AMS was required.  
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electronics

pump controller

PCI controller

CPC

std. inlet

PCI

vacuum 
chamber

voltage converter

 

Figure 11: C-ToF-AMS in two standard Falcon 19” racks. Left: electronics rack; right: mass spectrometer 

rack. 

2.2.3 Risk Assessment 

The minimization of operational risks for aircraft-based measurements is especially important since 

malfunctions during flights can lead to life threatening situations. The disconnection of the 3 kV 

supply cable to the MCP poses a threat which is reduced by screw-tied plugs on either side. The five 

turbo pumps operate at a rotational speed of 75,000 rpm but are sufficiently shielded by the casing in 

case of a dysfunction. A sudden increase of pressure in the vacuum chamber will be reflected in the 

performance of the turbo pumps. Therefore two interlocks connect the pump controller with the 

vaporizer and filament controller and the high voltage supply to the MCP to shut them down including 

the pumps. Another critical component is the UPS containing lead acid batteries which can only be 

operated within a certain temperature and pressure range (charge 0-40°C, discharge -20-50°C, 

minimum pressure equivalent to 2000 m altitude). Sufficient ventilation is provided to keep the 

temperature below 40°C and the minimum cabin pressure in the two respective research aircraft does 

not drop below a value equivalent to 1800 m.  

Beside the risk the operation of the AMS poses to the installations and people in the aircraft there is 

also stress imposed onto the instrument during airborne science missions. Mechanical stress during 

take-off and landing and turbulences is reduced by the use of shock-mounts. Another environmental 

factor which can cause overheating of instrument components is the cabin temperature which can rise 

to approximately 40°C together with poor air circulation. Therefore, as much space and ventilation as 

possible is left around critical hardware such as the data acquisition card with a maximum temperature 

allowance of 60°C. It has been operated at roughly 55°C during flights.  
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Figure 12: Block diagram of electrical connections between individual AMS components. 
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2.3 Scientific modifications to the AMS for aircraft deployment – pressure 

controlled inlet system (PCI) 

In contrast to stationary surface measurements the changes in ambient pressure during airborne 

missions are significant and need special attention. Ambient pressure levels can range from roughly 

1000 hPa to 200 hPa for a maximum altitude ceiling of 12 km. The critical orifice (COr) upstream the 

AMS lens keeps the volumetric flow rate constant. However, as ambient pressure changes, the mass 

flow rate changes with air density leading to fluctuations in lens pressures. This introduces changes in 

the lens transmission as function of the particle diameter. Liu et al. (2007) conducted transmission 

efficiency measurements and calculations with the FLUENT model for the standard AMS inlet at 1013 

and 780 hPa. The results show that at lower pressures the size dependent transmission efficiency 

function favors smaller particle diameters. Also, changing pressures in the aerodynamic lens lead to 

varied particle velocities and acceleration within the lens and after leaving the nozzle (last stage of the 

lens). Thus, the flight time of a certain particle size is not constant which will lead to errors in 

determining the particle mass size distribution. In theory, these effects can be corrected during data 

post processing by means of laboratory calibrations. However, transmission effects can be large 

especially for larger particle sizes and thus are difficult to calibrate for. A pressure controlled inlet 

(PCI) can avoid these drawbacks by maintaining the pressure (PPCI) in front of the COr and lens 

system at a constant level irrespective of changes in ambient pressure.  

2.3.1 PCI design 

The PCI design chosen for the C-ToF-AMS was originally introduced by Lee et al. (1993) as a 

pressure reducer and adapted for the AMS by Bahreini et al. (2008). The here applied PCI only differs 

from the Bahreini PCI in terms of dimensions and the selected critical orifice diameters. Figure 13 

shows the PCI details in side (a) and top view (b) at a scale of 1:4 (units: mm). The ambient air is 

sampled at Pamb (ambient pressure) with a certain isokinetic volumetric flow rate (Qo) and velocity 

(Uo) upstream the first critical orifice (COr1). Isokinetic sampling requires that the flow velocity inside 

the sampling tube is the same as outside in order to minimize particle losses and not to bias the sample 

towards larger or smaller particles. Qo is determined by the utilized aircraft aerosol inlet, hence the 

flow into the PCI has to be controlled accordingly. Details are given in section 2.3.3 which describes 

how aircraft inlets and the PCI were coupled. Subsequently, the sample enters the PCI chamber where 

the pressure (PPCI) is kept at constant level. After a distance longer than the particle stopping distance 

(L) a subsample is drawn through a stainless steel tube which is inserted into the PCI chamber. Before 

entering the standard AMS inlet aerodynamic lens the sample air passes a second critical orifice 

(COr2) which sets the lens pressure (PLens). COr2 keeps the lens pressure constant so that due to the 

stable PPCI not only the volumetric but also the mass flow into the AMS is constant. To maintain PPCI 

constant it is continuously monitored and compared to the target value by means of a PID controller 

(proportional-integral-derivative). The target value is half the lowest expected ambient pressure for 

COr1 to operate critically, i.e. maintaining a constant Qo. The controller operates a valve which closes 

if PPCI is too low (high altitudes) or opens if PPCI is too high (low altitudes). The control valve response 

time is < 30 ms. Air is sucked through the valve by a diaphragm pump. This surplus air is withdrawn 

symmetrically to either side through a 180 ° bend 105.00 mm behind the actual sampling spot in the 
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intermediate chamber in order not to create any turbulence near the sampling point. The Reynolds 

numbers in the sampling line (inner diameter of 0.066” or 1.7 mm) in the PCI ranges between 334 and 

477 depending on PPCI and COr2, and between 21 and 74 within the tube from where the excess air is 

withdrawn through the PID valve (see Appendix A for details).  

To keep particle losses at a minimum certain geometric restrictions need to be considered. To avoid 

deposition losses in front of COr1 after Lee et al. (1993), the diameter of COr1 (d1) should be such that 

√St < 1, where the stokes number (St) is defined as follows: 

 

𝑆𝑡 =
𝜌𝑝𝐷𝑝

2𝐶𝑐𝑈𝑜

18𝜇𝑑1
 

 Eq. 3 

with ρp: particle density, Dp: particle diameter, Cc: Cunningham slip correction, Uo: velocity upstream 

of COr1, and µ: dynamic air viscosity. All units are given in Appendix A. To minimize deposition 

losses at the walls of the intermediate chamber its inner diameter Dt is chosen so that the modified 

stokes number (√St’) is < 1. √St’ is given by 

 𝑆𝑡′ =  
𝜌𝑝𝐷𝑝

2𝐶𝑐𝑈𝑠

18𝜇𝑑1
  

𝑑1

𝐷𝑡
 

0.58

 

 Eq. 4 

with Us: sound velocity at COr1. For ammonium nitrate particles (ρp = 1.72 g cm
-3

) of 750 nm diameter 

at a Pamb of 200 hPa √St and √St’ are 0.15 and 0.36 for both 380 and 400 µm orifices as used during 

the POLARCAT and CONCERT campaigns. Details regarding the calculations are given in Appendix 

A. The values chosen here reflect on the one hand a density which is expected for aged and sulfate 

dominated aerosol (discussion see section 2.5.1) and on the other hand roughly the maximum particle 

diameter which is transmitted by the PCI. The larger the particle and the lower the ambient pressure, 

the larger become √St and √St’, e.g. √St is 0.02 at 1000 hPa for an 80 nm particle (√St’ is 0.05) while it 

reaches a maximum value of 0.15 at 200 hPa for a 750 nm particle (√St’ is 0.36), see Appendix A. As 

the maximum values are clearly below 1 the chosen design is able to keep particle losses at a 

minimum. Changing COr1 to larger diameters at fixed Dt reduces losses in front of the PCI while 

losses in the intermediate pressure region increase. Also, a larger orifice would require higher volume 

flow rates through the PID valve as PPCI would increase otherwise and reduce the maximum altitude at 

which the PCI can be operated. Increasing Dt would result in reduced losses in the intermediate 

chamber and leave losses in front of the inlet unchanged. However, the volume flow through the PID 

valve would have to be increased, as well. Currently the valve facilitates a maximum gas flow of 

5 slpm (standard liter per minute). 

During the POLARCAT campaign this PCI design was modified by introducing a sampling line to a 

CPC (condensation particle counter, TSI 3010) in the intermediate chamber after the withdrawal of 

AMS sampling air (see Figure 13 a). The particle counter was used at the same time as the pump to 

operate the PCI so that the flow into the PCI was 1.74 l/min. COr1 was 400 µm and COr2 160 µm. 

Both campaigns’ PCIs included a relative humidity and temperature probe (see Figure 13 a). 



 

41 

 

For CONCERT the CPC was omitted, instead a bypass with a capacity of 1.3 l min
-1

 upstream COr1 

had to be installed to achieve a total sample flow rate of 2.5 l min
-1

 to guarantee isokinetic sampling 

conditions. As shown in Figure 14, a second manual valve (MV) regulated bypass with a particle filter 

in line was installed for both campaigns to facilitate filtered air measurements during flights for the 

edition of the “fragmentation table” for data analysis (see section 2.4). During CONCERT the 

combination of critical orifices was changed three times in order to best meet the flight specific 

requirements. COr1 and COr2 were 380 and 200 µm, 400 and 200 µm, and 380 and 250 µm. In 

Appendix A photographs of the PCI are shown. 

This PCI design with the easily exchangeable critical orifices COr1 and COr2 satisfies the 

requirements of a broad range of aircraft types and hence a variety of operational conditions. While the 

ATR-42 is a propeller aircraft with an approximate speed of 100 m s
-1

 and a maximum altitude of 

8 km, the Falcon is a twin jet plane that reaches altitudes of 12 km at a speed of more than 200 m s
-1

.  
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Figure 13: Pressure controlled inlet design for the C-ToF-AMS. 
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Figure 14: Pre-PCI inlet system. 

2.3.2 PCI characterization 

In order to report AMS mass concentration measurements quantitatively and particle size distributions 

correctly the pressure controlled inlet needs to be characterized in two respects: The transmission as a 

function of particle size needs to be determined, and a size calibration has to be conducted. In total 

there were four PCIs to be characterized (see Table 4) plus the AMS standard inlet as reference.  

Figure 15 shows the schematic set-up for the transmission efficiency measurements. A custom built 

atomizer was used to produce aerosol from polystyrene latex spheres (PSL, Nanosphere Size 

Standards, Duke Scientific Corporation) and an ammonium nitrate solution. Two diffusion dryers 

filled with silica gel (Riedel-de Haën) dried the aerosol before it entered a differential mobility 

analyzer (DMA, Model Nr. 5.5-900, Grimm Aerosol Technik GmbH & Co. KG) providing a 

monodisperse distribution of the generated particles. The sample flow was diluted by particle-free 

compressed air and split three-way to two CPCs (TSI 3010, Grimm 5.401) and the AMS (solid lines in 

Figure 15). The two CPCs where used to check the complete mixing of sample and dilution air, and to 

be able to correct for non-ideal mixing. 
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Figure 15: Laboratory set-up for the characterization of the PCI transmission efficiency. 

Two methods were applied to determine the transmission efficiency: For particles from 80 to 400 nm 

vacuum aerodynamic diameter (dva) the so-called mass method was applied (see description below). 

Beyond the upper end diameter errors become relatively large since it is difficult to generate enough 

monodisperse particles for an accurate mass determination with the AMS. Thus, a counting method 

was used for diameters from 420 to 1050 nm dva. For the purpose of counting PSL particles the AMS 

was operated with a light scattering probe (LSP) (Cross et al., 2007). The probe consists of a diode 

pumped 405 nm continuous wave 50 mW laser, external mirrors for alignment of the light beam, an 

ellipsoidal mirror for scattered light collection, a razor blade beam stop, and a photomultiplier tube for 

scattered light detection. Due to the diverging laser beam through which all particles pass that are 

focused by the aerodynamic lens system, the number of particles entering the AMS after having 

passed the PCI can be counted and related to the number of particles detected by the CPCs. The 

minimum detectable physical particle size is 180 nm, the reason why the mass method had to be 

applied for smaller diameters. The transmission efficiency for the counting method is here defined as 

the number of particles having passed the PCI, detected by the AMS, over the number of particles 

having entered the PCI, as counted by the CPCs. 

For the mass method, particles from an NH4NO3 solution were generated with the atomizer, dried by 

two diffusion dryers and size selected with a DMA (Grimm DMA 5.5-900). Again, the sample air was 
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diluted before the flow was split three-way to one CPC (Grimm Model 5.401), an SMPS system (TSI, 

Series 3080), and the AMS. The SMPS system (dashed box in Figure 15) was used to compensate for 

multiply charged particles by determining the probability distribution of non-singly charged particles 

in the actually applied DMA for every particle size used in the experiment.  

Before particles with a certain electrical mobility diameter can be selected they pass a radioactive 

source (Am-241 in case of the Grimm DMA) which produces bipolar ions and thus applies an 

equilibrium charge distribution to the aerosol. The theoretical charge distribution can be calculated as 

given by the Boltzmann law and the number fraction of particles carrying a single charge and thus 

corresponding to a selected mobility diameter can be derived. The particle number fraction (PP) is the 

fraction of particles that actually had the selected diameter after passing the DMA. It was measured for 

the following sizes of ammonium nitrate particles: 58, 72, 145, 218, 290, and 327 nm dmob. These 

diameters correspond to 80, 100, 200, 300, 400, and 450 nm dva. As an example, Figure 16 a) presents 

the particle number fraction for a selected diameter of 218 nm. Figure 16 b) shows a comparison of the 

measured values with theoretical values from the TSI DMA manual. For singly charged particles 

theory and experimental values agree well, whereas for doubly charged particles the predicted trend is 

different from the actual behavior. The error bars denote the standard deviation from all scans during 

three repetitive experiments. The number of scans ranged between 6 and 13. 
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Figure 16: a) Number fraction as a function of size after selection of 200 nm particles with the TSI DMA 

(the vertical bars denote the standard deviation from 9 scans), b) Comparison of particle number 

fractions from theory and the actually used TSI DMA. 

This result was considered in the quantification of mass of NH4NO3 by the AMS. For cases, where 

only a noisy signal was obtained by the SMPS system due to the sample flow dilution, the 

characterization of the monodisperse aerosol was conducted separately, assuming the same charge 

distribution. With the known diameter (dmob), density (ρp, 1.72 g cm
-
³) and the particles’ Jayne shape 

factor S of 0.8 (Jayne et al., 2000) the particle number concentration as recorded by the CPC (CPCavg) 

at a particular diameter was converted into mass concentration of NH4NO3.  

𝑀𝑁𝐻4𝑁𝑂3
= 𝑃𝑃 ∗ 𝐶𝑃𝐶𝑎𝑣𝑔 ∗ 𝜌𝑝 ∗

1

6
∗ 𝜋 ∗ 𝑑𝑚𝑜𝑏

3 ∗ 𝑆  

 Eq. 5 

For mass determination with the AMS only m/z related to NO3
+
 (30, 46) were taken into account. 

Thus, nitrate mass was derived and ammonium mass deduced stoichiometrically. The PToF mode was 

used to specify the fraction of mass that was contributed by the respective diameter to total NH4NO3 

mass. The transmission efficiency is defined as mass detected by the AMS divided by the mass 

detected by the CPC.  

The results are shown in Figure 17 and include the PCI deployed during POLARCAT, the three PCIs 

used during CONCERT (PCI 1 – 3), and the standard AMS inlet. The critical orifice combination for 

PCI 1 was 380, 200; for PCI 2 400, 200; for PCI 3 380, 250; and for PCI POLARCAT 400, 160 µm.  

Additionally, the findings by Liu et al. (2007) at 760 torr are displayed. The error bars for the mass 

method points (solid symbols) include the standard deviation of the detected particle number by the 

CPC during the 20 min measuring interval and the standard deviation of the charge distribution of the 

monodisperse aerosol. The LSP derived data points (open symbols) have uncertainties comprising the 
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standard deviations from the mean particle numbers counted by the CPC and LSP. The calculations of 

errors for both methods are shown in Appendix A and an example is given.  
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Figure 17: Transmission efficiency of the AMS standard inlet, the PCIs, and as found by Liu et al. (2007). 

The lines are only drawn to guide the eye. [This figure is adapted from Schmale et al. (2010)]. 
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For the three PCIs with the second critical orifice greater than 160 µm the transmission efficiency is 

the same as for the standard inlet within the calculated error range. Generally, transmission from 200 

to 400 nm dva particles for PCI POLARCAT and from 200 to 600 nm for all other inlets is close to 

100 %. Thus, the respective data of the CONCERT campaign have not been corrected for differences 

in inlet transmission compared to the standard inlet. The POLARCAT inlet shows lower transmission 

for particle sizes smaller than 200 nm dva and greater than 400 nm resulting in an overall inlet 

transmission of approximately 54 % compared to the standard inlet. In theory, a size dependent 

correction would have to be conducted. Practically, this is impossible since the signal of ambient 

aerosol is almost always too noisy during aircraft measurements to derive a size distribution. Without 

the aerosol size distribution no size resolved transmission correction can be applied. Hence, all 

acquired mass concentrations have been corrected by the factor of 0.54. Generally, PCIs with a larger 

second orifice have higher transmission for small and large particles and are similar to the standard 

inlet. Table 4 shows the respective intermediate pressures, lens pressures and size cut-offs for all PCIs.  

Generally, the PCI allowed detection for particles between 84 and 735 nm dva, however very low 

ambient pressure forced the cut-off partially down to approximately 400 nm dva caused by lower lens 

pressures and thus less acceleration within the particle time-of-flight region in the vacuum chamber. 

Less acceleration translates into longer flight times which exceed the maximum time threshold for data 

recording as chosen with the electronic acquisition settings. For POLARCAT the maximum data 

acquisition was set to 5 ms, for CONCERT to 4.4 ms. The pressure regime where PPCI was kept 

constant by the control valve is termed "core Pamb". For ambient pressures outside of the core Pamb 

regime, PPCI is a function of Pamb. These pressure regions are termed "high Pamb" and "low Pamb".  

Size calibrations for each PCI were performed at different PLens. Thus, in theory size distributions 

could have been determined for all flight altitudes and lens pressures if the ambient signal had been 

large enough. As this calibration is an AMS standard procedure independent of the PCI it shall only be 

described very briefly. Monodisperse particles of known size, density and shape S are generated, dried 

and measured by the AMS. Typically PSL particles are used. The particle velocity in the vacuum time-

of-flight region is then related to the particle size by means of a function which depends on the gas 

velocity at the exit of the aerodynamic lens (nozzle) vg, the gas velocity within the aerodynamic lens vl 

and two constant fit parameters commonly denoted as D* and b. vg and vl depend on the lens pressure. 

The upper cut-off diameter depending on the electronic acquisition settings and the actual calibration 

curve can thus be determined. For example, in the case of PCI 2 under low Pamb conditions the velocity 

of a 455 nm dva particle is 86 m s
-1

 which translates into a flight time of 4.4 ms, the upper acquisition 

threshold. The actual largest diameter to be distinguished from noise was 420 nm. These experimental 

values are shown in Table 4. 

With respect to future AMS deployments on HALO where altitudes of up to 15 km will be reached, 

the current PCI design has to be optimized. As mentioned above, COr2 should be as large as possible 

to permit the maximum particle size range to be transmitted. At the same time, both orifices need to be 

maximized for measurements at low ambient pressures (high altitudes). This, however, will result in 

over pressure in the aerodynamic lens at low altitudes because the maximum opening of the PID valve 

will not allow sufficient withdrawal of excess air. Hence, installing two or more PID valves in parallel 
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can solve this problem. All valves can be controlled in the same way as is done currently based on the 

intermediate pressure.  

Table 4: Pressure controlled inlet (PCI) specifications for the CONCERT and POLARCAT campaign 

(Pamb ambient pressure; PPCI pressure in the intermediate region; PLens pressure in AMS lens); core Pamb: 

PPCI is constant, high Pamb / low Pamb: Pamb too high or low to keep PPCI constant, PPCI becomes a function of 

Pamb. The upper cut-off diameter has been converted from dmob to dva. 

 CONCERT POLARCAT 

Design PCI 1 PCI 2 PCI 3 PCI Polarcat 

Orifice 1 and 2 (µm) 380, 200 400, 200 380, 250 400, 160 

Aircraft operated on 10/27/08 10/28/08 

10/29/08 

10/31/08 

11/01/08 

06/30 –  

07/14/08 

high Pamb (hPa) > 800 > 600 > 600  

PPCI function PPCI =  

0.22*Pamb+2.76 

PPCI =  

0.36*Pamb-35.7 

PPCI =  

0.29*Pamb-73.2 

 

PLens (hPa) 2.4 – 2.2 2.9 – 2.3 2.9 – 2.3  

upper cut-off dva (nm) 735 735 735  

core Pamb (hPa) 800 – 295 600 – 200 600 – 180 1000 – 350 

PPCI function PPCI = 190 PPCI = 188 PPCI = 110 PPCI = 387 

PLens (hPa) 2.2 2.2 2.2 2.2 

upper cut-off dva (nm) 800 800 800 800 

low Pamb (hPa) < 295 < 200 < 180 < 350 

PPCI function PPCI =  

0.33*Pamb +96.5 

PPCI =  

0.58*Pamb+69.5 

PPCI =  

0.27*Pamb+61.8 

PPCI =  

0.89*Pamb+53.5 

PLens (hPa) < 2.2 < 2.2 < 2.2 < 2.2 

upper cut-off dva (nm) 420 420 800 800 

 

2.3.3 Coupling to aircraft inlets 

On each aircraft, the AMS was connected to a forward facing inlet for isokinetic sampling. For the 

DLR-Falcon, the inlet has been described in Fiebig (2001) and Schneider et al. (2006a). The sampling 

facility extends 30 cm beyond the fuselage probing the air outside the boundary layer of the aircraft. 

The upper end diameter is larger than 1.3 µm, thus not interfering with the upper cut-off diameter of 

the AMS inlet. Inside the aircraft, a 1/8” outer diameter stainless steel tube of less than one meter 

length connected the aircraft inlet with the AMS pressure controlled inlet (PCI) system. To guarantee 

isokinetic sampling the flow rate through this tube was kept constant at 2.5 l/min. Since the PCI had a 

flow rate of only 1.2 l/min a bypass with a throughput of 1.3 l/min was installed not affecting the 

sample flow.  
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During POLARCAT, the AMS sampled from the French community aerosol inlet (CAI) fabricated by 

COMAT as described by J.-L. Brenguier et al. (Community aerosol inlet, paper presented at ARM 

AVP workshop on Aircraft Instrumentation, Urbana-Champaign, IL, USA, 2008) and by McNaughton 

et al. (2007). The inlet was originally designed by the University of Hawaii. CAI is an isokinetic and 

isoaxial inlet with an estimated 50 % detection efficiency at 2.5 µm, thus not impairing AMS 

measurements. The mass spectrometer was connected via a ¼” OD stainless steel tube of 

approximately 2 m total length to the aircraft inlet. 
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2.4 AMS data acquisition, corrections, errors, and limit of detection 

During both campaigns, the AMS was operated in the so-called general alternation mode. For 

POLARCAT, one data point corresponds to 30 seconds sampling time spending three times five 

seconds in each mode. The final data was averaged to 2 minutes. These data represent a horizontal 

resolution of 12 km and approximately 600 m in the vertical during ascents and descents. For 

CONCERT, the time resolution was ten seconds with each mode recording half of the time. 

Additionally, the FMS mode with one second time resolution was applied during certain intervals. 

Data presented in this work are 30 second averages translating into a horizontal resolution of 6 km for 

a speed of 200 m s
-1

 and a typical vertical resolution of 260 m.  

The AMS data analysis was conducted with the standard software SQUIRREL (SeQUential Igor data 

REtRivaL) using versions 1.45 to 1.49. In addition, a number of campaign and instrument specific 

correction factors needed to be determined and considered for the final quantification and error 

estimation. Also, the limit of detection was calculated. This section explains how the individual factors 

were derived. They are presented in the order of application to the data.  

2.4.1 Data Correction and Error estimation 

2.4.1.1 Filter measurements 

To be able to make experiment specific editions to the fragmentation table by means of which the 

signal of each recorded m/z is attributed to a certain chemical species, the AMS is operated with a 

particle filter in front of the inlet at certain intervals. For POLARCAT these intervals were kept at a 

minimum in order not to lose any precious ambient data during flights. Filter measurements were 

taken during three flights for a total of 40 min. The obtained spectra were averaged and served as the 

basis for the fragmentation table edition. During CONCERT it was tested if “surface filter” and “in-

flight filter” data differed significantly. Since this was not the case, particle free air was measured after 

each scientific flight for approximately 30 min.  

2.4.1.2 Ionization efficiencies 

To quantify aerosol mass concentrations, the ionization efficiency of chemical species in the AMS (see 

also section 2.1.1) is determined. IE is the ratio of ions detected by the MCP and the total amount of 

molecules of the chemical compound (e.g. nitrate). This standard procedure is described in Jayne et al. 

(2000) and Allan et al. (2003). Default relative IEs (RIE, relative to nitrate) for ammonium, sulfate, 

organics, and chloride are provided by the standard analysis software. However, these values are not 

necessarily valid for all individual instruments, so additional experiments were conducted for each 

electronic acquisition setting. Particles were generated from a solution of known ratio of ammonium 

nitrate, ammonium sulfate and succinic acid (C6H12O6*H2O), dried by two diffusion dryers and 

measured by the AMS in MS mode. Succinic acid was chosen as a representative for organic matter as 

it has a high O:C ratio (1.2), i.e. highly oxygenated, which is also expected for organic matter 

encountered in the Greenland troposphere and in the tropopause. By dividing the original composition 

ratio of the species by the ratio obtained with the AMS the instrument specific RIE values were 

determined as shown in Table 5.  
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Table 5: Relative ionization efficiencies during the CONCERT and POLARCAT campaigns 

Flight RIESO4 RIENH4 RIEOrg 

October 27 1.00  0.04 3.12  0.02 1.76  0.07 

October 28 0.96  0.08 3.09  0.03 1.77  0.26 

October 29 1.03  0.81 3.11  0.08 1.76  0.29 

October 31 0.98  0.17 3.19  0.04 1.78  0.36 

November 02 0.94  0.02 3.05  0.2 1.73  0.10 

all POLARCAT 1.12 4.00 1.40 

default from SQUIRREL 1.20 4.00 1.40 

 

For this calibration it was assumed that each chemical compound forms particles in such a way that 

the mass of the particles reflects the compound’s concentration in the solution and the relative 

abundance in comparison to the other compounds. Figure 18 shows that all particles were formed in 

the same size mode with a mode diameter of 270 nm dva. Therefore, the potential error in the species’ 

quantification due to different mass size distributions can be excluded.  
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Figure 18: Size distribution of “chemical cocktail“ for the determination of relative ionization efficiencies. 

The reason for deviation from the default values might be related to the actual settings of the ion 

extraction lenses and of the mass spectrometer voltages, so that the ion transmission as a function of 

the m/z value is different from that during the experiments when the default RIE values were 

established. Regarding RIEOrg, additionally the type of ionized organic fragments might play a role 

meaning that ions of highly oxygenated organic matter fragments can be extracted to a different degree 

than ionized fragments from hydrocarbons (Jimenez et al., 2003).  
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Figure 19: Ratio of nitrate and sulfate dependent on the vaporizer temperature. The heater should be 

operated at a temperature of more than 560°C to ensure correct measurement of sulfate. 

Also, the actual temperature of the vaporizer plays a role for RIESO4. To quantify this, the temperature 

of the vaporizer was scanned from 370 to 640 °C and a known mixture of ammonium nitrate and 

ammonium sulfate was measured. The data was binned into 20 °C intervals as shown in Figure 19. 

The bars denote the standard deviation from the mean per bin. The graph shows that lower heater 

temperatures cause an underestimation of sulfate mass as the aerosol component is only partially 

evaporated. For the field experiment, data between 520 and 640 °C are relevant. In this range a 

deviation of 5 % from the mean is observed. This needs to be considered when calculating the error for 

sulfate mass concentrations. In the respective range, each bin represents between 6 and 18 data points 

(the bin between 560 and 580°C only contains 2 data points).  

2.4.1.3 Campaign related corrections 

POLARCAT - Jump Mass Mode 

Due to very low mass concentrations (total average of 0.54 µg m
-3

) observed during the POLARCAT-

summer experiment many of the mass to charge ratios contributing to the organic spectrum were close 

to or even below zero. This adds noise to the total organic signal and increases the limit of detection 

(LOD). The LOD depends on the instrument’s background signal (Ib) and is calculated from three 

times the standard deviation of Ib times √2 to account for the noise in the background and 

measurement signal which are subtracted from each other for the determination of the aerosol mass 

concentration. Therefore, only a selection of m/z, i.e. their contributions to the organic mass spectrum, 

was chosen to represent the total organic mass similar to the jump mass mode (JMS) used for 

quadrupole AMS data analysis as described by Crosier et al. (2007) and as suggested by Drewnick et 

al. (2009). The considered mass to charge ratios were derived from an organic mass spectrum obtained 

during sampling a pollution plume, thus accounting for mass to charge ratios present in the 

background and pollution events. The final selection criterion was a combination of three factors:  

(1) an increased number of points above LOD compared to the total organic mass signal,  
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(2) a maximum ratio of the correlation coefficient (Pearson’s R), from the linear regression of the 

organic selection versus the total organic spectrum, and the LOD, and 

(3) the highest representation of mass of the total organic mass after fulfillment of points 1 and 2. 

Figure 20 illustrates the combinations of m/z which were tested to represent the total particulate 

organic mass. The horizontal axis denotes the ratio of Pearson’s R correlation coefficient and the limit 

of detection: the higher the value of the ratio, the better the selection because this implies a higher 

correlation and a lower limit of detection. R is derived from the same number of points (182) for each 

combination of m/z. The vertical axis shows the fraction of data points within the selected group of m/z 

that are greater than the LOD compared to the standard organic mass concentration data points. The 

more points are greater than the detection limit the better the selection. Therefore, the best selection is 

theoretically located in the upper right corner. 
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Figure 20: Determination of the m/z used to represent organic mass during POLARCAT. R, Pearsons 

correlation coefficient of selected mass versus total mass; LOD, limit of detection; the red numbers denote 

the fraction of mass represented by the selection which is given in the boxes. The grey box shows the final 

choice.  

However, another factor, the fraction of the total organic mass that is represented by the selection, 

shall be as large as possible without sacrificing the quality of the selection. Choosing only m/z 29 

(upper right corner) leads to a high R/LOD ratio and the highest number of data points above LOD but 

only 16 % of the total organic mass are represented. Selecting a group of m/z including 29, 44, 18, 15, 

43, 42, and 59, yields a fraction of 62 % of mass, however with less data points above LOD than the 

standard organics. Therefore, the group indicated by the grey box was chosen resulting in the selection 

of five m/z (15, 29, 43, 44, and 59) corresponding to the most abundant ions observed that exhibited a 
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clear signature in all flights. Table 6 shows the Pearson correlation coefficient, number of data points 

included, and fraction of mass represented for each flight including the standard deviation of the linear 

regression. Organic aerosol mass data discussed in this work are based on these representative mass to 

charge ratios. This means that the mass selection has been divided by the numbers shown in column 2 

of Table 6.  

Table 6: Representation of organic mass by the m/z selection for POLARCAT (sdev = standard deviation), 

Pearson correlation coefficient (R) of the linear regression 

Flight Date % mass ± sdev R Number of data points 

June 30 38 ± 3 0.82 32 

July 08 49 ± 2 0.72 165 

July 10 47 ± 2 0.80 107 

July 12a 52 ± 2 0.62 163 

July 12b 60 ± 2 0.75 145 

July 13 52 ± 1 0.73 121 

July 14a 49 ± 1 0.68 145 

July 14b 43 ± 1 0.74 124 

 

CONCERT – Fast Mass Spectrum Mode 

Different acquisition settings for general alternation and FMS mode had to be corrected for. The 

general alternation settings (baseline, threshold and offset voltages) were calibrated according to the 

standard procedure with the Data Acquisition Software. Since the FMS mode was applied for the first 

time it was not known that the determined acquisition settings were not automatically adopted for all 

other modes. Instead the software’s default values were applied. The difference in the electronic 

threshold values, which determine when a signal originates from ambient particles opposed to 

electronic noise, resulted in unequal final mass concentrations for the same aerosol load. Thus, 

laboratory generated particles from an ammonium nitrate, ammonium sulfate and succinic acid 

solution were measured by the AMS in both modes with each flight’s electronic settings. Division of 

the FMS mode values by the general alternation mode values yielded the correction factor or each m/z. 

As Figure 21 shows, the FMS correction factor (open red circles) for m/z ratios smaller than 100 varies 

slightly. For m/z larger than 100 the factor becomes noisy which is mainly due to the low signal 

intensity in the recorded mass spectrum (black bars). However, m/z larger than 110 were not detected 

during CONCERT.  
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Figure 21: m/z dependent correction factor for fast mass spectrum mode 

Due to the slight variations dependent on the mass to charge ratio the final FMS correction factor was 

determined per chemical species (see Table 7): 

Table 7: Fast mode correction factors for CONCERT particulate species including standard deviation 

Flight # of 

points 

Organics Sulfate Nitrate Ammonium Chloride 

October 27 372 0.62 ± 0.01 0.63 ± 0.01 0.64 ± 0.02 0.66 ± 0.01 0.65 ± 0.09 

October 28 372 0.59 ± 0.01 0.60 ± 0.01 0.62 ± 0.02 0.64 ± 0.02 0.61 ± 0.05 

October 29 379 0.56 ± 0.01 0.58 ± 0.01 0.60 ± 0.01 0.63 ± 0.01 0.56 ± 0.04 

October 31 312 0.54 ± 0.01 0.56 ± 0.01 0.57 ± 0.01 0.61 ± 0.01 0.54 ± 0.06 

November 02 438 0.60 ± 0.01 0.61 ± 0.02 0.63 ± 0.02 0.64 ± 0.02 0.62 ± 0.05 

 

2.4.1.4 Pressure controlled inlet related correction 

With the employment of the PCI the recorded data refer to conditions in the intermediate chamber at 

PPCI. Conversion to STP is done by the following equation: 

𝐶𝑆𝑇𝑃 = 𝐶𝐴𝑀𝑆 ∗
𝑉𝑚𝑒𝑎𝑠

𝑉𝐶𝑂𝑟
∗
𝑃𝑆𝑇𝑃

𝑃𝑃𝐶𝐼
 

 Eq. 6 

with CSTP being the concentration at STP conditions, CAMS the mass concentration obtained after 

standard AMS data processing and applying the actual RIE, Vmeas the flow rate measured by the 

pressure sensor in the aerodynamic lens calibrated for standard pressure and a critical orifice of 

100 µm, VCOr the nominal flow rate through the last critical orifice (COr2), and PSTP being equal to 

1013.25 hPa.  
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2.4.1.5 Collection efficiency 

Next to losses occurring in the inlet and lens system (EL) and losses due to non-focusing of irregularly 

shaped particles after having passed through the aerodynamic lens (ES), there are certain types of 

particles which hit the heater and bounce-off immediately (EB). These particles cannot be vaporized 

and their mass is not accounted for. In order to compensate for these artifacts, the so called collection 

efficiency (CE) factor, the product of all three effects (CE = EL* ES* EB), is introduced (Huffman et 

al., 2005). It has been shown that a CE factor of 0.5 represents quite well the sampling of ambient 

aerosol as determined and applied in various field campaigns (e.g. Allan et al., 2004a; Drewnick et al., 

2004; Hings et al., 2007). Based on this experience and the lack of opportunity to compare AMS mass 

concentrations to data recorded by other instruments for the campaigns considered in this work, the 

CE factor was set to 0.5. An additional argument in favor is that particles were sampled at ambient 

temperatures between -30 and -64° C (CONCERT) and between -10 and -34 °C (POLARCAT) at low 

relative humidity most of the time. Since the sampling line in the aircraft was not cooled, temperature 

differences between the outside and inside were on average 79 K with a maximum difference of 107 K 

(CONCERT) and 48 K average and 75 K maximum for POLARCAT. Thus, it is assumed that most of 

the water contained in the particles evaporated within the sampling line. So particles entering the AMS 

were dry and would therefore bounce off the heater more likely. Studies by Matthew et al. (2008) have 

shown that solid phase particles have low collection efficiencies around 20 to 30 % opposed to liquid 

phase particles with CEs around 100 %. On the other hand, it was found that very acidic aerosol, 

mainly composed of sulfuric acid, tends to have a CE of 1 in a marine environment (Quinn et al., 

2006). However, except for the volcanic aerosol, the particles measured during POLARCAT and 

CONCERT were composed of more than 50 % organic matter. Here a CE of 0.5 is applied for all 

CONCERT measurements, while for POLARCAT a CEPCI of 0.5*0.54 = 0.27 is used, including the 

PCI transmission efficiency (see section 2.3.2.). 

2.4.1.6 Total Error 

The total error related to each data point is comprised of two types of uncertainties:  

(1) A statistical error can be attributed to each measurement point based on ion counting statistics 

(Allan et al., 2003). For POLARCAT it is near 30 % for sulfate data points greater than the three 

standard deviation LOD (see section 2.4.2) and 41 % for organics for 30 seconds time resolution. For 

CONCERT the errors are around 16 % and 57 %, respectively, for 10 second data. These large 

statistical errors become plausible when considering that the actual detected ion signal from ambient 

aerosol is only about 1 % higher than the instrument background signal in most cases. Figure 22 shows 

an example for the flight on 8 July, 2008.  

(2) The results are subject to a systematic error caused by the collection efficiency as described in 

section 2.4.1.5 including the pressure controlled inlet transmission efficiency which is near 30 %, see 

Figure 17 and Schmale et al. (2010). This error cannot be determined on a point by point basis. 

Equally, the campaign specific correction factors were not calculated on a single point basis. In the 

case of the JMS mode for POLARCAT the standard deviation of the factor as derived from the linear 

regression is given in Table 6. For CONCERT the standard deviation of the FMS correction factor is 

given in Table 7. 
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Figure 22: Signal (Hz) for organic matter during the flight on 8 July, 2008. The right vertical axis denotes 

the ratio of difference and closed signals. 

In the end, for each AMS data point an error was calculated. It comprises uncertainties derived from 

counting statistics (Allan et al., 2003) and for sulfate containing particles during CONCERT 

additionally an uncertainty of 5 % due to variations in the relative ionization efficiency (see discussion 

in section 2.4.1.2).  

2.4.2 Limit of Detection 

Classically, the limit of detection (LOD) for each species is calculated from the standard deviation of 

the aerosol mass concentration in air sampled through a particle filter, such that the mean aerosol mass 

concentration is expected to be 0 µg m
-3

 and deviation from this value indicates the sensitivity of 

measurement. For aircraft deployments, however, special circumstances apply. Adequately long filter 

measurements during flights cannot be afforded (see section 2.4.1.1) and background values change 

significantly during flights. Alternatively, after Drewnick et al. (2009) the LOD can be calculated as 

three times the standard deviation from the closed signal of each chemical species multiplied by √2. 

The factor √2 is due to the fact that the open signal which is used to determine the difference is subject 

to the same deviation. However, the closed, i.e. instrumental background signal, during flights is 

subject to variations. This is due to the circumstance that the vacuum can only be established within a 

relatively short period of time before take-off. For CONCERT and POLARCAT roughly four hours 

were available for pumping. As a consequence, the background concentration is relatively high at the 

beginning and decreases during the flight due to the continued pumping and low ambient aerosol 

loadings. Different m/z decrease at distinct rates which results in difficulties finding an appropriate fit 

function to the closed signal of chemical species such as organics that are composed of many m/z. 

Figure 22 shows the decay of the organic closed signal (black crosses) and selected m/z for an example 

flight. A long-scale decreasing trend is visible on which short- and small-scale noise is superimposed.  

To determine the standard deviation from the mean closed signal composed of the different-scale 

signatures an algorithm developed by Reitz (2011) was applied. This algorithm separates the short-
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scale noise of a curve from its long-term trend by local cubic interpolation, such that the standard 

deviation of the curve with respect to the short-scale noise can be calculated. The algorithm provides 

the LOD including its estimated error at the one and three sigma level, i.e. at the 68.30 and 99.73 % 

confidence interval. Table 8 shows the 2 min values for POLARCAT with the 30 second LOD in 

parenthesis for comparability with the 30 second CONCERT data.  

Table 8: Three sigma limit of detection (µg m
-3

 STP) per flight during POLARCAT for 2 minutes and 30 

second data in parenthesis, and CONCERT for 30 second average data 

Flight 
Particulate 

Sulfate 

Particulate 

Nitrate 

Particulate 

Ammonium 

Particulate 

Organics 

Particulate 

Chloride 

June 30 0.08 (0.16) 0.03 (0.06) 0.35 (0.70) 0.80 (1.60) x 

July 08 0.06 (0.12) 0.02 (0.04) 0.27 (0.54) 0.22 (0.44) x 

July 10 0.03 (0.06) 0.01 (0.02) 0.18 (0.36) 0.18 (0.36) x 

July 12a 0.03 (0.06) 0.01 (0.02) 0.20 (0.40) 0.21 (0.42) x 

July 12b 0.04 (0.08) 0.02 (0.04) 0.25 (0.50) 0.23 (0.46) x 

July 13 0.10 (0.20) 0.04 (0.08) 0.41 (0.81) 0.53 (1.06) x 

July 14a 0.08(0.16) 0.02 (0.04) 0.18 (0.36) 0.25 (0.50) x 

July 14b 0.05 (0.10) 0.03 (0.06) 0.35 (0.70) 0.42 (0.84) x 

October 27 0.02 0.03 0.12 0.14 0.04 

October 28 0.03 0.02 0.17 0.11 0.04 

October 29 0.02 0.03 0.10 0.10 0.03 

October 31a 0.03 0.02 0.13 0.10 0.03 

October 31b 0.02 0.02 0.13 0.07 0.03 

November 02 0.02 0.02 0.15 0.11 0.03 

 

2.4.3 Example calculation for aerosol mass concentration corrections and error 

estimations 

Table 9 illustrates how the final mass concentrations of particulate sulfate and organics were 

calculated including all corrections and error estimations for the POLARCAT and CONCERT 

campaigns. The individual steps of the calculation are labeled as “corrections” and shown in the order 

of application. Statistical errors were added by taking the square root of the sum of the squares of each 

single error.  

The following equation (Eq. 7) elaborates how the mass concentration of a species s is calculated 

based on the ion counting rate which corresponds to “correction step” 2 in Table 9. Here, the 

laboratory calibration of the ionization efficiency of nitrate is used (see section 2.4.1.2).  
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 Eq. 7 

With CsAB: mass concentration of a chemical species s in µg m
-3

 of air, RIEs: relative ionization 

efficiency of species s, : total signal intensity in ions s
-1

 of species s summed over all 

contributing fragments, NA: Avogadro’s number (6.02*10
23

 mol
-1

), Qin: flowrate into the instrument 

(1.28 cm
3
 s

-1
), MWNO3: molecular weight of nitrate (62.007 g mol

-1
), IENO3: ionization efficiency of 

nitrate, ABcorrf: air beam correction factor, and 10
12

 is the conversion factor from g cm
-3

 to µg m
-3

.  

 

Example for particulate sulfate during CONCERT:  

Default RIESO4
:  

 

Measured RIESO4
: 

 

 

 



 

 

 

Table 9: Example calculation of aerosol mass concentrations for particulate sulfate and organics for one data point during the POLARCAT and CONCERT campaigns 

Correction POLARCAT CONCERT 

 14 July, 2008, 16:05:01 31 October 2008, 15:12:30 

# Description / section Particulate 

sulfate 

Error Particulate 

organics 

Error Particulate 

sulfate 

Error  Particulate 

organics 

Error  

1 Frag table edition based 

on particle filter 

measurement / 2.4.1.1 

n.d. n.d. Correction 

factors for:  

Air m/z 29: 

1.07 

CO2 m/z 44: 

1.25 

n.d n.d. n.d. Correction 

factors for: 

Air m/z 15: 

0.014 

Air m/z 29: 

0.64 

CO2 m/z 44: 

0.64 

n.d 

 Value (Hz) / ion 

counting error (Hz) 
2185.9 210.28, 

9.6 % 

4273.81 1497.65, 

35.0 % 

1804.7 26.3, 1.4 % 1872.5 134.2, 7.2 % 

2 Application of air beam 

correction factor and 

conversion to µg m
-3

 (see 

Eq. 7) 

ABcorrf: 0.658 

Qin: 1.26 cm
3
 s

-1
 

IENO3: 3.54*10
-7 

ABcorrf: 0.825 

Qin: 1.28 cm
3
 s

-1
 

IENO3: 3.04*10
-7

 

 Initial value (µg m
-3

) / 

ion counting error 

(µg m
-3

) 

0.28 0.03, 9.6 % 0.46 0.16, 35.0 % 0.33 0.005, 1.4 % 0.29 0.02, 7.2 % 

3 Application of RIE as 

determined from 

laboratory experiments 

(section 2.4.1.2) 

RIESO4: 

1.12  
 5 % 

uncertainty in 

final mass 

concentration 

n.d. n.d. RIESO4: 

0.98 (see 

Table 5) 

 5 % 

uncertainty in 

final mass 

concentration 

RIEOrg: 1.78 

(see Table 5) 

 

 Value (µg m
-3

) / error 

(µg m
-3

) 
0.29 0.03, 10.8 % 0.46 0.16, 35.0 % 0.42 0.02, 5.2 % 0.23 0.02, 7.2 % 

6
1
 



 

 

 

 

4 Campaign specific 

corrections (section 

2.4.1.3) 

n.d. n.d. JMS 

correction 

factor: 2.33 

(see Table 6: 

1/0.43=2.33) 

 2.3 % 

uncertainty of 

correction 

factor 

FMS 

correction 

factor: 0.56 

(see Table 

7) 

 1 % 

uncertainty in 

final mass 

concentration 

FMS 

correction 

factor: 0.54 

(see Table 7) 

 1 % 

uncertainty in 

final mass 

concentration 

 Value (µg m
-3

) / error 

(µg m
-3

) 
0.29 0.03, 10.8 % 1.08 0.38, 35.0 % 0.24 0.01, 5.3 % 0.12 0.01, 7.3 % 

5 PCI correction (section 

2.4.1.4) 

See Eq. 6 

With Vmeas = 1.26 cm
3
 s

-1
; VCOr = 3.54 cm

3
 s

-1
; PPCI = 387.0 hPa 

See Eq. 6 

With Vmeas = 1.28 cm
3
 s

-1
; VCOr = 7.8 cm

3
 s

-1
; PPCI = 110. hPa 

 Value (µg m
-3

) / error 

(µg m
-3

) 
0.28 0.03, 10.8 % 1.03 0.36, 35.0 % 0.36 0.02, 5.3 % 0.18 0.02, 7.3 % 

6 Collection efficiency 

(section 2.4.1.5) 

CEPCI = 0.27 CE = 0.5 

 Final value (µg m
-3

) / 

error (µg m
-3

) 
1.04 0.11, 10.8 % 3.82 1.34, 35 % 0.72 0.04, 5.3 % 0.32 0.04, 7.3 % 

 Difference from initial 

value  
373 %  830 %  218 %  110 %  

 Total statistical error  Ion counting 

statistics + 

RIE 

uncertainty: 

0.11, 10.8 % 

 Ion counting 

statistics + JMS 

uncertainty: 

1.34, 35 % 

 Ion counting 

statistics + 

RIE 

uncertainty + 

FMS 

uncertainty: 

0.04, 5.3 % 

 Ion counting 

statistics + 

FMS 

uncertainty: 

0.04, 5.3 % 

 Total systematic error 

(section 2.4.1.6) 

  30 % 

0.31 µg m
-3

 

  30 % 

1.14 µg m
-3

 

  30 % 

0.22 µg m
-3

 

  30 % 

0.10 µg m
-3

 

 Limit of detection 

(µg m
-3

) 
0.10  0.84  0.02  0.11  

 

6
2
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2.5    Complementary Data  

For an extensive chemical analysis and source identification of particle pollution plumes it is 

necessary to combine AMS data from POLARCAT and CONCERT with complementary aerosol, 

trace gas, meteorological, trajectory, and model data. Furthermore, aerosol chemical composition, 

water vapor, ozone, CO, SO2, and acetonitrile (CH3CN) data from the ARCTAS spring and summer 

missions were used to create a more complete overview on high latitudinal free tropospheric and 

tropopause perturbations. This section introduces the respective instruments, data and models and 

gives an overview of how these data were integrated into the final interpretation. [The following 

descriptions are adapted from Schmale et al. (2010) and (2011).] Basic positioning data (latitude, 

longitude, altitude) and meteorological data (pressure and temperature) were taken from aircraft 

standard instruments and are not further commented. All data related to the ARCTAS campaigns were 

obtained online from the DC-8 60 seconds validated merged files at http://www-air.larc.nasa.gov/cgi-

bin/arcstat-c-pre-www (January 2011, if not stated otherwise).  

2.5.1 Aerosol Data 

Aerosol size distribution 

For plumes detected during POLARCAT, in-situ aerosol size distribution data for particles smaller 

than 500 nm dmob were provided from a scanning mobility particle sizer (SMPS) system (Villani et al., 

2007; Quennehen et al., 2011) operated by the group from Laboratoire de Météorologie Physique, 

Université Blaise Pascal, Aubière, France. Data was acquired continuously aboard ATR-42 at 

130 seconds time resolution. These data were used to identify pollution plumes and wash-out events 

during POLARCAT (see section 2.7.3), and to determine the average size distribution of certain 

pollution source types, e.g. North American biomass burning. The SMPS volume size distribution data 

can be compared qualitatively to AMS mass concentration within certain constrains. The particle size 

ranges of the SMPS, 20 – 500 nm dmob, and the AMS, 80 – 1000 nm dva, are comparable (see Eq. 2). 

Assuming a Jayne shape factor of 1, i.e. spherical particles, as most particles are aged after long-range 

transport, and a density of roughly 1.7 g cm
-3

 based on a density of 1.84 g cm
-3

 for sulfuric acid and 

1.5 – 1.7 g cm
-3

 for aged organic matter (Dinar et al., 2006), an SMPS vacuum aerodynamic diameter 

range from 34 to 850 nm is obtained. It can thus be expected that whenever the SMPS detects a clear 

signal in accumulation mode particles the AMS will detect a mass signal. Even though the SMPS 

detects refractory particles such as black carbon and dust (and sea salt which is of minor relevance in 

this context) which the AMS cannot vaporize, these particles will most likely be coated with non-

refractory material that is detected by the AMS. BC is emitted from BB and FF simultaneously with 

VOCs and SO2 in the latter case. These gas phase components will undergo chemical change over time 

and transport and partition to the particle phase (e.g. Hallquist et al., 2009; Jimenez et al., 2009).  

Aerosol chemical composition 

ARCTAS aerosol chemical data were taken from HR-ToF-AMS measurements conducted by Mike 

Cubison, University of Boulder, Boulder, Colorado, USA. The results are comparable to the C-ToF-

AMS data (see section 2.1.2) and were used to establish a history of particulate sulfate loadings in the 

tropopause before the eruption of Mts. Okmok and Kasatochi in July and August, 2008. These data 
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were downloaded in October 2009. Additionally, the data were used for two case studies and 

integrated in the final resume of particulate sulfate and organics concentrations in the perturbed and 

unperturbed free troposphere and tropopause in mid and high latitudes.  

For putting CONCERT particulate sulfate data into a larger context they were compared to 

publications from Martinsson et al. (2005) and (2009) that are based on CARIBIC (Civil Aircraft for 

the Regular Investigation of the atmosphere Based on an Instrument Container) measurements. 

CARIBIC is a scientific project which deploys a freight container equipped with trace gas and particle 

instruments on commercial long-distance flights to study atmospheric chemical and physical 

processes. Particulate sulfur is obtained by means of filter samples which are analyzed in the 

laboratory by particle-induced X-ray emission (PIXE) for particles in the range between 0.07 and 

1.5 µm (Martinsson et al., 2001). Even though particles larger than 1 µm are taken into account the 

data is still comparable to AMS measurements as experience shows that more than 90 % of the mass is 

carried by particles smaller than 0.6 µm (Martinsson et al., 2005).  

2.5.2 Trace Gas Data 

 

Table 10: Utilization of trace gas measurements for aerosol data interpretation 

Trace Gas Property POLARCAT ARCTAS CONCERT 

O3 
stratospheric 

tracer 

determination of the chemical tropopause 

determination of stratospheric air mass influence 

identification of 

pollution plumes 
not used not used 

CO 

tropospheric 

tracer, 

emitted by 

FF and BB 

determination of the chemical tropopause 

identification of BB and FF pollution 

plumes 
not used 

H2Ovap 

tropospheric 

tracer 
presence of clouds 

tropospheric air mass influence in lower 

stratospheric air masses 

SO2 

emitted by 

FF and 

volcanoes 

not used 
identification of FF 

pollution 

identification of volcanic 

pollution plumes 

NOy 
tracer for FF 

off-gas
*) 

not used not used 
identification of contrail 

interception 

CH3CN BB tracer not used 
identification of BB 

pollution plumes 
not used 

*)
 off-gas means exhaust 



 

65 

 

Table 10 provides an overview on the kind of trace gases and why they were used for data 

interpretation. The column “property” only states the most relevant aspect for the context of this work. 

O3, CO and water vapor (H2Ovap) are available for all three missions, while SO2 was not recorded 

during POLARCAT and acetonitrile (CH3CN) only during ARCTAS. Total NOy is available for 

CONCERT and ARCTAS but was only relevant for contrail measurements within the scope of this 

work. Detailed information on how exactly trace gas data were applied is given in section 2.7. 

Ozone 

The ATR-42 ozone instrument (Ancellet et al., 2009) is based on UV absorption with two cells and 

has a precision of 2 nmol mol
-1

 at a time resolution of four seconds. On the Falcon, ozone 

measurements were performed with a two cell (zero, sample) UV absorption photometer switching 

chambers every four seconds. Pressure and temperature data is also recorded by the instrument at a 

1 Hz rate. Ozone values are generated every four seconds. This data is then corrected for pressure and 

temperature. The range of the instrument is 0 to 1000 nmol mol
-1

 with a detection limit of 1 nmol mol
-1

 

(Brough et al., 2003). The CARIBIC project measures ozone also by UV absorption. 

Carbon Monoxide 

Carbon monoxide was detected on board the ATR-42 by means of a CO analyzer (Nedelec et al., 

2003) based on an IR absorption technique. It has a precision of 5 nmol mol
-1

 with a lower detection 

limit of 10 nmol mol
-1

. On the Falcon, CO measurements are based on fluorescence detection. The 

instrument can be operated to less than 100 mbar and has been calibrated regularly during flights by 

injection of a known CO standard. The time resolution is one second and response is linear between 0 

and 1000 mmol mol
-1

 while the detection limit is smaller than 6 nmol mol
-1

 and precision is 

1.5 nmol mol
-1

 (Brough et al., 2003).  

Water vapor 

On both aircraft, a Lyman-Alpha hygrometer (Buck, 1976) was used to provide fast response water 

vapor measurements. On the ATR-42, a slower response General Eastern 1011B hygrometer designed 

for airborne applications was mounted in close proximity and used to normalize the Lyman-Alpha 

signal. The water vapor mixing ratio can be converted into relative humidity which indicates the 

atmosphere’s saturation with water vapor and the possible presence of clouds. This information was 

used primarily for the interpretation of POLARCAT data.  

Sulfur Dioxide 

Sulfur dioxide measurements were performed with an IT-CIMS (ion trap chemical ionization mass 

spectrometer), (Fiedler et al., 2005; Speidel et al., 2007; Fiedler et al., 2009). The IT-CIMS instrument 

was equipped with an SF5
-
 ion source using a selective reaction for the detection of SO2. The time 

resolution of the instrument is 1.6 s for trapping and read-out of a spectrum from 15 to 170 atomic 

mass units (amu) with a mass resolution of 0.3 amu. Calibration was performed after the flight. The 

detection limit for a running mean over 10 spectra is 18 pptv for SO2 (Jurkat et al., 2010). The IT-

CIMS results were integrated in the characterization of volcanic aerosol plumes. SO2 data from the 

DC-8 were used for the identification of anthropogenic influenced air masses during ARCTAS. 
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NOy 

Total NOy was measured with a forward facing inlet on Falcon. Here, particulate nitrate is evaporated 

and then reduced to NO by means of CO in a heated gold converter together with all gaseous NOy 

species. The subsequent chemiluminescence reaction of NO and O3 is detected in the near infrared. 

Temporal resolution is 1 second, the detection limit 5 pmol mol
-1

 and the accuracy ± 8 % (Voigt et al., 

2010). 
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2.6 Modeling Tools  

Table 11 provides an overview of models and model data included in the AMS data interpretation. The 

OFFLINE model was run at the Institute for Climate and Atmospheric Science, School of Earth and 

Environment, University of Leeds, UK; Lagranto was run at Deutsches Zentrum für Luft und 

Raumfahrt, Institut für Physik der Atmosphäre, Oberpfaffenhofen, Germany; FLEXPART was run at 

the Norwegian Institute for Air Research, Kjeller, Norway; ECMWF potential vorticity data was 

calculated at Deutsches Zentrum für Luft- und Raumfahrt, Oberpfaffenhofen. All other data and 

models were processed and operated by the author of this thesis.  

2.6.1 ECMWF analysis data 

To obtain information on the height of the dynamical tropopause, the potential vorticity was calculated 

from ECMWF analysis data. Based on ECMWF analysis data the altitude of the 2 PVU border along 

the Falcon flight curtain and the actual PV value on the flight track were determined. ECMWF 

analyses were available four times daily (00, 06, 12 and 18 UTC) at a resolution of 0.25 degrees in the 

horizontal and 91 hybrid sigma-pressure levels in the vertical direction. The model PV was 

interpolated linearly in time and space to the Falcon flight track. 

2.6.2 HYSPLIT  

The National Oceanic and Atmospheric Administration’s (NOAA) Air Resource Laboratory’s Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) is a system for computing simple air 

parcel trajectories and complex dispersion and deposition simulations. For this work, the online 

application available at http://ready.arl.noaa.gov/hysplit-bin/trajtype.pl?runtype=archive was used 

exclusively for trajectory (backward and forward) calculations. The trajectories were driven with 3-

hourly National Centers for Environmental Prediction Global Data Assimilation System (NCEP 

GDAS) analysis data on a 1° by 1° grid and on 23 pressure levels and run backward or forward in time 

for 10 days. Meteorological data such as pressure, temperature, potential temperature, precipitation 

and relative humidity are calculated along the air parcels’ tracks. Trajectories can only be started at the 

full hour. 

 

 

 

 



 

 

Table 11: Overview of models and model data used for AMS data interpretation 

Name Short description Data input Used for… Main reference 

ECMWF 

analysis data  

European Centre for Medium-Range 

Weather Forecast  

Observational 

data 

Determination of the dynamical tropopause during CONCERT http://www.ecmwf.int/ 

HYSPLIT 

trajectory 

model  

Online available trajectory model, 

provides meteorological parameters 

along the track 

Global Data 

Assimilation 

System (GDAS) 

Determination of altitude of selected back trajectories during 

CONCERT 

Source identification of selected ARCTAS plumes 

Quantification and localization of precipitation events along back 

and forward trajectories during POLARCAT and ARCTAS 

Draxler and Rolph 

(2011);  Rolph (2011) 

OFFLINE 

model  

Trajectory model of the University of 

Leeds, provides meteorological data 

along the track 

ECMWF analysis 

data 

Determination of the meteorological history of selected back 

trajectories from POLARCAT 

Methven (1997) 

LAGRANTO  Lagrangian Analysis Tool for 

backward trajectories, provides 

meteorological data along the track 

ECMWF analysis 

data 

Identification of a specific aerosol wash-out event during 

POLARCAT 

Wernli and Davis 

(1997) 

FLEXPART  Lagrangian Particle Dispersion Model, 

indicates source-receptor relationships, 

models the spatial distribution of 

chemical tracers from anthropogenic 

and biomass burning sources (trace 

gases and aerosol) 

ECMWF analysis 

data  

GFS analysis data 

(Global Forecast 

System) 

Source identification for identified plumes during POLARCAT, 

distinction of biomass burning and anthropogenic emission 

contributions, determination of aerosol wash-out and 

stratospheric air mass contribution 

2 PVU meteorological values along ARCTAS flight tracks 

Stohl et al. (2005) 

CiTTyCAT  Cambridge Tropospheric Trajectory 

Model, chemical box model 

measurement data 

(ARCTAS, 

POLARCAT) 

Determination of the possibility of enhanced particulate sulfate 

formation during mixing of tropospheric and stratospheric air 

masses during POLARCAT 

Wild (1996) 

 

6
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2.6.3 FLEXPART  

FLEXPART, a Lagrangian particle dispersion model, calculates the dispersion of hypothetical air 

parcels based on mean winds interpolated from meteorological analysis fields together with random 

motions representing turbulence and convection (Stohl et al., 2005). The model was driven with 

analysis data with a horizontal resolution of 0.5°x 0.5° and 91 vertical model levels at three hour time 

steps. In addition, FLEXPART was run with GFS data with a horizontal resolution of 0.5°x0.5° and 26 

pressure levels in the vertical. These GFS calculations were used to identify possibly problematic 

cases where ECMWF and GFS results did not agree. All plumes discussed in this work are represented 

in the results by both types of input data. The data are available at 

http://zardoz.nilu.no/~andreas/POLARCAT_FRANCE/. 

Backward simulations as described in Stohl et al. (2003b) were run to determine potential pathways 

and source contributions of the observed pollution plumes. 60,000 virtual particles were released at 

each time step when the aircraft position changed more than 0.30° horizontally or 150 m vertically. 

The virtual particles carrying tracers with passive and aerosol-like characteristics were followed for 20 

days backward in time with the aerosol-like tracer species additionally being subject to dry and wet 

deposition. 20 days are a commonly used time frame for FLEXPART products (e.g. Paris et al., 2009, 

Hirdman et al., 2010), age spectra reaching 30 days or more backward in time have been published as 

well (e.g. Stohl et al., 2006, Stohl et al., 2007). This allows for determination of emission sensitivities 

and source contributions, both calculated at 0.5° horizontal resolution, based on available emission 

fluxes (Stohl et al., 2003b). The emission sensitivity does not consider any specific emission source or 

a specific tracer. Only later, as part of the post-processing, the emission sensitivity is folded with 

specific emission fields such as for sulfur, BC or CO. Thus, the difference between the various 

aerosol-like tracers is based solely in the emission source distribution. The term emission sensitivity 

denotes in how far the measured air parcel is susceptible to contributions from certain regions in the 

considered domain. This means that a high sensitivity to a certain sector is given when the virtual 

particle residence time there was large. Figure 23 provides an example for a column-integrated 

emission sensitivity plot. The color-scale denotes the sensitivity to the respective coordinates. The unit 

ns m kg
-1

 is proportional to the residence time (ns) of the virtual particles (kg) in that respective grid 

cell integrated over the whole vertical domain (m). It is a measure for the simulated mixing ratio at the 

receptor that a source of unit strength (1 kg s
-1

) in the respective grid cell would produce. The pink and 

purple regions indicated the highest sensitivities and remind of classical back trajectories. The black 

numbers denote the days backward in time. The red and black dots indicate MODIS fire counts for 

forests and other land use, respectively. This aspect is explained two paragraphs further below. The 

black cross over Greenland stands for the position of the aircraft at the time for which this graph was 

created. For aircraft measurements it is particularly important to consider the integrated column 

sensitivity which takes all model levels into account as well as the footprint sensitivity (see Figure 41 

a, b) which accounts only for the lowest 100 m where surface sources inject their tracers. (This is why 

the unit of the footprint tracer sensitivity is ns kg
-1

.) If the footprint sensitivity is small (white or purple 

color) but the column sensitivity large it is rather unlikely that this region, where the target air parcel is 

sensitive to, contributed to the measured pollution.  



 

70 

 

 

Figure 23: Example plot for FLEXPART column-integrated emission sensitivity. (same as Figure 51 b) 

Meteorological data from 20 day long backward runs were not used for the interpretation of pollution 

plumes as they gain quickly uncertainty with “age”. Only the column-integrated emission sensitivity 

and the footprint tracers were considered to determine the origin of a polluted air mass. Uncertainties 

of the source-receptor relationship and uncertainties related to FLEXPART tracer calculations can be 

evaluated by comparison with independent data. Ideally, a tracer experiment is conducted where the 

source strength of a substance is known exactly and accurate measurements downwind of the source 

are known. FLEXPART has been extensively evaluated using data from such tracer experiments 

(Stohl et al., 1998; Forster et al., 2007). In absence of a unique tracer, CO enhancements are often used 

as indication of how well a model can reproduce them along a flight track. For this specific campaign 

however, the sources of CO were highly uncertain (e.g. forest fires) and the enhancements encountered 

during the measurements were relatively small. This makes the comparison of modeled and measured 

CO enhancements very sensitive to the assumed background mixing ratios which might have varied 

throughout the campaign and even within individual plumes. Other compounds which could serve as 

tracers for a model evaluation were not measured on board the ATR-42. However, to confirm the 

source region for each single plume, both FLEXPART calculations with ECMWF and GFS input data 

were compared.  

For anthropogenic emissions, the EDGAR emissions inventory version 3.2FT for the year 2000 

(Olivier and Berdowski, 2001) was used outside of North America and Europe, while the inventory of 

Frost et al. (2006) for North America and the EMEP inventory for 2005 for Europe were applied. For 

black carbon emissions, the inventory of Bond et al. (2004) was used. Emissions from BB were 

modeled as described by Stohl et al. (2007) using fire locations detected by the moderate-resolution 

imaging spectrometer (MODIS) on the Aqua and Terra satellites and a land-cover vegetation 

classification. Smoke was injected within the lowest 100 m above the surface; it quickly mixed 

vertically to fill the planetary boundary layer.  

Domain-filling forward simulations were used for the determination of the vertical extent of the 

polluted air masses for direct comparison with POLARCAT flight tracks. Passive CO tracers and 
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aerosol-like BC tracers were released at the surface, using the same emission information as for the 

backward simulations. FLEXPART total CO values are given as excess CO meaning that 100 nmol 

mol
-1

 assumed background concentration was subtracted a priori. For both, forward and backward 

calculations, the concentrations of these two tracers bracket the loading of actual aerosol particles. The 

passive tracer does not suffer any wash-out at all while the aerosol-like tracer’s wet deposition is 

overestimated as scavenging properties similar to sulfate are assumed and the scavenging is applied 

immediately after emission when real BC still would have hydrophobic properties. Thus, the passive 

tracer concentration indicates a possible maximum aerosol loading while the aerosol-like tracer 

represents the lower limit. The ratio of aerosol-like and passive tracer results in the potential wash-out 

of aerosol particles. Even though CO and BC do not necessarily have exactly the same sources (e.g. a 

controlled industrial combustion is expected to release less soot particles than a wild fire), it seems 

suitable to compare these tracers within the uncertainties of this source-receptor analysis. Additionally, 

a CO passive fire tracer was calculated for the purpose of distinguishing between CO contributions 

from biomass burning and anthropogenic activities. Total CO minus fire tracer CO represents CO 

from anthropogenic contribution. Also, passive SO2 tracer mixing ratios were determined based on the 

emission inventories to identify fossil fuel combustion contributions. Along each flight track the 

contribution of stratospheric air masses in percent is provided by the number of particles residing in 

the stratosphere, i.e. with a PV greater than 2. Potential vorticity values for each point of the flight 

curtains during POLARCAT were calculated, as well as the altitude, pressure and potential 

temperature of the 2 PVU isoline along all ARCTAS flights.  

2.6.4 OFFLINE model 

10-day kinematic back trajectories were calculated by integration of 6-hourly operational ECMWF 

analysis fields using the OFFLINE trajectory model (Methven, 1997; Methven et al., 2003). 

Trajectories were initialised from the aircraft position every one minute for each flight, and advected 

backwards with a 30-minute time step. The 1.0125-degree resolution analyses fields are interpolated to 

the Lagrangian particle positions using cubic Lagrange interpolation in the vertical followed by 

bilinear interpolation in the horizontal and linear interpolation in time. The model output provided 6-

hourly data of temperature, pressure, specific humidity, and potential vorticity along the tracks. 

2.6.5 LAGRANTO 

Backward transport analysis was conducted based on the Lagrangian Analysis Tool (LAGRANTO) 

(Wernli and Davies (1997) for a wash-out event during POLARCAT. The input data for the trajectory 

calculations are retrieved from the ECMWF operational analyses using the same space and time 

resolution as the OFFLINE model. Trajectory start points are set every minute along the flight track. 

An ensemble of 100 trajectories is released from a box centred at each start point. The box has a 

horizontal diameter of 1 km and a height of 200 m. The single starting positions of one trajectory 

ensemble are randomly distributed inside the respective box. The trajectories are calculated backwards 

for 240 h using a calculation time step of 30 minutes. Meteorological data like temperature, humidity, 

and cloud cover are retrieved from the ECMWF archive and interpolated along every single trajectory.  
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2.6.6 CiTTyCAT 

The Cambridge Tropospheric Trajectory Model (Wild, 1996) was used to specifically investigate the 

concurrence of high ozone mixing ratios and high particulate sulfate concentrations when particulate 

sulfate simultaneously contributed a high fraction of mass to the total aerosol loading during 

POLARCAT. The presumption was that particulate sulfate production might be enhanced when dry 

ozone rich stratospheric air masses mix with humid and polluted tropospheric air masses.  

CiTTyCAT is a zero dimensional model, i.e. box model, in which the chemical evolution of an air 

parcel can be studied in great detail at user definable time steps. It consists of a chemical, photolysis 

and physical scheme and was used in a simplified version paying special attention to the sulfur 

chemistry. The physical scheme, i.e. non-chemical sources and sinks of compounds such as emission 

sources or deposition mechanisms, was omitted for this purpose. The photolysis scheme was adopted 

as a whole. This scheme is particularly important for modeling the chemical evolution of an air parcel 

in high latitudes during summer as the OH radical production depends strongly on the incoming solar 

radiation. The main reactions are R1 – R3, they are also the limiting steps in the sulfuric acid 

production. 

H2O + h𝜐 → OH + H R 1 

O3 + h𝜐 → O
1
D + O2 R 2 

The chemical scheme comprises a list of reactions determined by reaction rates and production and 

loss terms for each considered species. No aqueous and heterogeneous chemistry was considered. 

Therefore, a simple assumption was made to study the production of particulate sulfate: All model 

produced sulfuric acid (H2SO4) was considered to be in the condensed phase forming particulate 

sulfate. The key reactions and their respective reaction rate coefficient (k) in the respective units 

underlying the sulfur chemistry are as follows (from CiTTyCAT manual):  

O
1
D + H2O → OH + OH (k = 2.2x10

-10
)  R 3 

SO2 + OH + M → HOSO2 +M (k = 3.12x10
-31

*(T/300)
-3.3

) R 4 

SO2 + HO2 → SO3 + OH (k = 1.00x10
-18

) R 5 

SO2 + O3 → SO3 + O2  (k = 3.00x10
-12

*exp(-7000/T)) R 6 

HOSO2 + O2 → HO2 + SO3  (k = 1.30x10
-12

*(exp(-330/T)) R 7 

SO3 + H2O → H2SO4  (k = 6.00x10
-15

) R 8 

M denotes a collision partner, T is in Kelvin. 

Furthermore, reactions involving volatile organic compounds are included as they mainly consume but 

also produce OH and HO2. The following species were considered (see also Appendix E): PAN 

(polyacrylnitril, C3H3N), C2H6; C2H4, C2H2, C3H8, C3H6, C4H10, C5H12, C6H14, isoprene, C6H6, C7H8, 

methylaldehyde, methylketone, ethanol, formaldehyde, C4H8. Respective mixing ratios for 

tropospheric and stratospheric background conditions in the Arctic were obtained from ARCTAS 

measurements on 9 July 2008 over Greenland. Also, the NOx chemistry is important in particular in 

interaction with VOCs. In a regime of low NOx and high VOC mixing ratios (NOx sensitive regime) 
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O3 is formed while in a regime of high NOx and rather low VOC abundance (VOC sensitive regime) 

O3 is destroyed (Sillman and He, 2002). The key NOx reactions are (from CiTTyCAT manual):  

NO2 + h𝜐 → NO + O   R 9 

O+O2 +M → O3 + M (k = 5.63x10
-34

*(T/300)
-2.8

)  R 10 

NO + O3 → NO2 + O2  (k = 1.8x10
-12

*exp(-1370/T), NOx titration) R 11 

NO2 + O → NO + O2 (k = 6.50x10
-12

*exp(120/T))  R 12 

To initialize a model run values for SO2, H2SO4, CO, O3, OH and HO2, temperature, pressure and 

relative humidity had to be given for the air parcel. These values were taken from in-situ data if 

available or from co-located ARCTAS data on 9 July, 2008, (especially OH, HO2).  

CiTTyCAT was run in two different modes: Initially, the chemistry was run for up to 10 days without 

any interaction with other air masses or any movement of the box. The starting values for SO2 and O3 

were varied simulating tropospheric and stratospheric conditions. Also temperature and relative 

humidity effects were evaluated. In a second step, the box was run along a forward trajectory. The 

OFFLINE backward trajectory parameters for the specific scenarios were inverted in time to provide 

forward trajectory data and were linearly interpolated to the 5 min model time step. Position and basic 

meteorological data (temperature, pressure, relative humidity) are thus dictated by the trajectory. The 

sensitivity to the concentration of VOCs was also tested (see Appendix E). Appendix E also provides a 

description of the basic model output and an example calculation how particulate sulfate 

concentrations were obtained.  
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2.7 Air mass classification and plume identification 

As one focus of this work is to determine whether the particulate matter was encountered in the free 

troposphere or upper troposphere and lower stratosphere, this section specifies how air masses were 

classified. Likewise, the second focus, which is the identification of pollution plumes and their origins 

and emission source types, is explained. For both purposes in-situ measurements and model data as 

introduced in section 2.6 were applied.  

2.7.1 Free troposphere or tropopause? 

The various definitions of the tropopause (thermal, dynamic, and chemical) are discussed in section 

1.4. Here, the concepts of tropopause that were applied in each specific case are presented.  

During POLARCAT, as ATR-42 had a maximum altitude ceiling of 7.6 km, the tropopause region 

was never really reached. However, on several occasions, the ozone concentration was elevated by 

such a high degree that chemical production could most likely be ruled out and stratospheric air mass 

influence was assumed. For these cases, the chemical definition was applied by looking at the tracer-

tracer space created by ozone and carbon monoxide (see Figure 3 b). As CO might be elevated in 

pollution plumes and therefore point to a rather tropospheric regime, FLEXPART stratospheric tracer 

contributions were consulted, additionally. Contributions larger than 10 – 15 % indicate stratospheric 

influence.  

For ARCTAS data analysis the chemical definition of the tropopause was used and compared to with 

the dynamic definition. Pollution episodes were attributed to the tropopause when both criteria were 

fulfilled. With respect to the history of particulate sulfate in the UTLS in the year 2008 for comparison 

of sulfate aerosol loadings before and after the volcanic eruptions, the empirical chemical definition 

only based on the ozone mixing ratio by Zahn and Brenninkmeijer (2003) was applied. As ARCTAS 

and CONCERT data were compared, the Zahn and Brenninkmeijer definition was found to be more 

appropriate than the CO-O3 tracer definition because the latter does not provide a definite threshold 

value in terms of a trace gas mixing ratio which however is given by the purely ozone-based 

definition. For consistency, the same criterion was used in the final compilation of aerosol chemical 

composition and concentration in mid and high latitudes in the free troposphere and tropopause. 

CONCERT data were classified according to all tropopause definitions except the thermal one. The 

purpose was to demonstrate that the high altitude aerosol layer was encountered in the UTLS and not 

in the free troposphere in order to rule out surface-bound anthropogenic emission sources.  

2.7.2 Probability density functions 

Probability density functions (PDF) provide a simple tool to track the evolution of concentrations of 

trace species from the free troposphere to the lower stratosphere. Stratosphere-troposphere exchange 

and tropospheric influence in the tropopause or vice versa can be studied amongst other aspects. PDFs 

generated from CONCERT and ARCTAS data in this work are based on the unpublished compilation 

“The UTLS cookbook: Some recipes” by Hoor (2007) which is a result of publications by Hoor et al. 

(2004; 2005) and Engel et al. (2006).  
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First, a key criterion to define the tropopause is chosen, which for this work was 2 PVU. Based on a 

second parameter, e.g. pressure, potential temperature, or altitude, at least one regime below the 

threshold and two above are defined. Here, three layers were established based on potential 

temperature units for CONCERT (-30 to 0, 0 to 30 and 30 to 60 K from the 2 PVU potential 

temperature (see Figure 24 and Figure 34) and based on pressure units for ARCTAS (550 – 150, 150 – 

0, and 0 - -150 hPa from the tropopause pressure (see Figure 46). All trace species data of interest 

within each layer are binned into adequate concentration intervals and the probability of occurrence of 

each concentration bin is calculated and displayed. The layer below 2 PVU should reflect tropospheric 

characteristics while the uppermost layer shows stratospheric properties as can be seen in Figure 24 

where the tropospheric region (blue line) and the stratospheric region (green line) do not overlap. The 

regime in between (red line) is considered a transition region and shows characteristics of the other 

two layers. The thickness of the transition layer depends on the mixing state of the tropopause. 

Therefore the chosen intervals are campaign or even flight specific.  
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Figure 24: Example probability density function (PDF) for carbon monoxide from the CONCERT flight 

on 31 October, 2008, bin size is 10 nmol mol-1. The colored numbers indicate the number of data points 

available for each regime. 

In this work, PDFs were applied to trace gas and aerosol data. The application of PDFs represents a 

new approach since to my knowledge, aerosol PDFs have not been published previously. Comparing 

PDFs of gaseous and particulate tracers from the same source, for instance SO2 and particulate sulfate, 

can reveal information on the discrepancy in dispersion between gases and aerosol during long-range 

transport and across the tropopause border. Here, the PDF tool is used to thoroughly investigate the 

behavior of chemical species in the time intervals when the aircraft flew in the UTLS. The results can 

therefore not be used as climatological mean data for modeling studies which is a potential application 

of trace gas data PDFs.  

2.7.3 Pollution plume criteria and categories 

To identify the various types of pollution plumes, i.e. of volcanic origin, from biomass burning and 

fossil fuel combustion, and from aircraft exhaust, criteria had to be established. Table 12 provides an 
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overview of the requirements to be fulfilled. The term “background” refers to conditions when the 

plume criterion is not fulfilled.  

Table 12: Pollution plume identification criteria 

Plume type Criteria 

Volcanic  CONCERT: Elevated particulate sulfate concentration with respect to immediate 

surroundings above the tropopause 

“pure” BB POLARCAT : plume criterion (defined below) + FLEXPART indication for BB + 

organic matter is the dominant component 

ARCTAS: CH3CN > 0.2 nmol mol
-1

 + CO > 80 nmol mol
-1

 + back trajectories 

point towards BB source + organic matter is the dominant component 

BB and FF 

mixed 

POLARCAT: plume criterion + FLEXPART indication for BB and FF + elevated 

particulate sulfate compared to “pure” BB 

ARCTAS: CH3CN > 0.2 nmol mol
-1

 + CO > 80 nmol mol
-1

 + SO2 enhanced 

relative to immediate surroundings + back trajectories point towards BB and FF 

sources + elevated particulate sulfate compared to “pure” BB 

FF dominated POLARCAT: plume criterion + FLEXPART indication for FF + elevated 

particulate sulfate compared to BB and FF mixed plumes 

ARCTAS: CO > 80 nmol mol
-1

 + SO2 enhanced relative to immediate 

surroundings + back trajectories point towards FF source + elevated particulate 

sulfate compared to BB and FF mixed plumes 

Contrails CONCERT: NOy > 2 nmol mol
-1

 while “chasing” airline aircraft 

Background  POLARCAT: plume criterion not fulfilled 

ARCTAS: CH3CN < 0.2 nmol mol
-1

 + CO < 80 nmol mol
-1

 

CONCERT: no contrail and no volcanic plume 

 

Two types of pollution plumes are relevant for CONCERT data, i.e. the volcanic aerosol layer and 

contrails. The criterion for enhanced aerosol loadings to be of volcanic origin in this context was 

simply the residence in the tropopause region opposed to the free troposphere (see also section 2.7.1). 

For aerosol to be potentially from aircraft exhaust NOy mixing ratios of greater 2 nmol mol
-1

 were 

used as threshold when the Falcon was chasing other aircraft.  

The identification of pollution plumes during POLARCAT was conducted by the author by taking into 

consideration the following parameters:  

1. Increased concentrations of at least 0.1 µg m
-3

 (STP) of particulate sulfate and/or organic 

aerosol relative to the immediate surroundings,  
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2. a particle signature of at least 0.01 µm
3
 cm

-3
 (STP) in the volume size distribution 

(dV/dlog(dp)) of accumulation mode particles measured by the SMPS,  

3. an increase of at least 10 nmol mol
-1

 CO and/or O3 mixing ratio relative to the immediate 

surroundings, and  

4. an identifiable source-receptor relationship modeled by FLEXPART.  

For an episode to be recognized as plume either 1) and 2) and 4); or 3) and 4) had to be fulfilled. The 

shortest identified pollution episodes involve three AMS data points of 2 minute time resolution. Since 

the AMS limit of detection was elevated during most of the flights 9 plumes were below the 3 sigma 

LOD but above the 1 sigma LOD and 8 plumes were below the 1 sigma LOD. In some of these 

pollution plumes only gaseous tracers were enhanced, while during others either particulate sulfate or 

organics were elevated and the other below LOD due to the nature of the emission source. These 

events were still accounted for as aerosol wash-out might have occurred in case only gaseous tracers 

were enhanced. In total, 48 plumes were identified as listed in Appendix B. They were categorized 

into five different classes based on the FLEXPART column-integrated emission sensitivity, the 

general footprint tracer, and the CO, CO fire, BC and SO2 tracer contributions. First, 13 subclasses 

were established and then comprehended in 5 categories to obtain more robust statistics for each class. 

The classes are “pure” BB (I), in quotation marks as influence from other sources cannot be ruled out 

completely, BB dominated and FF influenced air masses without Asian contribution (II), FF 

dominated and BB influenced air masses without Asian contribution (III), Siberian BB and Asian FF 

mixed plumes (IV), and Asian FF dominated air masses influenced also by Siberian BB (V). [See also 

Schmale et al. (2011).] 

Since the ARCTAS campaigns’ objectives were detection of Arctic haze in spring and influence of 

biomass burning in summer, large amounts of data represent perturbations of the Arctic atmosphere. 

Based on Warneke et al (2006), BB influence was assumed when the thresholds of 0.2 nmol mol
-1

 

acetonitrile and 80 nmol mol
-1

 CO were exceeded. Furthermore, local enhancement of SO2 mixing 

ratios was used to identify FF pollution. No fixed threshold value was applied as FF plumes originated 

from rather close sources as well as from distant regions such as East Asia. During the long-range 

transport SO2 mixing ratios decrease due to dilution and conversion into particulate sulfate. These 

criteria were used to identify measurement periods unperturbed from FF and BB plumes in order to 

compare the SO4 data from before the volcanic eruption of Mt. Okmok and Mt. Kasotochi to the 

measurements during CONCERT (Schmale et al., 2010) 
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3.  Results 

3.1 Natural perturbation of the free troposphere and tropopause – volcanic 

eruptions 

Volcanic eruptions are a sporadic source of atmospheric aerosol at high altitudes. During the 

CONCERT campaign, on 28 and 31 October, 2008, the opportunity of measuring three months old 

volcanic aerosol in-situ in the tropopause region occurred. These measurements represent the first 

AMS measurements of volcanic aerosol under such conditions. The fact that a volcanic eruption was 

responsible for the observed aerosol enhancement was not known before or during the flights and only 

discovered several months later. This section focuses on how these measurements can be related to the 

volcanic eruptions of Mts. Okmok and Kasatochi on 12 July and 7 August 2008, respectively, and 

subsequently discusses the chemical properties as well as the size distribution of the volcanic particles 

and potential implications. Most results from this section were published in Schmale et al. (2010). 

Additionally, in subsection 3.1.3 measurements from crossing a tropopause fold are used to study the 

behavior of submicron aerosol in the transition layer between troposphere and stratosphere.  

3.1.1 Detection of a volcanic aerosol plume 

Enhanced particulate sulfate loadings were found during three CONCERT flights over Central Europe 

and the North Sea (28 October) and over Western Europe and the Atlantic Ocean (31 October, flights 

a) and b) as shown in Figure 25 by the color-coded tracks. The observed aerosol layer thicknesses 

were between 240 and 3340 m which depend of course on the chosen flight altitudes and thus provide 

only a rough approximation of the extent of the plume. 

The actual entrance into and exit out of the volcanic plume are marked by rapid changes in the sulfate 

aerosol concentration as indicated in Figure 26 (hatched areas). More than 50 % of the duration of 

each flight was spent in the layer. The uppermost panel in Figure 26 presents the sulfate aerosol 

measurements including every 10
th
 statistical counting error and uncertainties related to the fluctuation 

of the AMS vaporizer. Oscillation beyond this scale (approximately 8 % of the measured signal) is due 

to inhomogeneity within the layer. Above 8 km altitude, in chronological order, the mean sulfate 

particle concentration including standard deviation was 0.54 ± 0.22, 0.82 ± 0.36, and 

0.79 ± 0.50 µg m
-3

 with a maximum observed value of 1.98 µg m
-3

. These average values are all larger 

than the mean planetary boundary layer concentration of 0.50 µg m
-3

 with large variability and the 

background sulfate aerosol concentration at equivalent UTLS altitudes with 0.17 ± 0.06µg m
-3

 as 

observed during CONCERT. These are strong indications for an exceptional source of aerosol in the 

UTLS. Compared to earlier AMS airborne measurements above Europe by Schneider et al. (2006a) 

and Morgan et al. (2009) the layer concentrations are significantly higher. Morgan et al. found about 

0.39 µg m
-3

 particulate sulfate loading above 8 km. Values for the free troposphere between 3 and 

8 km however are in very good agreement with 0.23 µg m
-3

 (Morgan et al.) and 0.22 ± 0.27 µg m
-3

 

(CONCERT). Background loadings are discussed in chapter 4 in more detail.  
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Figure 25: All CONCERT flight tracks, colored sections indicate observations of volcanic aerosol (OP: 

Oberpfaffenhofen, SNN: Shannon) 

 

Figure 26 also shows sulfur dioxide concentrations which co-vary well with particulate sulfate. This 

indicates that SO2 has been converted into particulate sulfate to a certain degree but not entirely. 

Dividing the amount of sulfur contained in the particles by the total amount of sulfur from both 

species Jurkat et al. (2010) derived that about 80 % of the sulfur dioxide was converted into particulate 

sulfate.  
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Figure 26: Time series of elevated particulate sulfate loadings during three flights and increased sulfur 

dioxide concentrations during two flights when the volcanic aerosol layer was encountered (hatched 

areas). The error bars in the uppermost panel denote the statistical counting error and uncertainties in the 

sulfate quantification due to heater temperature fluctuations. [Figure adapted from Schmale et al. (2010).] 

3.1.2 Identification and vertical classification of a volcanic aerosol plume 

This unusually high sulfate concentration might originate from a variety of sources. In-situ, the 

production of the aerosol could have been caused by air traffic through the combustion of sulfur 

containing kerosene. This option however was ruled out based on data obtained directly in contrails 

when chasing commercial aircraft liners during the CONCERT campaign on 27 and 29 October and 2 

November (for details see section 3.3). Concentrations did not exceed 0.51 µg m
-3

 and were 

0.17 ± 0.08µg m
-3

 on average.
 
Alternatively, convective transport from surface sites that burn fossil 

fuels could have uplifted the particles to the UTLS. To test for such recent high reaching emissions, 

trajectories were computed with HYSPLIT (see section 2.6). They were initialized at the horizontal 

coordinates of the flight tracks during the layer encounter episodes in 15 minutes intervals. Vertical 

positions were set to 8, 10 and 12 km as the actual flight altitude varied (compare Figure 25 and Figure 

26). Computations were initialized at the time of observation and additionally 3 hours earlier and later 

and run backward in time for 10 days. In total, 234 trajectories were generated out of which 79 % 

stayed at altitudes between 10 and 14 km. Only 21 % and 12 % of the air parcels saw altitudes below 6 

and 4 km, respectively, while it has to be noted that starts points of these trajectories were almost 

exclusively at 8 km, i.e. below the actual altitude of plume detection. Hence, this result strongly 

suggests that surface emissions are not responsible for the observed particulate sulfate concentrations. 

Also, based on observations of fossil fuel plumes during POLARCAT it is not very likely, that 

“conventional” surface emission sites would cause a pollution plume with such large extension.  
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The last conceivable cause for the existence of the aerosol layer is thus the injection of SO2 into the 

lower stratosphere by a volcanic eruption and subsequent conversion into particulate sulfate. In such a 

case, aerosol can remain suspended several months above the tropopause (Borrmann et al., 1993) as no 

wet deposition occurs in this region of the atmosphere. Injection only into the upper troposphere does 

not suffice as particles would have been removed by cloud processes (von Glasow et al., 2009). The 

only potential candidates for such an injection are the eruptions of Mts. Okmok and Kasatochi on 12 

July and 7 August 2008, respectively, reaching into the stratosphere. For a more complete discussion 

on the injection heights and amounts of SO2 see section 1.5.1.  

As no direct evidence through conventional trajectories can be established for a time span of three 

months between emission and detection sites nor available satellite data could establish the link at the 

time of the manuscript preparation of Schmale et al. (2010) the detection of the Okmok and Kasatochi 

aerosol layer was proven indirectly. Excluding air traffic and anthropogenic influence already implies 

a volcanic source. However, by additionally demonstrating that the plume resided above the local 

tropopause as opposed to in the upper troposphere due to a powerful volcanic injection an even 

stronger argument is established. In the following, the various definitions of the tropopause as 

introduced in section 1.4 are used to show that the layer was encountered primarily in the lower 

stratosphere in all cases.  

When applying the dynamical tropopause definition after Holton et al. (1995) at 2 PVU the high 

particulate sulfate and SO2 concentrations are observed above this specific isosurface (see Figure 27). 

It becomes obvious that the layer resided above the dynamical tropopause. The potential vorticity was 

calculated based on ECMWF data. The altitude of the tropopause varied strongly between 500 and 

250 hPa during the campaign. There is a clear difference in aerosol loading above the tropopause 

between the three flights on 28 and 31 October and the other three flights (Figure 27 a). The mean 

sulfate loading at PV values greater or equal to two is 0.79 ± 0.39 µg m
-3

 during the flights with layer 

encounters, i.e. 3.5 times higher than during the other flights. Below 2 PVU in the free troposphere, 

there is no significant difference between 0.15 ± 0.09 µg m
-3

 and 0.18 ± 0.21 µg m
-3

, respectively. 

Some of the higher particulate sulfate concentrations in the free troposphere are related to other 

sources (see 3.2.3.4) and did not occur in the vicinity of the volcanic plume as can be seen in the time 

series from Figure 26. 
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Figure 27: Particulate sulfate (a) and SO2 (b) concentrations relative to the dynamical tropopause at 2 

PVU. The blue error bars indicate the overall uncertainty of the measurement value including the 

transmission efficiency while the red bars denote the statistical ion counting error. [This figure is adapted 

from Schmale et al. (2010).] 

To assure that the layer resided in the lower stratosphere, the data were applied to chemical tropopause 

definitions as well. A relatively simple approach is to compare the vertical profiles of the aerosol load 

with the ozone mixing ratio. After Zahn and Brenninkmeijer (2003) the ozone threshold for the 

tropopause is 71 nmol mol
-1

 for the respective days. As the black horizontal lines in Figure 28 indicate, 

the pronounced sulfate aerosol signature is encountered above this chemical (ozone) tropopause. On 

28 October, the simultaneous increase in both tracers is very sharp. On 31 October, the vertical profile 

of ozone indicates that the structure of the tropopause is more complex as mixing ratios larger than 

71 nmol mol
-1

 occur at several altitudes. Figure 28 d) confirms this. A tropopause fold can be observed 

at the beginning of the return flight which is crossed during the ascent and most likely also during the 

descent in the first flight on 31 October (31a). The sulfate aerosol concentration is also enhanced 

during these periods (signature between the two black horizontal lines in Figure 28 b) and c).  

Figure 28 (next page): (a-c) Vertical profiles of measured particulate sulfate and ozone mixing ratio on 28 

and 31 October, 2008. The black horizontal lines denote the ozone tropopause boundaries after Zahn and 

Brenninkmeijer (2003) with a threshold of 71 nmol mol
-1

. (d) Dynamical tropopause along flight b on 31 

October at 12 UTC. The dashed red line denotes the 2 PVU isosurface, the color codes the potential 

vorticity units.  
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As the chemical tropopause definition after Zahn and Brenninkmeijer (2003) was derived from 

measurements only between 35 and 45°N it is not applicable to this data in a strict sense. In addition, 

the parameterization was derived from a climatological set of data and can therefore not be applied to 

unusual dynamical situations such as tropopause folds. However, it can be used to show the deviation 

from the considered case from the climatological mean. Even if the threshold value of 71 nmol mol
-1

 is 

not considered, the vertical profiles show that the enhancement of particulate sulfate is clearly linked 

to increasing ozone values in the tropopause and beyond.  

Another way of chemically defining the tropospheric, stratospheric and transition regime and the 

linkage of particulate sulfate concentrations to them, is to look at the shape of the ozone (stratospheric 

tracer) versus carbon monoxide (tropospheric tracer) correlation as shown in Figure 29 and introduced 

in section 1.4. Again, it becomes obvious that high aerosol concentrations are seen in the stratospheric 

branch. However, this plot also shows, that slight enhancement is observed in the transition region 

implying that mixing of the volcanic particulate matter into the troposphere has taken place. This in 

consequence means that the respective aerosol becomes prone to wet deposition and is lost from the 

layer which thus diminishes with time. In the purely tropospheric regime only low concentrations are 

encountered, the single red points reflect peak loadings during take-off and landing. The 

characteristics of the transition layer are discussed in more detail in section 3.1.3. 
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Figure 29: Ozone and carbon monoxide correlation for all CONCERT flights. The color-code indicates the 

concentration of particulate sulfate. The different atmospheric regimes are marked. [This figure was 

published in Schmale et al. (2010).] 

To put the measured particulate sulfate concentrations into a larger context, they were compared to 

findings by Martinsson et al. (2005). The authors describe the concentration of particulate sulfur above 

8.2 km as a function of potential vorticity during volcanically quiescent periods. They binned sulfur 
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loadings in intervals of [0,1], [1,1.5], [1.5,2.5], [2.5,5], and [5,7] PVU and found an average 

concentration of 15.9 ng m
-3

 for the first two intervals and a linear increase up to 62 ng m
-3

 at 7 PVU, 

see black line in Figure 30. During CONCERT concentrations at 2 and 7 PVU were 71 and 

238 ng m
-3

, respectively (red line in Figure 30). A linear fit through the average concentration in each 

bin results in a slope which is about a factor 4 higher than during “clean” periods between 1999 and 

2002. Even accounting for the uncertainties in the AMS collection efficiency of 0.5 the slopes would 

remain significantly different from the literature value. The sulfur concentration derived from AMS 

particulate sulfate data and measurements described in Martinsson et al. (2005) are comparable as 

explained in section 2.5.1.  
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Figure 30: Comparison of particulate sulfur trends as a function of potential vorticity units during 

volcanically quiescent periods (Martinsson et al., 2005) and Okmok/Kasatochi impacted air masses 

(Schmale et al., 2010). The grey points represent all individual CONCERT data, while the red symbols 

show the bin average including the standard deviation.  

As mentioned above, satellite data could not establish the link between the Kasatochi eruption and the 

aerosol layer detected 82 to 85 days later. However, the ESA Support to Aviation Control Service 

(http://sacs.aeronomie.be/archive/index.php) made measurements from several satellites detecting SO2 

available. According to these observations an SO2 enhancement was detected from 8 August on until 

early September. During this time the volcanic plume had surrounded and spread over the entire 

Northern Hemisphere. An indirect continuation of these satellite measurements until the date of 

detection by the AMS is given by lidar (light detection and ranging) observations. Several EARLINET 

(European Aerosol Research Lidar Network, http://www.earlinet.org/) lidar stations observed the 

volcanic haze layer. Figure 31 presents backscatter coefficient data from two German lidar stations at 

Kühlungsborn (54°N, 12°E, Rayleigh-Mie-Raman, 532 nm) and Leizpig (51°N, 12°E, Raman, 1064 

nm) starting 23 days after the eruption of Mt. Kasatochi (Mattis et al., 2010; Schmale et al., 2010). In 
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the leftmost panel the aerosol layer is detected between 16 and 18 km altitude while later on 

enhancements in the UTLS between 11 and 13 km are visible as highlighted by the grey bar. The 

Kühlungsborn data on day 78 after the eruption is only an average over 30 min between 11 and 13 km 

altitude while the remaining data is averaged over all night. Additionally, a second pronounced layer is 

present in higher altitudes which can be explained by the varied injection altitudes of the eruptions 

(Kristiansen et al., 2010; Bitar et al., 2010). AMS data on days 82 and 85 suggest that the layer 

descended down to 8 km. This drop in altitude is most likely due to tropopause folds (see also section 

3.1.3). Sedimentation alone cannot be responsible as such large vertical distances cannot be covered in 

such short time by particle sizes between 0.1 and 1 µm, a diameter which is expected to prevail based 

on experiences from Mt. Pinatubo.  

 

Figure 31: Time series of lidar and AMS aerosol vertical profiles after the Mt. Kasatochi eruption. The 

signal intensity represents the backscatter coefficient for lidar and mass concentration for AMS data. The 

shaded area highlights the observed volcanic aerosol layer in the UTLS. [This figure was published in 

Schmale et al. (2010).] 

Combining all above findings it becomes very likely that the observed aerosol layer originated from 

the eruptions of Mts. Okmok and Kasatochi.  

3.1.3 Case study – trace species in the transition regime 

The flight from 28 October offers the rare opportunity to study the characteristics of sulfate aerosol 

along the 2 PVU isosurface. Figure 32 a) illustrates the time series of particulate sulfate while b) 

shows the flight track through the vertical structure of the atmosphere. While the sulfate aerosol 

loading is especially enhanced when flying above the 2 PVU boundary, slight enhancements can be 

observed when the aircraft flew almost exactly on the 2 PVU isosurface as indicated by the blue box.  
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Figure 32: a) Time series of particulate sulfate and flight altitude on 28 October. The green hatched area 

indicates the passage above 2 PVU. b) Vertical structure of the atmosphere [published in Schmale et al. 

(2010)]: The black contour lines represent potential temperature isolines, the color-code indicates the 

potential vorticity units, while the red dashed line denotes the 2 PVU isosurface. The flight track is shown 

in black with color-coding for the particulate sulfate concentration. The blue box circles the time of 

interest, when the Falcon flew almost exactly on the 2 PVU isosurface.  

In Figure 33 a) the chemical structure of the tropopause is investigated by the tracer plot of ozone and 

carbon monoxide. The transition regime between the tropospheric and stratospheric branch can be 

identified clearly (see also black circling). An important number of data points within this regime are 

from the time when flying very near the 2 PVU boundary (blue box). The potential temperature 

difference of the actual data point from the value at the 2 PVU isosurface ranges between 0 and 30 K 

in this area. Figure 33 b) explores how the particulate sulfate behaves in this transition regime by 

displaying the particulate sulfate concentration versus carbon monoxide. The squares indicate the data 

points of interest. There are more squares in b) than in a) due to a lack of ozone data for this period. 

The figures show clearly that these data points bridge the gap between the low tropospheric and the 

enhanced stratospheric particulate sulfate concentration. This is an indication that mixing of air masses 

is happening in this regime and that volcanic aerosol is lost to the troposphere. Additionally, the water 

vapor mixing ratio is represented by the color-code. Again the squares clearly denote an area of 

transition. In the stratospheric branch the water vapor is near 5 mmol mol
-1

 while in the troposphere 

mixing ratios far greater than 100 mmol mol
-1

 are reached.  
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Figure 33: a) Tracer plot for 28 October, 2008. The color-code indicates the deviation of potential 

temperature of the actual measurement point from the 2 PVU value. b) Particulate sulfate versus carbon 

monoxide color-coded with the water vapor mixing ratio. The circles represent all data points from this 

flight while the squares refer to the values obtained while flying on the 2 PVU isosurface.  

Statistically, the mixing of air masses can be explored by means of probability density functions as 

described in section 2.7.2. Figure 34 shows PDFs for ozone (a), carbon monoxide (b) and particulate 

sulfate (c) for three regimes. The regimes are defined as the difference in potential temperature of the 

actual data point from the value at the 2 PVU boundary (compare also Figure 33 a). The blue interval 

denotes tropospheric characteristics, while the green one stands for the stratosphere and the red one 

represents the transition layer. The tropospheric and stratospheric mixing ratios for ozone and CO are 

clearly separated as Figure 34 a) and b) show. The probability of values in between is 0 as expected. 

The red curve shows that the transition region has characteristics of both atmospheric regimes as the 

curves overlap. For particulate sulfate (c) the case is similar, however a bit more complex: In the 

troposphere the concentration is likely to be very low, while in the stratosphere two probability peaks, 

clearly higher than in the troposphere, can be observed. As illustrated by the green shaded area in  
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Figure 34: Probability density functions for ozone (a), carbon monoxide (b) and particulate sulfate (c) for 

the flight on 28 October, 2008. The colored numbers indicated the number of data points for each regime. 
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Figure 32 a there is a period when particulate sulfate concentration is near 1 µg m
-3

 and another one 

with values near 0.4 µg m
-3

. Both are reflected by the green curve in Figure 34 c). The red curve again 

represents concentration properties from the other two regimes.  

With this case study the varying concentrations of particulate sulfate with altitude can be explained to 

great detail. It also shows how air masses from the stratosphere adopt tropospheric properties 

including enhanced humidity in their downward motion which can ultimately lead to wet deposition of 

the volcanic aerosol. Thus mixing of air masses in the transition region can become an important 

factor of stratospheric aerosol removal since particle settling velocities at sizes smaller than or equal to 

1 µm are too small for significant removal rates through sedimentation (Jaenicke, 1980). After Hinds 

(1999) a 1 µm particles has an approximated settling velocity of 11 m per day
-1

 at 200 hPa and -60°C 

(see Appendix C). According to Bourassa et al (2010) the stratospheric aerosol background 

concentration was reached 7 months after the eruptions. In this time particles would have lost around 

2 km in height.  

3.1.4 Chemical characteristics and size distribution of volcanic aerosol 

So far, only the particulate sulfate component of the volcanic aerosol was used for the identification of 

the haze layer because commonly sulfuric acid particles are associated with volcanic aerosol (Fahey et 

al., 1993; Keim et al., 1996; Borrmann et al., 1997). Through the chemical composition measurements 

however, more detailed data is available. To put the composition of the volcanic aerosol into context 

also particles from other observed atmospheric layers such as the boundary layer, the free troposphere 

and background UTLS are considered in the following. Figure 35 presents the average organic mass 

spectra for each atmospheric layer and by means of pie charts the relative contribution of each 

measured chemical species to the total submicron particle composition. In the boundary layer, aerosol 

concentration was highest with 3.6 µg m
-3

 with strong contributions from nitrate, organics and 

ammonium. The particulate matter is rather alkaline with an acidity coefficient larger than one 

(defined as the molar equivalence ratio of measured ammonium and the sum of measured sulfate and 

nitrate, all in µmol m
-3

, see Quinn et al. (2006)). Alkaline aerosol is rather unusual, but has already 

been observed on other occasions near a pig farm (Martin et al., 2008). In the free troposphere, the 

aerosol becomes very acidic due to a particulate sulfate contribution of almost 50 %. No nitrate is 

found. This and the observation that only 0.3 µg m
-3

 particulate matter are present, a factor 12 less 

compared to the boundary layer, leads to the conclusion that most of the aerosol was washed out. The 

background aerosol concentration and composition in the UTLS is comparable to the values in the free 

troposphere. However, during volcanic aerosol layer encounters in the UTLS the composition changes 

significantly. 71 % of the aerosol is composed of sulfate, 21 % of organics and 8 % of ammonium. 

The acidity coefficient is 0.29 and the average total aerosol mass within the layer is 1.2 µg m
-3

. The 

fact that more than 20 % of the mass is contributed by organic matter is surprising as this was not 

expected for volcanic aerosol.  

The organic mass spectra in Figure 35 provide additional information on the nature of the organic 

matter. The error bars denote uncertainties from ion counting statistics while pink bars represent data 

below detection limit. Near the surface, lowermost panel, the average mass spectrum shows the typical 

sequence of uneven m/z that are associated with hydrocarbon-like organic aerosol (HOA) (Zhang et 
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al., 2005a) which originates from fossil fuel combustion (Schneider et al., 2006b). Also, oxygenated 

organic aerosol (OOA) is present as represented by the dominant m/z 44 (CO2
+
) peak (Zhang et al., 

2005a). To compare the oxygenation of one aerosol type to another the ratio of the organic 

contribution to m/z 44 over the total organic mass is formed. In the boundary layer the value is 

0.11 ± 0.002. The error denotes the 95 % confidence interval of the linear regression fit to m/z 44 

versus OA data. After Aiken et al. (2008) the elemental O:C ratio from a C-ToF-AMS can be derived 

through an equation based on a linear regression fit to high resolution versus unit resolution data (O:C 

ratio vs m/z 44:OA). In this case the O:C ratio results in 0.50 ± 0.025. Such organic aerosol mass 

spectra have been identified as urban oxygenated organic aerosol (Alfarra et al., 2004; Zhang et al., 

2005a). In the free troposphere the O:C ratio is higher with 0.69 ± 0.022 (m/z 44:OA 0.16 ± 0.003) and 

thus aerosol more oxygenated or aged. This is even more pronounced in the UTLS where the O:C ratio 

is 0.88 ± 0.019 (m/z 44:OA 0.21 ± 0.004). This type of organic mass spectrum with prevailing 

contributions from m/z 29 and m/z 44, 45 % and 21 % respectively of the organic mass spectrum, were 

observed on other occasions and identified as oxygenated organic aerosol “OOA-1” (Lanz et al., 2007; 

Ulbrich et al., 2009) or more recently as low volatile oxygenated organic aerosol “LV-OOA” (Jimenez 

et al., 2009). In the volcanic aerosol layer the O:C ratio is 0.69 ± 0.021 (0.16 ± 0.003). For an extended 

discussion of the O:C ratio of volcanic aerosol see section 4.3.2.  

Figure 36 illustrates the average vertical structure of particulate sulfate and organic concentrations 

including one standard deviation. In the volcanic aerosol layer the concentration of organics with 

0.25 ± 0.12 µg m
-3

 was found to be a factor 1.4 larger than in the background UTLS with 

0.18 ± 0.11 µg m
-3

. Compared to the free troposphere the enhancement is 190 %. Even though this 

increase is statistically not significant the trend can clearly be observed from the figure. It is possible 

that the AMS collection efficiency increased during plume encounters due to the dominant presence of 

sulfuric acid (Quinn et al., 2006). In this case, the increase in organic mass would not be real. 

However, there is no reason to assume that the collection efficiency in the free troposphere, 

background UTLS or within the haze layer changed significantly as the overall compositions are 

comparable. But as the uncertainties from AMS measurements are too large (in the order of 30 %) the 

increase in organic matter in the volcanic aerosol cannot be verified. However, the data clearly show 

that the volcanic aerosol contains organic matter. This is backed up by measurements reported by 

Martinsson et al. (2009) who also found carbonaceous matter in the Mts. Okmok and Kasatochi 

plumes.  
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Figure 35: Average organic mass spectra from different atmospheric layers. At the left side the O:C ratio 

indicates the degree of oxygenation of the aerosol. On the right side the pie charts indicate the relative 

contribution of each chemical species to the aerosol composition. The average concentration is also 

indicated. Bars in pink are below detection limit. The error indicates the uncertainty from ion counting 

statistics. [This figure is adapted from Schmale et al. (2010).] 
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Figure 36: Average concentrations of particulate organics and sulfate including one standard deviation. 

[This figure was published in Schmale et al. (2010).] 
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Figure 37: Size distribution of particulate sulfate in the volcanic aerosol layer with a resolution of 25 bins 

between 50 and 800 nm dva. The error bars denote the statistical counting error. [Adapted from Schmale 

et al. (2010).] 
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After finding this, the intriguing question arises why and how organic matter forms part of 

stratospheric volcanic aerosol. Organic matter is not assumed to be present in the extremely hot inner 

earth material which the eruption column injects because organic material would not survive the high 

temperatures. It is however conceivable that organic vapors and particulate matter from the boundary 

layer and troposphere are entrained in the eruption column and thus uplifted even across the 

tropopause (see Figure 4). Especially considering that the eruptions took place in a period of extensive 

biomass burning in Canada resulting in a highly perturbed troposphere (Jacob et al., 2010; Singh et al., 

2010) it is possible that larger amounts of particulate and gas phase organics than during other seasons 

were injected into high altitudes through the volcanic eruptions. Also, high reaching pyro-convection 

(Fromm et al., 2005) during biomass burning events can be a source of organic matter in the 

stratosphere. Fromm et al. (personal communication) observed pyro-cumulonimbus clouds penetrating 

the tropopause during ARCTAS II in July 2008 when Mt. Okmok erupted. Another source of organics 

in the lower stratosphere can be troposphere to stratosphere exchange. This however seems to be less 

likely as the trend from Figure 36 suggests that less organic material was present in the UT than in 

higher altitudes. In any case, the observation that organic matter is present in the UTLS has been made 

before e.g. by Murphy et al. (2007) and Froyd et al. (2009b). This implies that carbonaceous matter is 

frequently supplied to this region of the atmosphere independently from volcanic eruption events. 

Once organic vapors entered the stratosphere, semi- and low-volatile components possibly can 

contribute to the formation and growth of particles. Ekman et al. (2008), for example, found for the 

tropical upper troposphere that organics seem to play a role next to sulfate in the formation and growth 

of small particles. This has implications for the efficiency of heterogeneous reactions which can occur 

in/on volcanic aerosol. Usually, for the corresponding calculations reactive uptake coefficients are 

adopted assuming the volcanic particles to consist of pure binary sulfuric acid solution droplets (Fahey 

et al., 1993; Keim et al., 1996; Borrmann et al., 1997). The observed presence of a significant organic 

component of 20 % may substantially influence the reactive uptake.  

Figure 37 shows the average mass size distribution of the sulfate component in the volcanic aerosol. 

The error bars represent the statistical counting error, as explained and discussed in Appendix D. The 

mode diameter is 360 nm dva with a geometric standard deviation of 1.4. According to Wilson et al. 

(1993) the submicron volumetric size distribution of stratospheric aerosol after the Pinatubo eruption 

at a comparable age of 78 days showed a mode diameter between 300 and 400 nm dmob measured by a 

focused cavity aerosol spectrometer (Jonsson et al., 1995). Converting the vacuum aerodynamic 

particle diameter into the mobility diameter after deCarlo et al. (2004) assuming a density of 

1.84 g m
-3

 for sulfuric acid a mode diameter of 200 nm dmob is obtained (see upper horizontal axis in 

Figure 37). The fact that Mts. Okmok/Kasatochi aerosol seems to be smaller may reflect the larger 

amount of SO2 injected by Mt. Pinatubo (1.6 Mt compared to 20 Mt) leading to higher particle 

formation and growth rates after the eruption in 1991.  
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In summary the key findings from this detailed study of naturally emitted aerosol type are: 

1. The volcanic aerosol layer is characterized by a sharp increase in particle load in the 

tropopause region. On average the volcanic aerosol had a concentration of 1.09 ± 0.39 µg m
-3

 

while background UTLS and free tropospheric aerosol had a concentration of 0.43 ± 0.16 and 

0.28 ± 0.23 µg m
-3

, respectively.  

2. Volcanic aerosol was found to consist of only 71 % particulate sulfate and contained a 

significant amount of organic matter of about 21 %. This might have important implications 

for modeling heterogeneous reactions in the stratosphere. Nevertheless, it is far more acidic 

than background UTLS and free tropospheric aerosol where particulate sulfate contributed 

47 % and 48 % and organics 34 % and 41 %, respectively.  

3. Applying several tropopause definitions, the volcanic aerosol was located in the lower 

stratosphere. Based on detailed tracer studies, enhancement of particulate sulfate in the 

transition region between troposphere and stratosphere was observed. This might be an 

indication for an important removal process of the lower stratospheric aerosol, because settling 

velocities cannot explain the rapid depletion of the Mts. Okmok/Kasatochi aerosol layer 

within 7 months.  
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3.2 Mixed natural and human-induced aerosol release to the atmosphere 

In the following the focus is laid on atmospheric perturbations resulting from biomass burning (BB) 

and surface-bound fossil fuel combustion (FF) and their various transport patterns. Within the scope of 

the POLARCAT and CONCERT campaigns no opportunity occurred to measure emissions from 

either only BB or FF because measurements were conducted in remote geographical (Greenland) and 

atmospheric (free troposphere, UTLS) regions so that pollution plumes had to be transported over long 

distances and periods of time before sampling. Consequently, mixing of air parcels influenced by 

different emission source types occurred frequently. This effect was particularly enhanced for the 

source regions in North America and Siberia/Asia where BB occurred in relatively close vicinity to 

anthropogenic activity compared to the distance of transport towards Greenland. Another aspect to 

consider when referring to BB is the fact that it is not always obvious whether the fires were naturally 

induced by lightning or triggered intentionally by humans. So a differentiation of BB as either purely 

natural or anthropogenic emission source is difficult.  

Bearing above considerations in mind, the probed pollution episodes were classified into five 

categories: 

I. “pure” BB (mainly BB influenced plumes) 

II. BB / FF no Asia (BB dominated air masses with FF contribution but no Asian influence) 

III. NA / EU, FF / little BB (air masses with origin in North America and Europe with pronounced 

FF characteristics and some BB influence) 

IV. Sib BB / Asia FF (plumes primarily influenced by Siberian BB and to lesser extent by East 

Asian FF) 

V. Asia FF / Sib BB (pollution episodes with enhanced contribution from Asian FF and some 

influence of Siberian BB) 

VI. NA FF (mainly North American FF influenced plume) 

Section 2.7.3 describes how individual pollution plumes were identified and how they were 

categorized. With a total of 48 plumes found during POLARCAT and additional pollution episodes 

from CONCERT and ARCTAS, only specific examples are discussed in the following subsections. 

The case selection takes the various emission regions, source types and air mass transport pathways 

into account. All but the last pollution episode in this section originate from POLARCAT 

measurements. As the ATR-42 research aircraft was unable to reach the tropopause region, ARCTAS 

data is used to complement individual plume studies by focusing on pollution transport to and in the 

UTLS. Emphasis is laid on this aspect because aerosol lifetime increases significantly in the 

tropopause (Farina et al., 2010) and consequently potential effects (direct and indirect radiative 

forcing, heterogeneous chemistry) might be enhanced. Additionally, these are the first real-time 

particle chemical composition measurements available for high northern latitudes at high altitudes. 

The integrated analysis of all pollution episodes and background conditions is conducted in chapter 4. 

The following table provides an overview of all plumes discussed below in detail. Section 3.2.4 on 



 

98 

 

page 136 resumes the key parameters such as location, extension and chemical composition of the gas- 

and particle phase of each plume for better comparability. 

Table 13: Overview of individually discussed plumes 

Name Date / Time Category Transport 

Plume I 8 July, 2008 / 

13:14 – 13:32 

“pure” BB Tropospheric transport (POLARCAT) 

Siberian BB 5 July, 2008 / 

01:01 – 01:30 

“pure” BB Air mass uplift to the UTLS (ARCTAS) 

Plume II 8 July, 2008 / 

14:52 – 15:02 

NA / EU, FF / 

little BB 

Frontal transport, warm conveyor belt 

(POLARCAT) 

Plume III 13 July, 2008 / 

19:56 – 20:02 

Sib BB / Asia FF Warm conveyor belt, strong wet deposition 

(POLARCAT) 

Plume IV 8 July, 2008 / 

15:40 – 15:50 

NA / EU, FF / 

little BB 

Low level transport over the Atlantic 

(POLARCAT) 

Plume V 13 July, 2008 / 

18:42 – 19:06 

Asia FF / Sib BB Stratospheric intrusion (POLARCAT) 

East Asian, 

FF 

5 July, 2008 / 

02:49 – 03:03 

Asia FF Air mass uplift to the LS (ARCTAS) 

Plume VI 31 October, 2008 / 

11:39 – 11:44, 

13:37 – 13:41 

NA FF*
)
 Tropospheric cross-Atlantic transport 

(CONCERT) 

*) This category of North American almost pure fossil fuel combustion did not occur during POLARCAT, it is 

introduced here to identify this observed pollution episode during CONCERT. 

 

The following two figures (Figure 38 and Figure 39) provide basic information on the POLARCAT 

pollution episodes to be discussed. Panel a shows the flight altitude in blue for 8 and 13 July together 

with the trace gas mixing ratios for ozone and CO. The AMS measurements of particulate organics 

and sulfate are given in panel b. The stacked results allow for reading the total AMS derived 

submicron aerosol mass concentration. Panel c displays the FLEXPART calculations of excess CO 

(CO minus 100 nmol mol
-1

) from BB (brown filled area) and from all sources (total CO in grey). The 

difference can be attributed to anthropogenic activity. The black trace indicates the measured excess 

CO for comparison with the model. The FLEXPART derived ratio of BC aerosol-like over passive 

tracer in panel d approximates the amount of aerosol that has not been wash-out along the trajectory. 

For reasons stated in section 2.6.3 the wet deposition of the aerosol-like tracer is overestimated. 

Nevertheless, the ratio shows that strong wash-out events had occurred before both flights. In the 

lowermost panel the SMPS derived volume size distribution is displayed for particles between 20 and 

500 nm dmob. In both figures the trends of the volume size distribution and the aerosol mass 

concentrations correlate well. The blue hatched areas denote episodes with relative humidity greater or 
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equal to 100 %, i.e. crossing of clouds. The black vertical lines and roman numbers indicate the 

specific episodes of interest.  

The flight on 8 July started in Kangerlussuaq, passed over the Greenland ice sheet heading south, flew 

over the Atlantic Ocean, and then returned to Narsarsuaq, Southern Greenland. Due to an intense low 

pressure system tracking from North America towards southern Greenland, mainly air masses 

influenced by BB from Canada and FF from the United States were probed (see Figure 40). A strong 

warm conveyor belt (WCB) associated with this low pressure system lifted warm and humid air 

masses from North America up to 400 hPa and advected them towards southern Greenland over 

approximately 3 days. According to FLEXPART, transport times from North America for all events 

during this flight were between three and nine days. 

On 13 July 2008, the ATR-42 flew from Kangerlussuaq straight over Baffin Bay in NW direction to a 

turning point at 70.1°N, 60.4°W from where it returned on the same path. The first leg was flown at 

7.3 km altitude while during the return the altitude varied between 4.6 and 5.8 km a.s.l. (above sea 

level) to cross forecasted pollution plumes at various altitudes. During this period, Asian pollution was 

transported across the pole associated with the development of a low pressure system over the East 

Siberian Sea (Sodemann et al., 2010). At the same time another low pressure system travelled north 

along the eastern coast of Greenland. Pollution plumes sampled between these two low pressure 

systems were in a region of stretching and filamentation indicated by CO mixing ratios leading to the 

formation of fine-scale features in the measurements (shown in detail by Sodemann et al. (2010)). 

According to FLEXPART, this flight was influenced by a variety of air masses from different origins 

leading to high variability in air mass transport times which ranged between 10 and 17 days for Asia 

and around one week for NA and Europe. However, the focus of this analysis is placed on Asian 

plumes. 

 

Figure 38 (next page): Time series of the flight from 8 July, 2008. a) Aircraft altitude (blue) and trace gas 

mixing ratios (grey O3, black CO) in one second time resolution, the blue hatched areas denote relative 

humidity equal to or greater than 100 %. b) AMS sulfate and organic aerosol concentration in two 

minutes time resolution. c) FLEXPART excess total and biomass burning (BB) CO and measured excess 

CO (actual concentration minus 100 nmol mol
-1

), d) ratio of FLEXPART BC aerosol-like and passive 

tracer, e) SMPS volume size distribution at STP. The areas between the black bars with roman numbers 

indicate the discussed plumes. [This figure is adapted from Schmale et al. (2011).] 
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Figure 39: Time series of the flight on 13 July, 2008. Same as in Figure 38. [This figure is adapted from 

Schmale et al. (2011).] 
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Figure 40: Low pressure system west of Greenland on 8 July at 15 UTC at 5000 m altitude. The color-code 

denotes FLEXPART derived excess CO mixing ratio in nmol mol
-1

, the white contours represent surface 

pressure levels from 980 to 1030 hPa in 3 hPa intervals. The red line indicates the ATR-43 flight track. 

[This figure was published in Schmale et al. (2011).] 

3.2.1 Biomass burning dominated plumes 

Two plumes are discussed in the following. They give examples for the advection of polluted air 

masses in the free troposphere and uplift to the tropopause with potential subsequent cross-tropopause-

transport.  

3.2.1.1 Tropospheric transport of BB from Canada 

The here presented plume was observed over inland ice in the free troposphere on 8 July, 2008, (see 

Figure 38, I). All gaseous and aerosol tracers are elevated during this event and drop simultaneously 

between 13:24 and 13:26 UTC. The CO detector shows no signal during these two minutes due to 

internal calibrations. The horizontal extension of the measured plume segment was 108 km. The 

chemical composition of the aerosol is characterized by a mass fraction of 90 ± 12 % organics, an 

average total mass of 0.82 ± 0.35 µg m
-3
, while ∆CO is 30 nmol mol

-1
, and ∆O3 is 10 nmol mol

-1
 for 

the period during which the aircraft moved at a constant altitude. The trace gas delta values are 
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calculated by subtracting the average mixing ratio before and after the plume from the peak value 

during the pollution episode. Even though, according to Figure 38 c) and d) the ATR-42 flew only 

through a faint CO and mostly “washed-out BC” signature, it is obvious from the FLEXPART 

column-integrated emission sensitivity in Figure 41 a) that this air mass was influenced by BB in 

Canada.  

 

 

Figure 41: “Pure“ biomass burning pollution plume from Canadian forest fires transported towards 

Greenland on 8 July, 2008, 13:14 – 13:32 UTC. a) FLEXPART column integrated sensitivity, b) footprint 

sensitivity; numbers indicated age of plume. 

To determine whether the region which the probed air mass is sensitive to, is influenced by surface 

emissions it is important to consider the footprint tracers as shown in Figure 41 b). Especially for 

aircraft as opposed to ground based measurements it is likely that the column-integrated signal points 

towards a source region where at the time of interest no surface emissions were released. In this case 

however, both panels indicate fires in Saskatchewan as source of the observed aerosol. A possible 

explanation for the discrepancy between the clearly identified emission origin and the low CO 

contribution in the FLEXPART calculations can be the standardized injection height of about 100 m. 



 

104 

 

If this parameter is too low long-range transport might be underestimated (see also Figure 42). 

Sessions et al. (2010) discuss this difficulty of modelled BB injections of boreal forest fires based on 

measurements during ARCTAS.  

The FLEXPART CO fire tracer constitutes roughly 58 % of the total CO passive tracer contribution in 

this case which is probably too low due to the mentioned reasons. The plume travelled for 

approximately 7 days through the free troposphere before detection in a rather dry air mass with 20 – 

30 % relative humidity based on in-situ measurements. According to back trajectory calculations by 

the OFFLINE model (Figure 42), most of the air masses picked up BB signatures between 850 and 

550 hPa, were lifted to about 400 hPa and then travelled between 600 and 400 hPa before interception. 

About 130 hours prior to arrival it can be seen nicely that air masses gained in relative humidity when 

they were uplifted. Even though the indicated relative humidity barely reaches 50 % it cannot be 

excluded that precipitation events occurred along the track. The average of the meteorological input 

data for each time interval might smooth out high values of relative humidity that occurred for short 

periods. [This paragraph is adapted from Schmale et al. (2011).]  

 

Figure 42: Plume I (8 July, 2008, 13:14 – 13:32) back trajectories calculated with the OFFLINE model: 

lower panel ambient pressure, upper panel relative humidity (0.5 corresponds to 50 % RH). The thin lines 

indicate the trajectories for the time period when little aerosol concentration was measured. The orange 

lines encircle when uplifting occurred and the air mass gained in relative humidity.  

3.2.1.2 Uplift of Siberian BB to the tropopause 

The upper case is an example for BB emission export through the free troposphere where after a week 

on average an aerosol concentration of below 1 µg m
-3

 was left. Complementary, a second case of 

relatively pure wild fire emissions from Siberia shall be discussed which reached tropopause altitudes. 

Figure 43 shows the last three hours of the ARCTAS flight that started on 4 July, 2008, between 52 

and 58 N and 84 and 112°W over Canada. Panel a) shows the mixing ratio of CH3CN as color-code 

along the flight altitude in hPa. The roman number I between the first two vertical black bars indicates 

the period of interest when the aircraft flew very close and slightly above the dynamical tropopause as 
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indicated by the green 2 PVU isoline. Episode II is discussed in section 3.2.3.3. According to Warneke 

et al. (2006) BB influence can be assumed starting from a CH3CN mixing ratio of 0.2 nmol mol
-1

. 

Between 01:01 and 01:30 UTC in altitudes between 11.7 and 11.9 km the concentration is clearly 

enhanced. According to FLEXPART calculations (see Figure 44 a) the source region of the roughly 14 

days old air mass is Siberia and East Asia. Potentially, there is thus anthropogenic influence, however, 

panel b) in Figure 43 shows a low SO2 mixing ratio with < 20 pmol mol
-1

. Therefore, it can be 

assumed that primarily BB is responsible for this plume. 69 % of the aerosol is composed of organic 

matter based on organic and sulfate mass alone. On average the mass concentration of particulate 

organics is 0.68 µg m
-3

 while for sulfate it is 0.31 µg m
-3

. The relatively large fraction of sulfate 

suggests contribution from fossil fuel burning. Significant amounts of SO2 might have been converted 

into sulfuric acid and condensed into the particle phase during transport. For further discussion on the 

evolution of BB aerosol and SO2 chemistry see sections 1.5.2 and 3.2.3, respectively.  

 

Figure 43: This ARCTAS-summer flight started on 4 July, 2008. The plot shows the last 3 hours of the 

flight on 5 July, 2008. Panels a) and b) show the mixing ratios of CH3CN and SO2 along the flight paths. 

The green line indicates the dynamic tropopause. Panel c) presents the stacked AMS derived 

concentrations for particulate sulfate, and organics (the scale is optimized for the periods of interest) and 

panel d) displays the CO and ozone mixing ratios. The roman numbers indicated the episodes of interest 

as discussed in the text.  

The carbonaceous matter shows strong fluctuations within the interval that are reflected by the CO 

mixing ratio as shown in panel d. ∆CO values reach up to 129 nmol mol
-1

 based on the last value 

before the steep increase within the period. The ozone mixing ratio is anti-correlated and has a mean 

value of 79.1 ± 7.7 nmol mol
-1

 near the dynamical tropopause which corresponds to the range of 

values observed during all ARCTAS flights (vertical profile in Figure 72). The stratospheric 
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contribution as derived from FLEXPART is between 10 and 16 %, i.e. rather low, and according to 

HYSPLIT trajectory analysis the air mass had ascended into higher altitudes, potentially the 

tropopause region, about 3 days prior to the encounter (see Figure 45 b). It is likely that the air mass 

was exported along the Pacific storm track, was uplifted in a WCB and subsequently followed the jet 

stream path from Siberia/Asia towards North America as the trajectories follow the typical meander 

(a). Panel b) shows that significant wet removal happened between 150 and 100 hours before 

interception.  

 

 

Figure 44: FLEXPART column-integrated emission sensitivity for the 4 July, 2008, flight. a) For episode I 

as indicated in Figure 43 (00:59:50 – 01:01:33 UTC). The data suggest influence from fires in Siberia and 

possibly anthropogenic activity in East Asia. b) For episode II as indicated in Figure 43 (02:52:52 – 

02:53:49 UTC). The data indicate contributions from anthropogenic emissions in East Asia and possibly 

BB from Siberia.  
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Figure 45: HYSPLIT 10-day back trajectories for episode I at 01:01 – 01:30, 5 July, 2008. The trajectories 

were started at 01:00 on 5 July, 2008. a) The air masses travelled most likely along the jet stream path. 

The negative numbers indicate hours before sampling. b) Precipitation (blue) and altitude (black) along 

the trajectories. Trajectory release heights were 11.5, 11.7, and 12.0 km, plume interception was between 

11.7 and 11.9 km.  
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From above shown data it is not completely clear whether tropospheric and stratospheric air masses 

had mixed during pollution episode I. According to the vertical profile of the back trajectories, rather 

air mass uplift into a regime with higher PV occurred than air mass mixing. This hypothesis is 

supported by the tracer correlation as shown in Figure 46 a). The data points from period I are marked 

in green and are located along a line with a relatively constant ozone value. Varied ozone mixing 

ratios would indicate air mass mixing. Also, the probability density functions for the whole flight 

(Figure 46 (b-d)) indicate that air masses in all three layers have similar properties. For all trace gases, 

the concentrations from each regime overlap. Especially the ozone trace in the lower stratosphere 

(green line) should be distinct from the lowermost (blue) trace if stratospheric air had contributed to 

the measured air mass. Unfortunately, only few data points are available for the layer above the 

tropopause which results in poor statistics and spikes in the PDF. For acetonitrile, however, the strong 

enhancement from episode I can clearly be observed from the peak with a probability of around 0.35.  

From the above observations it can be concluded that this pollution episode is a case of air mass and 

aerosol uplift into the tropopause region where irreversible air mass mixing has not (yet) taken place. 

It is possible that this transport pathway is associated with a jet stream based on the meander as 

described by the trajectories and as elaborated in Fuelberg et al. (2010). Also, the approximate velocity 

calculated from the HYSPLIT back trajectories was roughly 40 m s
-1

 for the last 24 hours. As 

troposphere to stratosphere transport at the poleward side along jet streams has been observed earlier 

(Zahn et al., 2000) it is conceivable that a case of (starting) cross-tropopause-transport was sampled. 

For a detailed consideration, Figure 47 shows an enlargement from Figure 43 of the respective period 

when the aircraft flew above the 2 PVU boundary. Additionally, the potential and ambient 

temperatures are plotted. It can clearly be seen that enhancements of carbon monoxide and organic 

aerosol are anti-correlated with temperature and the ozone mixing ratio. The potential temperature 

indicates tropopause properties. After Zahn et al. (2000) this indicates that tropospheric air intruded 

into lower stratospheric air masses. 

Even though no hard evidence for irreversible cross-tropopause-transport can be given for this case it 

demonstrates nevertheless that uplift of polluted air masses originating from Siberia/East Asia within 

the Pacific storm track influences the chemical composition in the tropopause and potentially even in 

the lower stratosphere. It is known that troposphere to stratosphere exchange takes place in this region 

(Sprenger and Wernli, 2003). 
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Figure 46: a) Tracer plot for the whole flight from 4 July, 2008. The data points from episode I are 

marked by green triangle and from episode II by red squares. The black line guides the eye along a mixing 

line. b-d) Probability density functions of trace gases CO, O3 and CH3CN from 550-150 (blue), 150-0 hPa 

(red) below the 2 PVU boundary, and 0-150 hPa above the 2 PVU isosurface (green line). The colored 

numbers indicate the number of data points. CO and O3 bin width is 5 nmol mol
-1

 and for acetonitrile 

0.2 nmol mol
-1

. 

 

2
0

0

1
5

0

1
0

0

5
0

O3 (nmol mol
-1

)

5
0

0
4

0
0

3
0

0
2

0
0

1
0

0

C
O

 (
n

m
o

l 
m

o
l-1

)

 a
ll

 f
li

g
h

t

 p
e

ri
o

d
 I

 p
e

ri
o

d
 I

I

0
.5

0
.4

0
.3

0
.2

0
.1

0
.0

4
3

2
1

n
m

o
l 

m
o

l-1

C
H

3
C

N

1
7

1
7

9

2
2

6

0
.5

0
.4

0
.3

0
.2

0
.1

0
.0

2
0
0

1
5
0

1
0

0
5
0

n
m

o
l 

m
o

l-1

O
3

2
1

1
8

9

2
3

6

0
.5

0
.4

0
.3

0
.2

0
.1

0
.0

2
5
0

2
0

0
1
5
0

1
0
0

n
m

o
l 

m
o

l-1

C
O

 -
 j

u
l0

4

 p
re

s
 -

1
5

0
 -

 0
 h

P
a

 p
re

s
 0

 -
 1

5
0
 h

P
a

 p
re

s
 1

5
0

 -
 5

5
0
 h

P
a

2
1

1
9

1

2
3

6

a
)

b
)

c
)

d
)



 

110 

 

 

Figure 47: Enlargement of ARCTAS pollution episode I (01:01 – 01:30, 5 July, 2008). This figure shows 

the same time series as Figure 43 and additionally the data of static and potential temperatures in blue 

and red, respectively. The black vertical bars enclose the period when the aircraft flew above the 2 PVU 

level. 

3.2.2 Mixed biomass burning and fossil fuel combustion pollution  

This subsection elaborates three cases of pollution transport: Transport associated with warm conveyor 

belts out of North America and Siberia/Asia and related precipitation events, and low-level 

tropospheric advection across the North Atlantic from North America towards southern Greenland.  

3.2.2.1 Frontal and warm conveyor belt associated transport out of North 

America 

This pollution episode over the southern coast of Greenland, measured on 8 July, 2008, at 14:52 – 

15:02 UTC, is characterised by elevated trace gas mixing ratios with ∆O3 approximately 

45 nmol mol
-1

, and ∆CO at least 27 nmol mol
-1

 (see Plume II in Figure 38). The ∆CO is a lower 

estimate since internal instrument calibration took place during this period, and so the highest recorded 

CO value throughout the plume was used as peak value for the calculation. Outside this defined plume 

period ∆CO is some 60 nmol mol
-1

 assuming 100 nmol mol
-1

 as background value (Figure 38 c). This 

implies that the event discussed here was embedded in an extensive polluted area. Both aerosol 

instruments show clear enhancements during the plume encounter compared to the surroundings. The 
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AMS submicron aerosol mass has a mean of 0.62 ± 0.35 µg m
-3

, peaks at 0.96 µg m
-3

, and is 

composed of 82 ± 14 % organic carbon.  

 

 

Figure 48: a) FLEXPART column-integrated emission sensitivity for plume II during the 8 July flight 

from 14:56:03 – 15:01:40 UTC. b) Pressure and relative humidity along the trajectories as calculated by 

the OFFLINE model. 

Figure 48 a) shows that this plume is composed of a mixture of anthropogenic emissions from the 

Great Lakes area and forest fire emissions in Canada and possibly also at the US west coast. Transport 

times vary significantly depending on the source region: 3-4 days from the Great Lakes, 6-11 days 

from Canada, and more than 12 days from the west coast. According to the OFFLINE model all 
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trajectories raised from 900 hPa between 72 and 60 hrs prior to plume detection at 380 hPa (see Figure 

48 b). Thus air masses were subject to a strong and rapid uplift within 2 - 3 days and a humidity 

change in the last 24 hours. In-situ measured relative humidity was between 29 and 32 % in the 

maximum of the pollution episode and up to 100 % when entering and leaving the plume. A low 

pressure system travelled from the North American east coast to the west coast of Greenland between 

6 and 8 July (Figure 40). The enhanced pollution in the warm sector of the cyclone and the above 

described trajectory analyses suggest that the pollution plume was carried upwards by a warm 

conveyor belt (WCB, for details see 1.4). Since condensation and precipitation are widespread and 

intense within the ascending air masses of a WCB the question arises, how much of the original 

particulate pollution remains after the transport to the atmosphere above Greenland. The FLEXPART 

BC tracer ratio indicates (Figure 38 d) that less than 1 % of the aerosol-like tracer arrived at the point 

of interception which holds for the entire flight. The detection of Plume II, however, shows that 

aerosol wash-out in a WCB is not complete which was also observed by Park et al. (2005) for Asian 

outflow and Roiger et al. (2011) during POLARCAT-Grace which took place at the same time as 

POLARCAT-France. Also note that the ozone mixing ratio is strongly elevated for the duration of the 

plume. FLEXPART stratospheric air mass contribution is however < 5 % which is in good agreement 

with the history of the air mass (Figure 48 b). In theory, the enhancement of 45 nmol mol
-1

 can thus be 

related to photochemical ozone production within this mixed BB and FF plume. Model calculations of 

photochemical O3 production within 5 days in an Alaskan BB plume travelling towards Europe 

performed with CiTTyCAT resulted in an enhancement of 17 nmol mol
-1

 (Real et al., 2007). [This 

paragraph is adapted from Schmale et al. (2011).] 

3.2.2.2 Strong wash-out during tropospheric transport from Siberia 

The previous case gave an example of incomplete wash-out during rapid air mass uplifting in a warm 

conveyor belt. This episode shows a case of strong wash-out. Plume III (see Figure 39) was 

intercepted on 13 July, 2008, at 5.7 km over Baffin Bay. The CO mixing ratio is enhanced with 

154 nmol mol
-1

 on average with a ∆CO of 30 nmol mol
-1

, while the O3 mixing ratio drops to 

61 nmol mol
-1

, still slightly elevated, corresponding to a ∆O3 of -24 nmol mol
-1

. Both aerosol 

instruments detect little signal. AMS aerosol total mass is 0.26 ± 0.26 µg m
-3

.  
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Figure 49: a) FLEXPART column-integrated emission sensitivity for Plume III from 20:02:51 – 20:03:31 

UTC on 13 July, 2008. Contributions from Siberian BB and Asian FF can be observed. b) Origin of air 

masses for Plume IIIref from 18:22:52 – 18:24:00 UTC on 13 July, 2008, is primarily Canadian BB.  

However, the air mass is clearly influenced by Siberian BB and Asian FF according to the 

FLEXPART column-integrated emission sensitivity (Figure 49 a). The CO fire passive tracer indicates 

between 80 and 90 % BB influence. The combination of the elevated CO mixing ratio and the very 

low signal intensity for aerosol detection suggests that this is a case of aerosol wash-out. It is 

conceivable that the gas phase pollution tracer CO remained elevated after transport from East Asia 

and Siberia while particles were deposited en-route. To verify this hypothesis a reference period 

(marked IIIref in Figure 39) with a similar CO mixing ratio of 151 nmol mol
-1

 was chosen with an 

aerosol mass of 1.24 ± 0.40 µg m
-3

. This plume corresponds primarily to Canadian BB and some US 

anthropogenic emissions (Figure 49 b). Meteorological field data along the trajectories for both 

periods were calculated with LAGRANTO. In Figure 50 a) it is clearly visible from the cloud cover 

and precipitation that aerosol wash-out happened around 110 to 70 hours prior to interception during 

air mass uplift which is most likely associated to a WCB. FLEXPART calculations (not shown) of 

relative humidity along the most probable mean pathway for this period indicate the same. The back 

trajectories of the reference period (Figure 50 b) only pass through a period of elevated cloud cover 

100 to 80 hours before the encounter with much less probability for scavenging (see precipitation 

columns in Figure 50 b). The corresponding aerosol concentration is rather high within the context of 

measurements above Greenland. [This paragraph is adapted from Schmale et al. (2011).] 

From the above discussed cases Plume II and III including the reference period two conclusions can be 

drawn. First, WCB transport is associated with precipitation during which aerosol might be washed-

out to large extents which, however, is not necessarily always the case. Second, relating CO mixing 

ratio elevations to aerosol concentrations after long-range transport becomes difficult. Particulate 

matter is subject to aqueous removal processes while CO, with a lifetime of several weeks, is more 

likely to be preserved.  
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Figure 50: Median values of the meteorological field data along the LAGRANTO-trajectories, released on 

13 July, 2008, between 19:58:20 – 20:02:00 (a) and 18:26:40 – 18:28:24 (b). Blue shades indicate cloud 

cover, black contour lines temperature, the green line the boundary layer height, the yellow pattern the 

orography as given by the ECMWF data, and the red line the median position of the trajectory ensemble. 

The lower panel shows median precipitation values at the surface (blue columns) and night times along 

the trajectory pathway (grey shade). [This figure was published in Schmale et al. (2011).] 
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3.2.2.3 Low-level transport out of North America 

Plume IV was encountered on 8 July, 2008, at the same latitudinal and longitudinal coordinates as 

Plume II (Figure 38), however during the descent to Narsarsuaq, southern Greenland, between 3.0 and 

2.1 km altitude. In-situ measurements and observations indicate high relative humidity and the 

presence of clouds. Gas phase parameters do not show a signature which can be identified as pollution. 

However, both aerosol instruments indicate a clearly defined particle plume. Organic matter increases 

steeply from below detection limit to 0.49 µg m
-3

 until 15:44 UTC, while particulate sulfate peaks 

around 15:48 UTC with 0.39 µg m
-3

. The subsequent occurrence of peaks suggests that there are two 

distinct emission sources intermingled in the 10 minute measurement interval within 60 km. The 

FLEXPART column-integrated emission sensitivity (Figure 51 a and b) suggests that the first part is 

influenced by Canadian BB, whereas during the second part the source region shifts south to more 

anthropogenic sources such as the Great Lakes area and the Ohio Valley. The figure nicely shows the 

presence of two “streams” from the different source regions that unite near Narsarsuaq. The latter 

region is known for its steel plants and thus coal combustion activities which may explain the high 

contribution of sulfate aerosol to this plume. The ratio of FLEXPART SO2 and CO passive tracers is 

significantly higher during this episode than during the rest of the flight (not shown). The FLEXPART 

CO fire tracer contributes less than 5 % during this episode to the total CO. Also note that the SMPS 

measured less particle volume in the accumulation mode during the high sulfate period compared to, 

for example, Plume I. This possibly indicates that less BC particles were involved in the 

anthropogenic plume than in the BB event resulting in a lower SMPS signal intensity as it measures 

both refractory and non-refractory aerosol while the AMS only detects non-refractory particles. 

Transport times were longer than one week for the BB contributions, and between 5 – 8 days for FF 

(Figure 51 a), b). Based on the OFFLINE model (Figure 52), the BB air mass trajectories were uplifted 

from approximately 800 hPa to 550 hPa after passing over the fires and then descended slowly within 

42 hours to 700 hPa before detection over Greenland. The FF trajectories picked up pollution between 

1000 and 850 hPa before transport at low level towards Greenland where they were measured between 

840 and 710 hPa. Even though Plume IV was encountered at the same horizontal coordinates as Plume 

II it is unlikely that the same air mass was sampled. Plume II was located in the WCB outflow while 

Plume IV was detected below. 

Figure 51 (next page): a) Plume IV, 15:39:35 – 15:44:16 UTC on 8 July, 2008, presents BB influence from 

Canada and FF contribution from the Great Lakes area. b) Plume IV, 15:46:08 – 15:46:43 UTC, 8 July, 

2008, shows contributions of FF from the Ohio Valley and Great Lakes area and some BB influence from 

Canada. [This figure was published in Schmale et al. (2011).] 
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Figure 52: OFFLINE model back trajectories for Plume IV from 15:40 to 15:50 UTC on 8 July, 2008.  



 

117 

 

Such low tropospheric aerosol transport in high latitudes can have a great impact low-level Arctic 

cloud properties. Mauritsen et al. (2011) conducted a modeling study based on measurement results on 

how pollution aerosol acts in a CCN-limited cloud-aerosol regime. Over the Arctic Ocean, often not 

enough CCN are available to form clouds due to previous effective scavenging. With particle 

advection from emission source regions CCN might become more abundant. The authors found that 

during high summer season if more CCN are available the shortwave cooling effect might be more 

enhanced than longwave emissivity. The resulting effect depends strongly on the surface reflectivity. 

In late summer and early fall the dominant effect is assumed to be warming. Based on this study, the 

above described pollution aerosol transport might have important implications. Also, it is almost 

certain that the particles will get into contact with the surface near the sampling location and 

contribute to the acidification of the region. In chapter 4 the issue of particle deposition on Greenland 

is discussed in more detail.  

3.2.3 Fossil fuel combustion dominated pollution plumes 

After having focused on pollution episodes which were characterized by both, biomass burning and 

fossil fuel combustion, this section introduces three plumes featuring mainly anthropogenic signatures. 

The first example is a complex case of a stratospheric air intrusion that was worthwhile to investigate 

further by model calculations using the Cambridge tropospheric photochemical box model 

CiTTyCAT. The second case discusses the uplift of Asian FF plumes to the tropopause as observed 

during ARCTAS and the third case shows that pollution from North America is not only transported 

towards Greenland but also continues to travel towards Europe.  

3.2.3.1 Stratospheric intrusion into East Asian pollution 

Plume V (see Figure 39) was encountered on 13 July, 2008, over Baffin Bay at 7.3 km altitude 

between 18:42 and 19:06 UTC. The ozone mixing ratio is clearly enhanced with 145 nmol mol
-1

 with 

∆O3 being 50 nmol mol
-1

. CO stays relatively low at 95 nmol mol
-1

 on average with a ∆CO of -

16 nmol mol
-1

. It is conceivable that elevated plume CO concentrations might have been diluted by the 

mixing of the CO rich tropospheric and CO poor stratospheric air masses in this case. The SMPS 

shows an enhanced signal of up to 0.25 µm
3
 cm

-3
 for accumulation mode particles, and AMS total 

mass has a mean of 0.98 ± 0.40 µg m
-3

, 1.45 times higher than the average of plumes encountered 

during the POLARCAT campaign. The fraction of organic mass is 52 ± 22 %. According to the 

FLEXPART column-integrated emission sensitivity (Figure 53 a), the sampled air masses arrived 

from Siberia (BB) and East Asia (FF from the Beijing area, Korea and Japan). The FLEXPART CO 

passive fire tracer contribution ranges between 54 and 90 % of the total CO contribution during this 

episode (Figure 39 c). This is only partly consistent with the AMS findings since the large fraction of 

particulate sulfate (48 ± 22 %) reflects rather FF contribution than BB. This is an important 

observation which should be kept in mind at all times when working with trajectories or particle 

dispersion techniques to determine air mass origins and emission sources. These tools provide great 

facilities without which these plume analyses would not have been possible. Nevertheless, the model 

results remain subject to uncertainties. Especially with respect to particulate matter as opposed to 

gaseous tracers they still have major drawbacks as no chemical scheme is applied which reflects the 

formation and growing of particles. Dry and wet deposition schemes are available, however they 
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overestimate removal effects as discussed in section 2.6.3. The plume age varied over the sampling 

period from about 11 to 16 days (Figure 53 a). Air masses extending over the middle and upper 

troposphere (300 and 800 hPa, see Figure 53 a) moved from southern Siberia and East Asia over the 

North Pole towards Greenland. Sodemann et al. (2010) analyzed the performance of different models 

including FLEXPART with regard to cross-polar transport. They found that the Lagrangian particle 

dispersion model is trustworthy for such special cases of long-range transport. 72 hours prior to 

encounter all trajectories were above 430 hPa at 79°N from where they travelled south to the point of 

interception. According to the CO forward simulated passive tracer cross section (Figure 53 b) the 

aircraft flew through the maximum of the plume. Even though the modelled 2 PVU isosurface (red 

line in Figure 53 b) is located at roughly 9 km the high ozone mixing ratio suggests that this plume 

was probed in the upper troposphere with stratospheric air mass influence. FLEXPART calculations 

show a contribution of 20 to 25 % of stratospheric air masses for this period (not shown).  

This pollution episode might be related to the case study described by Roiger et al. (2011) as back 

trajectory analysis with the OFFLINE model suggests. While the latitudinal coordinates coincide very 

well, there is a difference in roughly 5° longitude (ca. 200 km) and up to 200 hPa in the vertical. 

Roiger et al. (2011) discuss in detail how East Asian anthropogenic pollution was strongly and rapidly 

uplifted near the east coast of Russia and entered the Arctic lowermost stratosphere before it travelled 

across the North Pole towards Greenland where it was sampled on 10 July at 11.3 km altitude. The 

chemical in-situ data with up to 138 nmol mol
-1

 CO and 100 nmol mol
-1

 O3 indicate a strong 

tropospheric influence in the lowermost stratosphere. Even though according to the trajectories the 

ATR-42 might have sampled the same plume 3 days later the trace gas data behave in rather opposite 

ways. As mentioned above, in Plume V the CO mixing ratio was slightly below tropospheric 

background with 95 nmol mol
-1

 and O3 was clearly elevated with 145 nmol mol
-1

. It is possible that the 

ATR-42 probed a segment of the plume which had undergone further mixing within the past 72 hours. 

However, based on the available data an unambiguous linkage between these two cases cannot be 

established. [This paragraph is adapted from Schmale et al. (2011).] 
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Figure 53: a) FLEXPART column-integrated emission sensitivity for Plume V on 13 July, 2008, from 

18:41:32 – 18:44:54 UTC. The air mass is influenced by FF from East Asia and BB in Siberia. b) 

FLEXPART calculations of excess CO passive tracer concentration in nmol mol
-1

 along the flight track 

(thick black line). The thin black lines indicate potential temperature in K, the thick red line denotes the 2 

PVU isosurface, the thin blue contours show 80 and 90 % relative humidity. The arrow indicates the 

turning point. [This figure was published in Schmale et al. (2011).] 

Nevertheless, both cases are examples showing that East Asian/Siberian pollution can be transported 

across the tropopause and significantly influence the chemical composition of the lowermost Arctic 

stratosphere. While the work by Roiger et al. (2011) focuses on gaseous tracers, the following chapter 

will study the implications for the formation of particulate matter, i.e. sulfate, when polluted 

tropospheric and stratospheric air masses mix.  
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3.2.3.2 Modeling study – Does mixing of stratospheric and tropospheric polluted 

air masses enhance particulate sulfate production? 

The case described in the previous section 3.2.3.1 raises the question whether the pronounced and long 

lasting enhancement of particulate sulfate in association with elevated ozone mixing ratios was the 

result of the mixing of polluted tropospheric and stratospheric air masses. In the following the episode 

is characterized in detail to gain more information on the processes preceding the measurement. Figure 

54 a) shows a zoom into the time series of the flight for the respective period which is encompassed by 

the two vertical black bars. The uppermost panel illustrates that while flying at the same pressure 

(altitude) the potential temperature slightly decreases during the interval in question. This might be an 

indication for colder stratospheric air mass contribution. Also, the specific humidity q in the middle 

panel (blue line) decreases and the ozone mixing ratio increases (grey trace in lowermost panel) which 

represent stratospheric properties. The CO mixing ratio clearly decreases. The figure also shows that 

the particulate sulfate concentration is markedly enhanced between the two black bars. Zahn et al. 

(2000) found in a case of troposphere to stratosphere exchange during a CARIBIC flight that 

nucleation mode particles were present in the mixed air masses. For this case however, no nucleation 

mode particles could be observed in the available SMPS data (see Figure 54 b). There is a first mode 

peak near 60 nm in the particle number size distribution and potentially a second mode near 90 nm and 

a third mode close to 110 nm. So at least there has not been any particle formation event close to the 

encounter. It is however possible that particle nucleation happened earlier and particles grew so that 

only accumulation mode particles could be observed which lead to the detection of enhanced particle 

mass by the AMS.  

To verify the hypothesis of a stratospheric intrusion the ozone mixing ratio was plotted against carbon 

monoxide (Figure 55, grey points). The particulate sulfate data is represented by the color-coded 

triangles and the plume interval is marked by squares. The graph clearly shows that the data points are 

located in the stratospheric branch of the tracer space and also that the highest particulate sulfate 

concentrations can be found there. Unfortunately, all points of interest assemble in a cloud without a 

clear trend. The encountered ozone values are not high enough to draw a mixing line that would allow 

estimating the fractional contribution of each regime estimated.  
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Figure 54: a) Time series of several parameters during the encounter of Plume V on 13 July, 2008. b) 

Particle number size distribution for Plume V.  
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Figure 55: Tracer plot (O3 versus CO) for the flight on 13 July, 2008. The grey points show all one second 

trace gas data while the triangles show the averaged 2 minutes time resolution data color-coded by the 

mass concentration of particulate sulfate for the whole flight. The rectangles highlight the data points 

during the Plume V episode.  

Another question, especially with regard to the following modeling study, is the time frame during 

which mixing of the air masses took place. Generally, there is no established literature value but a 

period of 96 hours has been suggested by Sprenger and Wernli (2003) for troposphere to stratosphere 

mixing and vice versa. In this case, the only means at hand are the OFFLINE back trajectories as 

presented in Figure 56. Ambient pressure along the trajectories (panel a) shows that air masses from a 

wide range within the troposphere ascended and a few from the LS descended to constant level prior to 

the encounter. Between four and three days earlier the wide range narrows down to values near 

400 hPa. The potential temperature (panel b) also covers a wide span of values, however, there seems 

to be a decreasing trend. Based on the specific humidity (panel c), two streams of water vapor rich and 

poor air masses come together about three days before the encounter. According to the PV values 

(panel d) the majority of air masses originated in the troposphere while only three trajectories show 

values higher than 2 PVU.  

From all the above considerations it can be concluded that the encountered air mass was a mixture of 

stratospheric air intruding into ascending tropospheric air masses. Therefore, properties from both 

regimes can be found which explains the high ozone mixing ratio and the relatively high level CO 

concentration. For the modeling study with CiTTyCAT it is assumed that the air masses had mixed 

during three to four days prior to the encounter. 
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Figure 56: OFFLINE model back trajectories for 13 July, 2008, from 18:42 – 19:06. The horizontal axis 

denotes hours prior to interception. On the vertical axes (a) pressure, (b) potential temperature, (c) 

specific humidity (q) and (d) potential vorticity (PVU in 10
-6

 m
2
 kg

-1
 s

-1
) derived from ECMWF analysis 

data are displayed.  
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Based on the above, the box model CiTTyCAT was run trying to answer the question whether the 

particulate sulfate enhancement is due to the air mass mixing or if it is simply a result of tropospheric 

heterogeneous chemistry during long-range transport coinciding with a stratospheric air mass 

intrusion. A basic scenario was designed for exploring the production of sulfuric acid from SO2 in a 

fixed box without any interaction with the surroundings. Chemical reactions are run in an air parcel 

without any particulate sulfate but with a certain amount of SO2. Sulfuric acid is formed through 

photochemical reactions and is assumed to condense completely into the particle phase and thus 

represents the mass of particulate sulfate (SO4
2-

 with 96 g mol
-1

). Both tropospheric and stratospheric 

properties are attributed to the air parcel to simulate the irreversible mixing. The hypothesis is that SO2 

is converted more efficiently when humid (tropospheric) and ozone rich (stratospheric) air masses mix 

due to the formation of OH radicals. Another reason, why it is hypothesized that particulate sulfate is 

produces during such mixing events is that the overall available particulate surface area is reduced. If 

little surface area is present the sulfuric acid vapor condenses only to a very small degree onto pre-

existing particles which leads to enhanced nucleation, if temperatures are low enough (Khosrawi and 

Konopka, 2003) Here, only chemical reactions are considered because no aerosol scheme was coupled 

to CiTTyCAT. The main reactions have been introduced in section 2.6.6. As the outcome depends 

strongly on the input parameters, mixing ratios of SO2, O3 and water vapor as a function of relative 

humidity at a fixed temperature were varied. Pressure and temperature were taken from in-situ 

measurements and one run was repeated at 10 K higher temperature. Other important input parameters 

are the amount of volatile organic compounds, NO and NO2 which were taken from the ARCTAS-

summer tropospheric background measurements (see Appendix E). The background is defined as 

described in section 2.7.3. CO was set to 95 nmol mol
-1

 as given by in-situ measurements. The model 

was run at the coordinates of interception for a total of 10 days starting 10 days prior to the plume 

encounter to simulate the respective photochemistry. Table 14 shows the values of the respective 

parameters.  

Table 14: Input parameters for the CiTTyCAT fixed box run 

Parameter Range / value unit 

Pressure 397 hPa 

Temperature 240.8, 250.8 K 

Relative humidity 

(Specific humidity) 

10 (6.30*10
-5

), 30 (1.89*10
-4

), 50 (3.15*10
-4

), 

70 (4.41*10
-4

), 90 (5.67*10
-4

) 

%  and (g kg
-1

) 

SO2 10 – 800 pmol mol
-1

 

O3 50 – 290 nmol mol
-1

  

CO 95 nmol mol
-1

 

 

In the following only main results concerning the production of sulfuric acid are discussed. Details 

regarding the behavior of input species, intermediate products and sensitivity runs are presented in 

Appendix E.  
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Figure 57 (a-f) shows the concentration of particulate sulfate that results from SO2 oxidation to 

sulfuric acid after 4 days. This period of time was chosen based on the merging of trajectories prior to 

the encounter (see Figure 56). The grey image shows the concentration of sulfate as a function of the 

SO2 and O3 mixing ratios. An average of 0.41 µg m
-3

 particulate sulfate was measured during the 

Plume V episode. Assuming a generous uncertainty of a factor of 2 for the AMS measurements a 

range of values between 0.2 and 0.8 µg m
-3

 can be assumed to match the observations. This interval is 

highlighted by the blue to red colored area. The results for 5 different relative humidity values are 

presented (panels a-e). The red dashed box indicates a realistic range of ozone and sulfur dioxide 

concentrations as derived from ARTACS-summer data vertical profiles (see Figure 73). Above 2 PVU 

no more than 100 pmol mol
-1

 SO2 were found and ozone values near the tropopause did not exceed 

200 nmol mol
-1

. At the upper right corner of this box the particulate sulfate concentration as generated 

by CiTTyCAT is indicated reflecting the maximum extreme value. All six panels show that not 

enough mass is produced in this scenario even when increasing the temperature by 10 K and assuming 

a high relative humidity of 90 % (panel f). A maximum of 0.15 µg m
-3

 is reached at these conditions. 

Since an average of about 80 % RH within a range from 76 to 86 % RH were observed in-situ panel d) 

with 70 % RH was used as a base case for the following considerations. In theory, 90 % RH could also 

have been chosen. It can be found when moving along the vertical red dashed line that higher ozone 

availability results in only minor particulate sulfate enhancement after 4 days. At 100 nmol mol
-1

 

about 0.05 µg m
-3

 are produced while at the measured ozone mixing ratio of roughly 160 nmol mol
-1

 

only an additional 0.02 µg m
-3

 are obtained (0.04 µg m
-3

 for 90 % RH). Furthermore, a difference of 

0.02 µg m
-3

 particulate sulfate could not have been detected because the detection limit for this flight 

was 0.10 µg m
-3

 for 2 minutes resolution data. However, the calculations show that the more humid 

and the richer in ozone the air mass, the higher is the amount of chemically produced particulate 

sulfate. At higher ozone abundances more O
1
D can photolytically be formed that reacts with water 

vapor to OH. OH is also produced from photolytic reactions of water. Temperature is important for the 

formation of HOSO2 from SO2 and subsequent oxidation to SO3 (see reactions R1-R8 in section 2.6.6). 
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Figure 57 (a-f): Particulate sulfate mass concentration produced after 4 days as a function of O3 and SO2 

mixing ratios at varied relative humidity. The grey image denotes the concentration of particulate sulfate 

for all trace gas values while the rainbow-colored image shows the range between 0.2 and 0.8 µg m
-3

. All 

calculations were conducted at the in-situ temperature of 240.8 K except for panel f) which was performed 

at 250.8 K. The red dashed box encompasses the range of realistic ambient values. 

The chosen time interval of 4 days was based on the trajectory analysis however it remains a subject of 

uncertainty. Therefore, a 30 day model run was conducted to estimate the amount of time needed to 

produce 0.2 µg m
-3

 particulate sulfate at a relative humidity of 70 %, a temperature of 240.8 K and an 

ozone mixing ratio of 150 nmol mol
-1

 (see Figure 58). The 0.2 µg m
-3

 isoline intercepts the 

100 pmol mol
-1

 SO2 mixing ratio after roughly 14 days. This is the time needed to reach the threshold. 

Hence, in theory, the respective amount of particulate sulfate could have been formed in this time 

interval which however is too long to match the observations.  
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Figure 58: Isoline of 0.2 µg m
-3

 sulfate production (red line) as a function of SO2 volume mixing ratio 

(VMR) at 70 % RH (green line) and 240.8 K. The lower black line indicates the 100 pmol mol
-1

 SO2 

threshold for realistic concentrations in the UTLS.  
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Another issue which has not been considered directly in the model calculations is the aspect of 

dilution. Given the scenario that the polluted tropospheric air mass mixes with the stratospheric 

streamer it can be expected that the stratospheric air contains less SO2. Therefore, the total amount will 

decrease. This has only been accounted for indirectly by using the averaged observed SO2 mixing 

ratios above the 2 PVU boundary during ARCTAS-summer as threshold for the CiTTyCAT results. 

Also, the assumption that all sulfuric acid is present as particulate sulfate is a slight overestimation of 

sulfate aerosol mass and the effect of heterogeneous chemistry due to the presence of particles is 

completely neglected as the aerosol scheme was not coupled to the model. Weigel et al. (2011) 

conducted calculations for aerosol nucleation from sulfuric acid in dependence of the pre-existing 

particulate surface area for the outflow region from deep convective cells in the tropical transition 

layer. The investigation shows that the less surface area is available the higher is the nucleation rate. 

However, for this case study neglecting the effect of aerosol surface area does not introduce a 

significant error to the calculation for mainly two reasons. First, only a comparison of measured and 

modeled (particulate) sulfate mass was conducted. In this respect, it does not matter whether the 

sulfuric acid formed from SO2 condensed onto pre-existing particles or whether it nucleated. Second, 

nucleation events are characterized by high numbers of nucleation mode particles, e.g. up to 40,000 

per cm
3
 in the size range between 6 and 15 nm were observed by Weigel et al. (2011). However, such 

small particles hardly contribute to the overall aerosol mass concentration as the following mass 

balance shows:  

𝑀𝐶𝐻2𝑆𝑂4
= 40,000

#

𝑐𝑚3
∗ 106

𝑐𝑚3

𝑚3
∗  10−7 3𝑐𝑚3 ∗

1

6
∗ 𝜋 ∗ 1.84 ∗ 106

µ𝑔

𝑐𝑚3
= 0.04

µ𝑔

𝑚3
 

 

 Eq. 8 

with MCH2SO4
 mass concentration of H2SO4, 10

-7
 cm is the particle diameter (10 nm), and 1.84*10

6
 

µg cm
-3

 is the density of sulfuric acid. This high number of particles yields only a mass of 0.04 µg m
-3

 

which is an order of magnitude less than the measured value. The mass concentrations from the 

CiTTyCAT calculations are comparable to this simple estimation of particulate sulfate mass.  

The conclusion from this limited modeling study is thus that a slight enhancement of sulfuric acid 

production occurs by the considered processes. However, under the given circumstances this is by far 

not enough to explain the observed enhanced particulate sulfur concentrations. Even assuming that a 

certain load of particles was present beforehand, the calculated enhancement at 240.8 K is in all cases 

below detection limit. Therefore, it is more likely that Plume V was a result of long-range pollution 

transport during which sulfate aerosol had already been produced in the fresh and less diluted plume at 

higher temperatures in the lower and free troposphere. To verify this conclusion CiTTyCAT was run 

forward along a representative trajectory as shown in Figure 59. Here, temperature, pressure, and 

humidity are given by the trajectory.  

The result in Figure 60 shows that along the trajectory, assuming no scavenging, the amount of 

chemically produced particulate sulfate is enough to match the observations or even exceeds them. 

The red dashed line indicates again the range of realistic values. This time the maximum ozone mixing 

ratio is set to 90 nmol mol
-1

 as the trajectory moved through the troposphere. The SO2 mixing ratio, 
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however, can even be higher than accounted for in this model run given that the air mass carried a lot 

less diluted emissions from East Asia 10 days prior to the encounter. Dickerson et al. (2007) observed 

boundary layer SO2 concentrations of up to 20 nmol mol
-1

 and free tropospheric values around 

2 nmol mol
-1

.  
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Figure 59: Representative trajectory from Plume V on 13 July, 2008. a) cross-polar transport, b) 

temperature and humidity along the trajectory, c) pressure along the trajectory.  
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Figure 60: Production of particulate sulfate along the trajectory after 10 days. The grey-scale indicates the 

concentration of particulate sulfate for O3 and SO2 values, the contour lines give the explicit values, and 

the rainbow-image highlights the range of values which match the observation. 

Considering only the last four days of the trajectory when the air mass moved between 400 and 

300 hPa and tropospheric air has potentially mixed with the stratospheric streamer, the fixed box runs 

as described above can be compared to this calculation. Figure 61 shows the concentration of 

particulate sulfate that was produced between 17:26 UTC on 9 July and the same time on 13 July, 

2008. Assuming for this consideration again the diluted tropospheric air mass mixed with stratospheric 

components the formed sulfate aerosol is far from the red dashed box with the realistic values. This 

result is comparable to the fixed box model runs at 10 and 30 % relative humidity. Note that for this 

case the production of sulfate aerosol is less within the considered period when ozone mixing ratios 

are higher. Figure 62 shows that the slope of SO2 conversion decreases within the last days the higher 

the ozone mixing ratio. In other words, the lower the ozone mixing ratio the more potential for sulfate 

production is left.  

Overall, considering all uncertainties and drawbacks of the CiTTyCAT model, it can be concluded that 

the mixing of polluted humid tropospheric and ozone rich stratospheric air masses results in only 

minor production particulate sulfate mass. Thus, such events seem not to be an important source for 

enhanced UTLS particulate sulfate mass concentrations. Based on the CiTTyCAT model run along the 

plume trajectory the major amount of particulate sulfate was produced during the first 6 days when the 

air mass was transported through the free troposphere (see difference in mass concentration in Figure 

60 and Figure 61).  
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Figure 61: Production of particulate sulfate between day 6 and 10 along the trajectory. 
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Figure 62: SO2 conversion with time along the trajectory for different ozone mixing ratios. The number 

tags show how much SO2 has been converted at that particular point in time. The difference of the values 

for one ozone mixing ratio indicates which fraction of SO2 was oxidized to particulate sulfate.  

Figure 63 resumes this section by comparing particulate sulfate measurements as a function of the 

ozone mixing ratio from two POLARCAT flights (13 and 14 (b) July, 2008) and fixed box model 

runs. The triangles represent results from 10-day runs with an availability of 100 pmol mol
-1

 SO2 at 

different relative humidity conditions at 240.8 K and at 90 % RH at 250.8 K (black solid line), while 

the squares denote the same for an initial SO2 mixing ratio of 800 pmol mol
-1

. The black dashed line 

refers to 90 % RH at 250.8 K. Measurements are indicated by the grey circles. The red solid line 
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denotes the median value for each 10 nmol mol
-1

 ozone bin while the dashed lines represent the inter-

quartiles. For 100 pmol mol
-1

 SO2 the box model does not produce sufficient sulfate aerosol to reflect 

concentrations near the median. However, this result can also be interpreted as follows: Around 

100 pmol mol
-1

 SO2 are necessary to maintain a certain background concentration of particulate sulfate 

in the free troposphere when wet deposition occurs frequently and no nearby emission source is 

available. CiTTyCAT calculations performed with 800 pmol mol
-1

 SO2 yield produced sulfate values 

near and larger than the median of the measurements from the two considered flights. However, such 

high abundance of SO2 was not observed in long-range transported air masses during ARCTAS-

summer neither in the free troposphere nor in the UTLS. Even knowing that amounts twice as much 

have been observed in the free troposphere near emission source regions (Dickerson et al., 2007) it is 

difficult to relate these 10-day calculations to a realistic scenario because aerosol lifetime aspects such 

as wet deposition and dilution can hardly be estimated based on the available data for Asian pollution 

plumes.  

 

Figure 63: Comparison of particulate sulfate measurements (grey circles) as a function of ozone mixing 

ratio during flights on 13 and 14 (b) July, 2008, with CiTTyCAT fixed box 10-day model runs at different 

relative humidity conditions at 240.8 K (and 90 % RH at 250.8 K) and SO2 mixing ratios of 100 and 

800 nmol mol
-1

. The red line indicates the median of the measurement data, the red dashed lines the inter-

quartiles in bins of 10 nmol mol
-1

 ozone.  

3.2.3.3 Uplift of an Asian fossil fuel plume to the lower stratosphere 

The here discussed plume episode, measured during the ARCTAS 4 July, 2008, flight covers the 

possibility of strong fossil fuel polluted air mass uplift into the lower stratosphere. The time series in 
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Figure 43 in section 3.2.1.2 indicates this episode with the roman number II. High SO2 mixing ratios 

are encountered above the local 2 PVU boundary, while CH3CN concentrations drop and a major BB 

influence can be excluded. Ozone mixing ratios rise to a maximum of 208 nmol mol
-1

 and clearly 

indicate lower stratospheric air mass properties while the CO concentration remains enhanced with 

values between 100 and 120 nmol mol
-1

. Figure 64 shows that the air mass originated from East Asia 

and followed most likely the Pacific storm track while being uplifted rapidly through a WCB to the 

200 hPa level within the last four days prior to the encounter. The uplift was accompanied by strong 

precipitation. However, the air mass which intruded into the lower stratosphere maintained a certain 

aerosol load of 1.30 ± 0.26 and 0.76 ± 0.11 µg m
-3

 particulate sulfate and organics, respectively, 

corresponding to a relative composition of 63 and 37 %. This scenario also explains most likely why 

the CO mixing ratio remains relatively high in the LS.  
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Figure 64: HYSPLIT 10-day back trajectories for episode II (02:49 – 03:03 UTC on 5 July, 2008, as shown 

in Figure 43). a) The air masses travelled most likely along the jet stream path. The negative numbers 

indicate hours before sampling. b) Precipitation (blue) and altitude (black) along the trajectories. 

Trajectory release heights were 10.9, 11.0, and 11.5 km and the plume interception between 11.0 and 

12.2 km.  

In the tracer plot shown in Figure 46 a) the respective data points are marked by red squares that are 

exclusively located in the stratospheric branch. This is another strong support for the hypothesis that 

this FF polluted air mass penetrated into the lower stratosphere at high northern latitudes. This case is 

thus very similar to episode I as discussed in section 3.2.1.2 where BB pollution was uplifted, and 

different from Plume V (see section 3.2.3.1) where probably cleaner stratospheric air descended to mix 

with polluted tropospheric air.  

3.2.3.4 Tropospheric export of North American pollution to Europe 

The plume discussed here is the observed case which comes closest to pure anthropogenic surface-

bound emissions. Figure 65 illustrates the time series of particulate sulfate and SO2 concentrations 

during the CONCERT return flight on 31 October, 2008, from Oberpfaffenhofen to Shannon, Ireland. 

The blue boxes indicate elevated aerosol loadings and SO2 concentrations (data only available for 

flight leg b) in the troposphere which is not related to the volcanic aerosol in the lower stratosphere 

(see section 3.1.2). Both plumes were observed at comparable coordinates (leg a: 52.1 – 52.3°N, 10.1 - 

9.9°W, 4.3 – 5.9 km altitude; leg b: 52.9 – 53.2°N, 9.8 - 9.2°W, 4.6 – 7 km altitude) within two hours 

(roughly 11:40 and 13:40 UTC) while descending into and flying out of Shannon.  
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Figure 65: Time series of flight altitude (grey), ozone mixing ratio (black symbols), particulate sulfate 

(red), organics (dark green), and sulfur dioxide (green) concentrations during two CONCERT flights on 

31 October, 2008, from Oberpfaffenhofen, Germany, to Shannon, Ireland and back. The aerosol 

concentrations are stacked. The two blue boxes indicate the periods of interest.  

The origin of this plume was determined by means of HYSPLIT back trajectories. The model was run 

10 days backward in time from the coordinates of the plume encounters at the hour of interception and 

an hour earlier and later. Figure 66 displays the respective map. It can be seen clearly that the majority 

of the trajectories must have picked up anthropogenic pollution from the boundary layer (blue color in 

plot) from the US east coast, the Ohio Valley and the Great Lakes area. It is noteworthy to state that 

the trajectory path until southern Greenland is very similar to observations from the low-level 

transport of the Ohio Valley plume as discussed in section 3.2.2.3. In this case also low tropospheric 

air mass movement occurred. Subsequently, the air is uplifted over the Greenland ice sheet (up to 

3.2 km elevation) and travels in the free troposphere over Iceland towards Europe.  

Chemically, this plume has a fossil fuel signature. In flight leg a), the average total AMS derived mass 

is 1.01 ± 0.33 µg m
-3

 (accounting only for particulate sulfate and organics) with a contribution of 71 % 

by particulate sulfate. For the plume at the beginning of flight leg b), the average mass is 

1.38 ± 0.73 µg m
-3

 and the contribution of particulate sulfate is 65 %. Particulate nitrate and 

ammonium are in both cases below detection limit which is plausible as they might have been washed-

out during the transport. The difference in total mass concentration provides an estimate of the 

inhomogeneity of the plume. SO2 measurements are only available for the second crossing of this 

plume. From the average concentration of 0.66 ± 0.45 µg m
-3

 (0.18 ± 0.14 pmol mol
-1

) it can be 

derived that about 50 % of the sulfur has been converted from SO2 into particulate sulfate. From the 

organic aerosol, O:C ratios of 0.54 and 0.42 for flight legs a) and b), respectively, have been 

calculated. Such low values indicate semi-volatile oxygenated organic aerosol, SV-OOA (see section 

3.1.4). Even though only back trajectories are available for this case so that sensitivities to relevant 

emission fluxes from the potential source regions cannot be calculated, it is relatively safe to say that 

FF emission is dominant in this case. This statement can be based on the chemical signature and on the 

season of late fall when fire season is over. Some of the trajectories indicated in Figure 66 come from 
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high altitudes (> 10 km). One might argue that the pronounced sulfate signature might thus be related 

to the volcanic aerosol which was present in the lower stratosphere at that time (compare section 

3.1.2). However, a significant stratospheric influence can be excluded as the ozone mixing ratio is 

only elevated during a very short period inside the observed plume during flight leg b. This episode 

might reflect the brief crossing of the tropopause fold as shown in Figure 28 d) but cannot be 

responsible for the high sulfate values in the plume that were observed for a much longer time period.  
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Figure 66: HYSPLIT calculated 10-day back trajectories for the flight episodes marked with blue boxes in 

Figure 65. The color-code refers to the vertical position of the trajectory. Release heights were 4.3, 5.2, and 

5.9 km at 12 UTC and 4.6, 6.0, and 7.0 km at 13 and 14 UTC.  

3.2.4 Resume of key parameters and variability of observed pollution plumes 

Altogether, the discussion of nine detected plumes shows the large variability in characteristics of 

long-range transported pollution reaching the sub-Arctic and Greenland during summer and Central 

and Western Europe during fall. At the beginning of July 2008, an intense low pressure system 

moving from North America towards southern Greenland was responsible for the advection of US 

American and Canadian polluted air masses with transport times between three and nine days. Later, 

two low pressure systems, one over the East Siberian Sea and another at the east coast of Greenland, 

facilitated cross-polar transport of East Asian and Siberian air masses towards Greenland where the 
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transport time was roughly between two and three weeks. Air masses detected above Canada were 

rather advected by the jet stream over the west Pacific where cases of UTLS air mass mixing were 

observed. For the general evaluation of long-range transport pollution, the observed cases show that 

both gaseous and particulate tracers need to be taken into account: Trace gases might not always be 

elevated when aerosol pollution is present (Plume IV). Also, air mass uplift in WCB over East Asia 

lead to nearly complete aerosol scavenging (Plume III) while trace gas mixing ratios remained 

elevated, whereas WCB transport out of North America was responsible for enhanced particulate and 

gaseous pollution over southern Greenland (Plume II). The high variability of chemical characteristics 

was even true within the same large scale pollution episode as cases III and V show (compare also 

right and left side of the turning point in Figure 53). [This paragraph is adapted from Schmale et al. 

(2011).] 

In addition to the in-situ parameters the consideration of the air mass history is indispensible for a 

comprehensive data interpretation. After long-range transport of several days, dilution, wash-out, air 

mass mixing and chemical aging of certain gaseous and particulate tracers have occurred so that 

typical correlations of aerosol and gas phase tracers as encountered near a source are not obvious 

anymore, e.g. high CO mixing ratios emitted from BB are accompanied by enhanced particulate 

organic mass concentrations (see also introduction and section 4.4). Thus, in-situ data can only 

partially provide information about the origin of a pollution plume. Here, back trajectories or particle 

dispersion models can establish the link between source and receptor.  

Table 15 compiles the main characteristics of each discussed plume. 
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Table 15: Resume of key parameters of observed pollution plumes 
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3.3 Contrails - Pure fossil fuel emissions  

This last category of emissions represents a pure anthropogenic source namely fossil fuel combustion 

emission from air traffic. During two flights of the CONCERT campaign (29 October and 2 

November, 2008) commercial aircraft were chased with the Falcon and their contrails probed at varied 

ages. As aircraft kerosene contains a certain amount of sulfur, it is expected that SO2 is emitted which 

subsequently forms sulfuric acid which can condense on soot particles from the off-gas or on other 

pre-existing ambient aerosol. Also, hydrocarbons will be emitted which potentially condense as well if 

they have a low vapor pressure. In theory, such particles can be detected by the AMS as they fall 

within the transmission range of the pressure controlled inlet system and the standard lens already at a 

contrail age of 10 seconds (Kärcher et al., 2007). Small particles which are below the transmission 

range however are expected to contribute most to the particle number density in contrails (Schneider et 

al., 2006a). In the following, three contrails probed on 2 November are discussed. Results from 29 

October do not differ significantly.  

Figure 67 presents the time series of particulate sulfate together with the mixing ratio of NOy. High 

concentrations of NOy indicate the crossing of contrails. If known the respective aircraft is named in 

the plot. The particulate sulfate loading is generally very low throughout the flight with values below 

0.2 µg m
-3

, and no significant changes while measuring the contrails can be observed at first sight.  
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Figure 67: Time series of particulate sulfate and NOy on 2 November, 2008. High NOy mixing ratios 

indicate the crossing of contrails.  

Therefore, a more detailed analysis was conducted by comparing the averaged mass spectrum while 

probing the B 737 contrail (red sticks, see Figure 68) with the mass spectrum obtained in the 

immediate surroundings of the contrail (black sticks), i.e. in the gaps of the high NOy mixing ratio. 

The error bars on the m/z sticks denote the ion counting statistics error. m/z of interest are 48 (SO
+
), 64 

(SO2
+
), 80 (SO3

+
), 81 (HSO3

+
) and 98 (H2SO4

+
) as they are fragments of particulate sulfate. All these 
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fragments overlap within the error range for background and contrail spectra. So there is no significant 

enhancement of sulfate aerosol within the off-gas plume. Comparing the measured values to the limit 

of detection (green horizontal bars) only m/z 48 and 64 (within the error range) are above the 

threshold. Note that the green and blue horizontal bars exceed the boundary for the m/z they refer to 

only for illustrative reasons. This does not mean that these values are valid for the neighboring m/z. 

Additionally, considering the averaged UTLS background including one standard deviation of the 

sulfate mass to charge ratios from the entire flight, all masses are unambiguously lower. This result is 

true for all measured contrails. It can thus be concluded that for the young age of the probed aircraft 

off-gas plumes no particulate sulfate enhancement compared to the background UTLS conditions was 

found. Furthermore, no other m/z which could be associated to a fossil fuel combustion spectrum like 

e.g. m/z 43, 55, 57, 69, 71 etc. (Schneider et al., 2006b) is above background values.  
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Figure 68: Comparison of mass spectra obtained while flying in a contrail (red sticks) and from the 

immediate background (black sticks). The green horizontal bars indicate the limit of detection for the 

specific m/z including the variance. The blue horizontal bars represent the UTLS background plus one 

standard deviation averaged over the entire flight.  

From these measurement data it is thus obvious that no particulate sulfate enhancement was detected 

in the probed contrails. Figure 69 illustrates the theoretical considerations based on literature 

(Schumann et al., 1998) whether the particulate sulfate could have been observed or not. SO2 mixing 

ratios as reported by Schumann et al. (1998) were converted into particulate sulfate concentrations 

(assuming 100 % conversion) as a function of contrail age (red points) and fitted exponentially. Based 

on literature (Kärcher et al., 2007) about 3 % of SO2 is converted into sulfuric acid which constitutes 

the sulfate aerosol. This amount is indicated by the black line with the tag “3 %”, added to the 

immediate background particulate sulfate value of contrail 2. Additionally, values for 10 % conversion 

are represented by the blue line and the respective tag. The grey shaded area indicates the background 

UTLS particulate sulfate concentration while the green area stands for contrail aerosol loadings that 

could clearly have been distinguished from the background. This is also highlighted by the two arrows 

at the right side saying “possible” and “not possible”. The dark green line indicates the limit of 

detection for particulate sulfate. To correctly place the measured values of the three contrails in this 
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graph the contrail age had to be estimated. This was only possible for contrail 2 where a difference in 

temperature of 0.14 K between the contrail and the immediate surroundings was found. Data from 2 

minutes before and after the contrail were used for the ambient temperature. Based on measurements 

by Schumann et al. (1998) this ∆T was converted into a distance of 14000 m which corresponds to a 

time of 70 seconds assuming that the B 737 moved at a speed of 200 m s
-1

. Contrails 0 and 1 were 

placed around the calculated age for illustrative reasons (see triangles with standard deviation bars). 

The colored horizontal lines indicated the immediate surroundings of the individual contrails. Given 

that these assumptions are correct the observed data fit the theoretic consideration of 3 % SO2 

conversion to sulfate aerosol. It also becomes clear from this figure that only contrails with an age of 

less than 30 seconds would have contained enough particulate sulfate (given that the particles were 

large enough to be measured by the AMS) to exceed background conditions in November in northern 

Germany. For this theoretical consideration, it has to be kept in mind that oxidation of SO2 to H2SO4 

might not be fast enough to achieve a conversion of 3 % in the few seconds after emission. Also, the 

amount of direct H2SO4 emission was not considered here. 
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Figure 69: Comparison of theoretical particulate sulfate concentration as function of contrail age with 

observations from three contrails on 2 November, 2008. Red points: SO2 literature values, converted with 

100 % into sulfate. Blue and black lines: Amount of particulate sulfate assuming SO2 conversion rates of 

10 and 3 %. Triangles: measurement values. Note that only the age of contrail 2 could be estimated. Cyan, 

magenta and grey horizontal lines: Particulate sulfate concentration from the immediate background of 

the respect contrail. Grey thick bar: UTLS background variation of sulfate aerosol. Green area: 

Concentrations of particulate sulfate that could have been clearly detected above background (also 

indicated by “possible” and “not possible” tags). Dark green line: Limit of detection for sulfate aerosol. 

This section illustrates that sulfur emissions from a single aircraft beyond a contrail age of 30 seconds 

are not enough to enhance ambient particulate sulfate mass concentrations because dilution of the 
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exhaust plume is too dominant. Whether a large number of contrails on a highly frequented route has 

the potential to significantly enhance the UTLS particulate sulfate load is difficult to estimate based on 

the above results, as aspects such as wind speed, fuel sulfur content and heterogeneous chemistry play 

an important role. This result is consistent with other experimental and model studies stating that the 

increase in particulate sulfate mass is rather small but particle number enhancements can be significant 

(short review in Kärcher et al. (2007)). But even though background levels might not be elevated 

significantly in terms of AMS detectable aerosol mass, air traffic near the tropopause adds particles to 

the background aerosol and leads to contrail and potentially cirrus cloud formation under certain 

circumstances in the upper troposphere where coating of soot particles with sulfuric acid and organic 

matter is important (Kärcher et al., 2007). They do have an impact on heterogeneous chemistry and 

consequently on the water vapor and ozone budget which is highly climate sensitive in this altitude 

(Forster and Shine, 2002), and also on the radiative balance of the atmosphere. Also, introducing 

particles into the lower stratosphere is a significant perturbation since particle lifetime is longer and 

thus small effects can grow important.  
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4. Resume - What have we learned about aerosol in the free 

troposphere and tropopause from POLARCAT, ARCTAS 

and CONCERT? 

The high variety of pollution episodes observed in addition to measurements of background conditions 

during the three campaigns POLARCAT, ARCTAS and CONCERT in June/July and 

October/November 2008 in high and mid-latitudes helped to confirm and expand knowledge on 

aerosol properties in the free troposphere and UTLS. This chapter will combine and summarize the 

main findings by considering the following aspects: 

 Vertical distribution of submicron aerosol and trace gases 

 Evolution of sulfur containing aerosol in the UTLS during 2008 

 Chemical properties 

 Lifetimes and wet removal 

 Size distributions 

4.1 Vertical distributions 

Vertical distributions of submicron aerosol mass concentrations and simultaneously recorded trace gas 

data are shown relative to the local dynamic tropopause defined as the 2 PVU isosurface. This mode of 

coordinate system was chosen to clearly address the occurrence of aerosol pollution in the free 

troposphere and UTLS. As the local tropopause height varies from flight to flight, location and season 

a simple vertical axis (such as pressure or distance a.s.l.) cannot coherently represent the position of a 

pollution plume relative to the tropopause.  

In Figure 70 the campaign median and inter quartile range of AMS derived aerosol vertical profiles are 

shown for POLARCAT, CONCERT and ARCTAS-summer campaigns, displayed relative to the 2 

PVU tropopause height. The ARCTAS-summer data only comprises flights that were carried out at 

mid to high latitudes between 29 June and 10 July. For the POLARCAT flights, the median of the 

summed particulate sulfate and organics mass concentrations ranges between 0.25 and 0.50 µg m
-3

. 

Only values in the free troposphere are available since the ATR-42 could not exceed 7.6 km altitude. 

Closer to the tropopause between -2 and -4 km there is a slight increase in particulate mass 

concentration which could possibly be attributed to higher altitude long-range pollution transport. This 

perception is backed up to a certain extent by the CO vertical profile (see Figure 68) where an 

enhancement with a median near 115 nmol mol
-1

 in this altitude can be observed. Such enhancements 

have also been observed over high European latitudes during SPURT (Fischer et al., 2006). Given that 

the CO mixing ratio as a passive tracer is maintained, it can more reliably indicate an advection of 

pollution in a campaign average than submicron aerosol which is subject to wet deposition and whose 

concentrations are thus highly variable. The CO mixing ratio over Greenland seems to have a 

background concentration near 85 nmol mol
-1

 between -9 and -6 km, 95 nmol mol
-1

 between -6 and -

4 km, and 102 nmol mol
-1

 above -4 km based on the 10
th
 percentile (not shown).  
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Figure 70 (previous page): Vertical distribution of submicron aerosol mass in 200 m bins relative to the 2 

PVU dynamical tropopause. The black lines show campaign median values for POLARCAT, CONCERT 

and ARCTAS (insertion upper right corner) of the summed particulate sulfate and organics. The two 

panels on the right represent ARCTAS data subdivided into particulate sulfate and organics. The grey 

shaded areas denote the 25
th

 and 75
th

 percentiles. This data refers to submicron particle measurements. 

The ozone mixing ratio steadily increases from 25 nmol mol
-1

 to 100 nmol mol
-1

 over the altitude 

range covered by the ATR-42. The stratospheric air mass intrusion as discussed in section 3.2.3.1 is 

also notable between -2 and -3 km. The aerosol concentration over Greenland is as high as over 

Central and Western Europe in October/November during the CONCERT campaign (Figure 70). 

There the boundary layer enhancement is clearly visible in contrast to the POLARCAT measurements 

where no boundary layer aerosol was observed. This might be due to the lack of local surface emission 

sources as almost no anthropogenic activity occurs and also vegetation is too scarce to cause the 

production of large amounts of particles. The high loadings at -10 km during both campaigns result 

from the aircraft’s own exhaust. The volcanic aerosol from Mts. Okmok and Kasatochi dominates the 

lower stratospheric measurements during the CONCERT campaign. Above the local tropopause, 

aerosol loadings are higher on average (at least a factor of 2) than in the free troposphere where most 

likely scavenging occurred.  

The CO vertical profile over Europe shows little variations in the free troposphere and decreases 

slowly towards the dynamical tropopause. The observed invariance in CO and aerosol data may 

indicate that very little long-range pollution transport was observed during this campaign. The only 

notable incident is discussed in detail in section 3.2.3.4 when anthropogenic pollution from North 

America was transported towards Ireland. The CO chemical tropopause seems to be shifted a little bit 

(roughly 200 ) to lower altitudes while the O3 concentrations start increasing strongly about 100 m 

above the 2 PVU isosurface.  

The ARCTAS-summer summed aerosol data (insertion in Figure 70) are a factor 2 higher than the 

measurements over Greenland. Considering the vertical distribution of particulate sulfate and organics 

it becomes clear that organic matter is the main contributor to this mass enhancement. This can be 

explained by the measurements’ proximity to Canadian biomass burnings (Jacob et al., 2010; Singh et 

al., 2010). Strong injection signatures from organic aerosol, CO (Figure 68) and acetonitrile (Figure 73 

a) are present in the boundary layer and lower free troposphere between -12 and -8 km. According to 

the threshold of 0.2 nmol mol
-1

 CH3CN (Warneke et al., 2006) the entire free troposphere during the 

ARCTAS campaign was perturbed by biomass burning emissions. Next to the enhancement at lower 

altitudes there is a second increase in the trace gas mixing ratios (CO, CH3CN) between -6 and -4 km 

which however is not reflected in the aerosol data. This again might be an indication for particle 

scavenging in the free troposphere.  
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Figure 71: Mean vertical profiles of carbon monoxide for the POLARCAT, CONCERT and ARCTAS (29 

June – 10 July) data relative to the dynamical tropopause at 2 PVU in 200 m bins. The thick black lines 

indicate the median mixing ratio while the grey shaded area represents the inter quartiles. 
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Figure 72: Same as, but for ozone mixing ratios. 

Regarding sulfur species, particulate sulfate and SO2 enhancements decrease above -8 km and 

concentrations remain relatively stable throughout the free troposphere. At the tropopause level, 

however, both species start to increase clearly with particulate sulfate even reaching boundary layer 
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loadings of 0.6 µg m
-3

. This behavior of anthropogenic markers is opposite to the BB tracer CH3CN, 

CO and organic aerosol that all decrease above the tropopause. ARCTAS CO and acetonitrile mixing 

ratios start diminishing just below the local 2 PVU boundary as also observed for CO data during the 

CONCERT campaign. ARCTAS SO2 (Figure 73 b) increases like ozone slightly above the dynamical 

tropopause. It also has to be noted that ARCTAS organic aerosol shows a notable enhancement in the 

upper troposphere which might indicate long-range transport of pollution as discussed in section 

3.2.1.2. The sources of the sulfur species above the tropopause cannot always be unambiguously 

identified. Two out of four cases that mainly represent these data point towards East Asian 

anthropogenic sources while the 10-day back trajectories for the other two cases remain primarily in 

the Arctic without intercepting any apparent emission source. The potential influence of the volcanic 

eruption on 12 July of Mt. Okmok can be excluded since only data until 10 July was used for this 

study.  
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Figure 73: ARCTAS (29 June – 10 July) mean vertical profiles in 200 m bins relative to the dynamical 

tropopause for (a) CH3CN and (b) SO2 data. The thick lines denote the median value while the grey 

shaded areas show the inter quartile range.  

The vertical profile of SO2 above the western Arctic and sub-Arcitc shows on average lower mixing 

ratios with 20 pmol mol
-1

 than observations over other geographical regions. Fiedler et al. (2009) and 

(2011) see slightly higher mixing ratios over Western Europe and West Africa in the free troposphere. 

Compared to measurements by Möhler and Arnold (1992) over the European Arctic in winter where 

SO2 mixing ratios ranged from 100 to 500 pmol mol
-1

 between -6 and -1 km below the local 

tropopause level concentrations during summer 2008 were significantly lower. This might be 

explained by the extended polar dome during winter time which inhibits penetration of more 

sourtherly air masses into the Arctic troposphere and leads to accumulation of inner Arctic pollution.  

The authors, however, observe a strong decrease of SO2 above the tropopause which is contrary to a 

series of previously conducted measurements (e.g. Georgii and Meixner (1980)). Georgii and Meixner 

(1980) observed either little variation of SO2 mixing ratios above the tropopause or a slight increase. 

Values are between 30 and 70 pmol mol
-1

. However, when comparing or contrasting such campaign 

based data sets it must not be forgotten that local influences or long-range transport of polluted air 

masses play a significant role so that the state of the atmosphere is not necessarily always comparable.   
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4.2 History of sulfur containing aerosol in the tropopause during 2008 

Due to the volcanic eruptions of Mts. Okmok and Kasatochi in July and August 2008 it is especially 

interesting to establish a history of sulfate containing aerosol in the UTLS (Schmale et al., 2010).  

 

Figure 74: Chronological overview of particulate sulfur to ozone ratio in 2008 in the UTLS including data 

sets from ARCTAS, POLARCAT and CONCERT aircraft campaigns, and CARIBIC data [This figure 

was published in Schmale et al. (2010).] 

Figure 74 shows the chronological overview as a function of the ratio of particulate sulfur 

concentration and ozone mixing ratio. Data from the two ARCTAS campaigns, POLARCAT, 

CONCERT and CARIBIC were available. The comparability of CARIBIC filter measurements and 

AMS observations has already been discussed in section 3.1.2. CARIBIC data as published by 

Martinsson et al. (2009) refer to values observed above the 1.5 PVU threshold as do CONCERT 

observations. For the two other campaigns the ozone tropopause criterion after Zahn and 

Brenninkmeijer (2003) was applied as at the time when establishing this overview potential vorticity 

data was not yet available. According to Martinsson et al., the average sulfur to ozone ratio before the 

eruptions was 0.34 ng m
-3

 nmol
-1

 mol, hereafter termed units, as illustrated by the dashed line between 

21 June and 6 August. Shortly after the eruption a ratio of 3.4 units (orange triangle), a factor 10 

higher, was observed which leveled out to 1.05 units at the beginning of October. According to 

Bourassa et al. (2010) it took about 7 months until background conditions were re-established. For 

comparison, after the Mt. El Chichón and Mt. Pinatubo eruptions it took more than 5 years to reach 

background values again (Thomas, 2003). CONCERT measurements from October show a mean 

value of 0.65 units for background conditions and 1.22 units within the volcanic layer (average of 

white circles that represent each one flight). The overall campaign average, flying in and out of the 

plume, results in 1.03 units (red line) which is very close to observations made by Martinsson et al. 

(2009). POLARCAT measurements (green line) in the upper troposphere represent quite well the 

average of the CARIBIC data with 0.36 units while ARCTAS background data, filtered as described 
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in section 2.7.3, show elevated ratios of 0.75 units in spring and 0.68 units in summer (blue dashed 

lines). These values are in line with CONCERT background findings (tag clean conditions) and well 

below the enhancement observed after the eruptions. From this compilation the short-term impact on 

the tropopause aerosol concentration of the two volcanic eruptions becomes visible. [This paragraph is 

adapted from Schmale et al. (2010).] 

For the Northern Hemisphere, the data show that values for the ratio particulate sulfur / ozone range 

between 0.25 under background conditions to 3.5 units for a moderate volcanic eruption. 



 

150 

 

4.3 Aerosol chemical properties 

In sections 3 to 3.3 the chemical properties of individual pollution episodes were presented. Here the 

characteristics are resumed in pollution type categories as defined in section 2.7.3. The considered 

pollution types are volcanic aerosol from the CONCERT campaign and the listed categories from the 

introduction to section 3.2 which are a result of the POLARCAT campaign. Additionally, pollution 

episodes during ARCTAS are resumed in the class “Arctic free troposphere” (Arctic FT) and Arctic 

UTLS. Furthermore, out-of-plume episodes which are termed “background conditions” are presented 

for POLARCAT measurements, CONCERT free tropospheric and UTLS data and ARCTAS free 

tropospheric measurements.  

4.3.1 Chemical composition 

Based on the nature of the emission source, in theory it is possible to distinguish source type 

categories as defined for the data set of this work by the chemical signature of the aerosol. Volcanic 

aerosol is clearly dominated by particulate sulfate, while FF exhibits an important contribution of 

inorganic matter and BB is dominated by organic matter (see sections 1.5.1 - 1.5.3 for the detailed 

discussion).  

Figure 75  a) shows the derived sulfate and organic carbon ratios for the five different types of plumes 

for particulate sulfate and organics. The categories start from the left with the exclusively natural 

emission source volcano followed by “pure” BB, while the anthropogenic and Asian factors increase 

towards the right as highlighted by the dashed box and orange arrow. To the right, background values 

for the Arctic free troposphere above Greenland are shown in grey (Arctic FT). Next, ARCTAS FT 

values including undifferentiated pollution episodes are presented in red, while the open dashed box 

stands for the background values. After that, European background FT conditions are displayed (grey 

box). The line of categories ends with a comparison of UTLS air masses in the Arctic as measured 

during ARCTAS (red box) and over Europe (grey box) as measured during CONCERT excluding 

volcanic influence.  

Volcanic aerosol is represented by a dominant particulate sulfate component of 75 %. “Pure” BB 

plumes are characterized by a median sulfate fraction of 0.22, which is also true for the second plume 

type, a mixture of prevailing BB and little FF from NA and Europe with no influence from Asia. This 

is consistent with findings by Heald et al. (2008) who also report around 20 % of sulfate for BB 

plumes, Singh et al. (2010) who found roughly 17 % for aged (1-5 days) BB/FF plumes from North 

America during ARCTAS spring and summer, and Brock et al. (2010) reporting on 26 % particulate 

sulfate during ARCPAC (Aerosol, Radiation, and Cloud Processes affecting Arctic Climate) 2008, 

accounting only for contributions from particulate sulfate and organics. It has been observed that in 

aging BB plumes the growth factor for particulate sulfate is higher than for organic carbon (Formenti 

et al., 2003; Yokelson et al., 2009) which can explain the relatively high percentage of sulfate in the 

detected BB plumes over Greenland. Within the third class, FF dominated plumes from the same 

source regions, the median sulfate fraction rises to 0.29, similar to plumes characterized mainly by 

Siberian BB and little Asian anthropogenic influence (0.30). Asian fossil fuel dominated plumes with 

little Siberian BB contribution reach a sulfate fraction of 0.37. This shows that the major contribution 
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of particulate sulfate and thus acidic aerosol in the troposphere above Greenland originates from East 

Asian anthropogenic activity which is also highlighted by the orange arrow in the figure. The highest 

concentration of particulate sulfate throughout the POLARCAT campaign was 1.95 ± 0.12 µg m
-3

 

observed in an Asian fossil fuel influenced plume on 14 July. This is consistent with observations of 

Asian industrial plume transport and evolution out of NE China (Li et al., 2010). The interpretation of  

ice core data from Summit, Greenland, by McConnell et al. (2007) also attribute the major sulfur 

contributions to East Asian industrial development within the last decades. Calculating the theoretical 

composition of “pure” Asian anthropogenic emission episodes based on the fraction of FLEXPART 

CO passive tracer fire contribution for these plumes (54 to 85 %) and the observation of 22 % sulfate 

contribution from “pure” fire plumes, the fraction of particulate sulfate in “pure” Asian anthropogenic 

emission plumes is estimated to be 88 ± 34. %. Siberian fires are estimated to contribute more than 

56 % of Northern Hemispheric CO from extra tropical BB on a yearly average based on the period 

from 1997 to 2007 (van der Werf et al., 2006). However, based on the plumes detected during the 

POLARCAT summer campaign, it was not found that Siberian BB had a stronger influence on aerosol 

composition over Greenland than Canadian BB. This might be on the one hand due to the longer 

transport pathway from Asia, resulting in more complete removal en-route to Greenland, and on the 

other hand due to the meteorological conditions which favored transport of NA BB plumes. The 

median particulate sulfate fraction for non-plume periods over Greenland is 0.23 µg m
-3

 with larger 

variability. [This paragraph is adapted from Schmale et al. (2011).] 

ARCTAS free tropospheric measurements including pollution episodes show a median particulate 

sulfate fraction of 0.32 % which is comparable to the categories of FF/BB no Asia and Siberian BB 

with little FF from Asia. However, the variability is large. The respective background measurements 

result in smaller variations and a mean particulate sulfate contribution of 20 %. This might still reflect 

the important influence from local BB events that were persistent throughout the entire campaign. The 

European background free troposphere shows a higher contribution of sulfate aerosol with an average 

of 49 % which possibly represents the highly industrialized environment and absence of biomass 

burning in late October, 2008. Comparing the Arctic and European UTLS there is no significant 

difference in the data. Both regions are characterized by a mean sulfate contribution of about 60 %. 

This is coherent with the increase of sulfate aerosol above the local tropopause in both cases as 

discussed in section 4.1 and shown in Figure 70.  
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Figure 75: Chemical aerosol properties of different air mass categories. Panel (a) presents the fraction of 

particulate sulfate and organics. The red boxes denote the variance of the inter quartile range, the 

whiskers the 10
th

 and 90
th

 percentile, the horizontal bar in the box the median and the star the average 

value. Grey boxes denote background conditions. Panel (b) uses the same notation for the O:C ratio and 

indicates the average age of the plumes. Panel (c) shows the particulate sulfate mass concentration of each 

plume category including one standard deviation.  
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4.3.2 O:C ratio of organic matter 

Figure 75 b) indicates the average age of a plume class since emission. For the volcanic aerosol it was 

simply deduced by counting the days between eruptions and detections. POLARCAT plume age was 

calculated by averaging over the mean age of all individual pollution episodes within one category 

based on FLEXPART data. FLEXPART calculations derive a so-called age spectrum for each air 

mass probed by the aircraft for several types of tracers. For the average age calculation of a single 

plume the CO passive tracer age spectrum was used (Stohl et al., 2003). Each day’s contribution (1 to 

20 days back from the time of sampling) was weighted based on the excess CO mixing ratio per plume 

and multiplied by the specific day of contribution. The sum over the weighted daily contributions 

allows for an estimation of the average age of a pollution plume. The plot shows that long-range 

transport from North America and Europe took roughly 10 days while plumes from Siberia and Asia 

generally travelled 15 days or longer. These periods are comparably long for aerosol transport and 

make particles subject to a variety of processes along the way. Among others these processes include 

aging by photochemical processing.  

The photochemical state of organic aerosol can be derived from the O:C ratio (e.g. Jimenez et al., 

2009; Heald et al., 2010). The O:C ratio can be approximated with a unit resolution AMS by 

determining the ratio of the organic contribution of m/z 44 to the total organic mass, denoted as f44 

(Aiken et al., 2008; Ng et al., 2010). For all types of detected plumes in Greenland the median and 

average O:C ratio oscillated between 1.0 and 1.2 which corresponds to LV-OOA (Jimenez et al., 

2009), i.e. aged organic matter. No significant difference between the youngest (~ 3 day) and oldest (~ 

16 day) plumes within the categories could be found, which implies that the organic aerosol 

components are already highly processed after roughly one week of transport and that additional time 

spent in the free troposphere does not increase the O:C ratio significantly. The finding is consistent 

with results from Ng et al. (2010) who found an asymptotic trend towards an O:C ratio of 1.2 with age 

as indicated by the purple line in Figure 75 b). Furthermore, this implies that the characteristics of the 

organic aerosol advected to Greenland do not differ much in terms of chemical characteristics despite 

their distinct origins (shorter travelled particles correspond to NA, longer travelled ones to Siberia and 

East Asia) and they tend to form a uniform type of LV-OOA. This observation is coherent with 

observations by above mentioned authors who argue that organic aerosol “properties become 

remarkably similar” (Andreae, 2009) as they age in the atmosphere. The POLARCAT non plume O:C 

ratio (median: 0.85, mean: 0.88) implies that the aerosol background is less aged. A possible 

explanation is the contribution of local source emissions, presumably organic aerosol emissions from 

the North Atlantic Ocean. As the sea is also a source for sulfur containing aerosol this assumption is in 

good agreement with the relatively high sulfate aerosol concentrations for the non-plume periods (see 

panel a).  

The volcanic aerosol O:C ratio is represented by a median of 0.72 and seems to be markedly lower 

than the other values, but the high variability indicated by the error bars shows that this finding is 

statistically not significant. One would expect stratospheric aerosol of roughly 100 days age to be even 

more oxygenated than tropospheric pollution plumes. Though it cannot be excluded that this deviation 

reflects the uncertainty of the O:C ratio determination from a unit resolution mass spectrometer there 

is a possible explanation for this observation. Zobrist et al. (2008) and Virtanen et al. (2010) argue that 



 

154 

 

secondary organic aerosol (SOA) forms amorphous solid-state, glass-like structures under ambient 

conditions not only in the upper troposphere at low temperatures but also even a few hours after 

particle nucleation onset. Given that temperatures in the stratosphere to where the volcanic aerosol was 

injected were at least as low as in the UT it is conceivable that the organic matter adopted such a glass 

like state which in consequence inhibits the diffusion of oxidants into the aerosol and blocks all further 

oxygenation (Zahardis and Petrucci, 2007). Based on such a scenario it becomes at least plausible that 

free tropospheric aerosol which might not have undergone such amorphous transformation to a 

comparable degree appears more oxygenated than far older stratospheric organic aerosol. The potential 

effect of enhanced bounce-off from the vaporizer in the AMS and a resulting reduced collection 

efficiency does not seem to play a significant role (Virtanen et al., 2010). 

The O:C ratio in the European free troposphere is the lowest observed in this work with a median of 

0.58. Considering the relative proximity to emission sources this seems plausible. Also, the increase in 

the O:C ratio with higher altitudes to a median value of 1.00 is comprehensible as emission might date 

back longer and photochemistry may be enhanced above clouds.  

For ARCTAS measurements no O:C data was available. 

4.3.3 Particulate sulfate mass concentrations 

To obtain an overview of the magnitude of aerosol mass concentrations for all plume classes and 

background conditions the average loading of particulate sulfate including one standard deviation was 

calculated (see Figure 75 c). Sulfate was chosen as this is the species with most data points above 

detection limit especially for out-of-plume categories. Volcanic aerosol shows the highest sulfate 

aerosol concentration most likely because of the strong emission source and the absence of wet 

removal processes in the lower stratosphere. Plume loadings encountered over Greenland are on 

average below 0.2 µg m
-3

 except for the FF dominated Asian plumes. This is remarkable as these are 

the oldest observed plumes and were thus potentially subject to wash-out for longer time periods than 

the other aerosol plumes. Possibly this points towards the high emission source strength. Squares 

without vertical bars show such low standard deviation that they do not exceed the limit of the symbol. 

The Arctic free tropospheric background concentration measured during POLARCAT and ARCTAS 

is comparable to results from CONCERT and are located near the 0.2 µg m
-3

 line. Non-background 

sulfate mass concentrations in the free troposphere and in the UTLS during the ARCTAS campaign 

show large variations indicating the frequent perturbations of the atmosphere through local and distant 

sources. The European UTLS shows a trend towards slightly higher mean particulate sulfate loading 

with 0.25 µg m
-3

 compared to the European free troposphere.  
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4.4 Correlation between aerosol mass and carbon monoxide mixing ratio 

In the vicinity of a source, usually a positive correlation between CO or ∆CO and aerosol species, i.e. 

particulate sulfate and organic matter or black carbon, can be observed e.g. (Spackman et al., 2008; 

Singh et al., 2010; Yokelson et al., 2009). For all plumes discussed in this work, however, such a 

correlation cannot be expected for several reasons. Due to transport times between 3 and 16 or even 

near 100 days, the long distance from the source, aerosol scavenging during transport, especially in 

WCB events, and mixing of tropospheric and stratospheric air masses it is not possible to derive a 

correlation of total aerosol mass and CO mixing ratios. Also, a factor which needs to be taken into 

account when correlating CO enhancements with aerosol mass concentrations is that this technique 

works best when the trace gas enhancement is large compared to the background CO value. The 

plumes studied here do not show an intense increase of CO mixing ratio and the variability in 

background concentrations is difficult to quantify, hence the difficulties in deriving a correlation. 

Figure 76 shows the total aerosol mass concentration (particulate sulfate and organics) of all 48 

identified plumes from POLARCAT measurements versus total CO mixing ratios in grey. There are 

several reasons for showing total instead of ∆CO values: On several occasions, individual plumes 

were embedded in long intervals of enhanced CO mixing ratios. In such cases ∆CO would be 

underestimated. Also, during mixing of tropospheric and stratospheric air masses ∆CO cannot be 

retrieved anymore. For background values no delta can be calculated even though there is variability 

to the vertical profile of CO. Episodes discussed individually in sections 3 to 3.3 are highlighted by 

symbols colored according to the measurement campaigns. Additionally, background conditions in the 

free troposphere (FT) and in the UTLS are indicated. As for ARCTAS only two individual plumes 

were discussed all perturbed FT episodes are resumed in one point (tag “FT plumes”) which is 

characterized by high variability in both aerosol mass concentration and CO mixing ratio. Average CO 

values for long-range transport plumes between 3 and 16 days range between 90 and 161 nmol mol
-1

. 

The lower limit is highlighted by Plume V, the stratospheric intrusion observed during POLARCAT. 

The CO mixing ratio is possibly relatively low in this case because CO-poor air mixed into this 

plumes. Near the upper CO plume limit, Plume II, a relatively young (maximum 5 days old) air mass 

is found. Here, dilution might not be as advanced as in other cases. It is worth pointing out that this 

region of the plume space is also characterized by the tropospheric intrusion into the lower 

stratosphere by Siberian BB air masses.  
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Figure 76: Correlation of AMS total mass (sulfate and organics) and measured total CO. All individually 

discussed plumes are highlighted and colored according to the campaign name. The roman numbers refer 

the plume notation in Table 13 from section 3.2. Background values are also displayed. FT refers to free 

troposphere. The error bars denote one standard deviation from the average measurement value. 

The mean free tropospheric background values for ARCTAS and CONCERT are 85 and 

88 nmol mol
-1

, respectively. The POLARCAT unperturbed mean value is 111 nmol mol
-1

 and displays 

a much larger variability than the other two points. This is most likely due to the difference in methods 

for background determination. While for ARCTAS a threshold criterion based on CO and CH3CN data 

could be applied, for POLARCAT all measurements which were not attributed to a pollution episode 

were declared unperturbed. For CONCERT only one tropospheric plume could be identified based on 

enhanced aerosol mass concentrations. On the left side, the volcanic aerosol data point stands out as 

this measurement denotes the only exclusively stratospheric plume. 
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4.5 Lifetimes and wet scavenging 

The difficulty of relating CO enhancements and aerosol mass concentration as discussed above is 

associated with the aspects of lifetimes and aerosol deposition. Generally, the CO lifetime exceeds the 

aerosol lifetime far enough to function as a passive tracer as it is not subject to wet deposition like 

particulate matter. Figure 5 (Jaenicke, 1988) in the introduction shows that accumulation mode 

particles have a lifetime between 1 and 10 days in the free troposphere which is prolonged in the 

tropopause region due to less scavenging by precipitation. Linked to this is the question of how much 

of the emitted and secondary aerosol particles reach the sampling area after long-range transport. To 

derive an aerosol lifetime, ideally particles from the same source region, i.e. same chemical quality, 

and comparable emission strengths, at a variety of ages are measured. However, despite the lack of 

detailed information on the source region and meteorology at the time of emission and thus source 

strength, it was possible to relate the total measured aerosol mass to the FLEXPART calculated age 

for 10 plumes during POLARCAT. This results in an exponential distribution from which an aerosol 

lifetime between 7 and 11 days can be derived (Figure 77 a), green line). For this calculation dilution 

and deposition over time were assumed to be similar for the chosen plumes as they have comparable 

chemical properties making them similarly hydrophilic/hydrophobic. The 10 selected plumes are 

characterized by mainly NA FF and little BB influence (see bold written plumes in Appendix B). The 

red cross in Figure 77 denotes an outlier. OFFLINE back trajectories suggest that this air mass was 

uplifted in a WCB event like Plume II as discussed in section 3.2.2.1. Furthermore, in-situ measured 

relative humidity was around 90 %. Thus, wet deposition along the pathway and/or in-situ is likely for 

this case. A τ ranging from 7 to 11 days is reasonable and consistent with lifetimes determined by 

other authors. Jaenicke (1988) finds a lifetime between 1 and 10 days, Paris et al. (2009) found an 

experimental equivalent black carbon lifetime of 5.1 days for Siberian forest fire emissions, Koch and 

Hansen (2005) a modelled BC lifetime of 7.3 days, and Farina et al. (2010) modelled 6.8 to 16 days 

for SOA depending on the scenario on a global scale. Exponential fits with lifetimes of 5, 7, 9, 11, and 

16 days have been added to Figure 77 a) in grey. [This paragraph is adapted from Schmale et al. 

(2011).] 

The aspect of aerosol growth with time by condensation of semi- and low-volatile gases is neglected in 

this consideration as no data is available. This effect might lead to a slight overestimation of the 

lifetime. Figure 77 b) shows the result of a CO lifetime calculation for the same 10 plumes. The total 

CO mixing ratio is related to the average FLEXPART age and shows an exponential correlation with 

an average τ of 26 days ranging between 19 and 42 days. This outcome is in good agreement with the 

common assumption of a global CO lifetime of 30 days in summer and the finding by Real et al. 

(2008) that CO lifetime decreases to roughly 23 in plumes with high oxidative capacity, i.e. with high 

ozone and water vapor abundance. Hence, CO might not always be the ideal tracer to identify 

pollution episodes. In this light the integral consideration of gaseous and particulate tracers for plume 

identification becomes even more important. Here, total CO was chosen instead of ∆CO due to the 

high variability of background conditions and the embedment of single plumes in extended perturbed 

periods. Based on the assumptions mentioned above a comparable emission source strength makes 

such a correlation valid.  
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Figure 77: a) Aerosol and b) CO lifetime in North American FF and BB influenced pollution plumes. The 

vertical and horizontal bars denote the one standard deviation from the mean value. In the upper right 

corner of each panel the exponential function is given with a τ of 9 and 26 days for aerosol and CO, 

respectively. [Panel (a) was published in Schmale et al. (2011).] 

A major factor in reducing aerosol mass over time is wet deposition. To investigate this aspect, 

HYSPLIT 10-days back trajectories were calculated from the sample position of each of the 48 plumes 

encountered during the POLARCAT campaign. Three trajectories per plume were released at the full 

hour closest to the encounter from the average plume coordinates (latitude, longitude, altitude) and at 

an altitude ± one standard deviation from the mean sample height. Results from the three trajectories 
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were averaged. Figure 78 shows the correlation of the ratio of total aerosol mass detected by the AMS 

and the CO mixing ratio to the amount of precipitation along the back trajectories based on HYSPLIT 

results (see section 2.6.2. on page 67).  

 

Figure 78: Relation between the ratio of aerosol total mass and CO mixing ratio to the amount of 

precipitation along the 10-days back trajectories for each of the 48 plumes detected during the 

POLARCAT campaign. The vertical bars denote one standard deviation of the ratio. The horizontal bar 

at 0.004 µg m
-3

 nmol
-1

 mol indicates the average aerosol to CO ratio above 30 mm hr
-1

 precipitation. 

All modelled precipitation events in the history of one plume were added. Even though the length of 

each rain event is not known the simple sum over all data points is an appropriate measure of the 

potential wash-out occasions (Matsui et al., 2011) since most of the aerosol is precipitated in the early 

phase of an event. Dividing the aerosol mass concentration by the CO mixing ratio provides a kind of 

normalization to effects like emission source strength and dilution. The vertical bars denote one 

standard deviation of the ratio. The figure shows that beyond 30 mm hr
-1

 of precipitation the ratio of 

AMS aerosol mass and CO is nearly constant with an average value of 0.0004 implying that even if 

heavy rainfall events occur during transport not all aerosol is washed out. Accounting for an 

approximate 100 nmol mol
-1

 CO background mixing ratio (see Figure 71) about 0.4 µg m
-3

 submicron 

aerosol mass remains which reflects well the median mass loading ranging between 0.25 and 

0.50 µg m
-3

 in the vertical profile (see Figure 70). Below 30 mm hr
-1

 there might be a trend indicating 

that the less precipitation along the pathway occurred the more aerosol arrives over Greenland. 

However, the variability in the data is very large and does not allow to draw a definite conclusion. 

More data needs to be analyzed for this purpose. Additional aerosol size distribution data is available 

from the POLARCAT-Grace campaign which was conducted out of Kangerlussuaq at the same time 

as POLARCAT-France.  
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4.6 Geographical locations of aerosol deposition 

When studying aerosol in the Arctic and high northern latitudes not only the direct and indirect 

radiative effects are of interest but also the deposition of particulate matter on the ground. FF 

emissions lead to acidic aerosol formation due to the high particulate sulfate content as illustrated in 

section 4.3.1. Scavenging of this type of aerosol fosters the acidification of the Arctic (AMAP, 2006) 

and bears consequences for ecosystems and biota. Deposition of FF aerosol in southern Greenland was 

found to be particularly dominant in summer (Doherty et al., 2010). BB related aerosol contains a 

significant amount of black carbon e.g. (Hegg et al., 2009) and thus reduces the surface albedo an 

effect which is particularly important on glaciers and snow covered surfaces as it results in enhanced 

surface warming and melting (Quinn et al., 2008). Hegg et al. (2010) and Doherty et al. (2010) found 

that 31 ± 10 and 20-52 %, respectively, of the light absorbing aerosol mass is composed of mainly 

organic carbon. So based on the amount of AMS detected organic matter the light absorbing effect of 

the observed pollution plumes can be estimated.  

To investigate where aerosol got in contact with the surface for pollution episodes observed during the 

POLARCAT campaign precipitation events along the backward and forward HYSPLIT trajectories of 

each plume were plotted (see Figure 79). The same method for calculating these trajectories and the 

attributes as described for results shown in Figure 78 was applied. The first rainfall along the back 

trajectories (panel a, green circles) indicates events close to the source and shows that not much 

precipitation occurred over the Eurasian continent while emissions from North America seem to be 

precipitated rather near-source. Considering the last rainfall before plume sampling, the region of 

south-west Greenland appears to be impacted more severely than other snow and ice covered regions. 

This is underlined by the precipitation events following the measurements (panel b). Again south-west 

Greenland seems to be the main target region. However, according to Box et al. (2009) the western 

Greenland ice sheet experienced an overall negative precipitation anomaly of -250 mm in 2008. The 

measured pollution plumes are transported away from Greenland by the westerly winds towards 

Iceland and north-west and Central Europe where most of the rainfall occurred within the 10 days 

following the measurements. It can, however, be assumed that most of the particulate matter had been 

scavenged before reaching Europe even though single events of e.g. BB pollution have been reported 

(Petzold et al., 2007). Concerning this result in general, it has to be kept in mind that the here found 

primary target region in Greenland is biased by the available flight tracks. A mission out of e.g. north-

east Greenland could yield a very different result. Nevertheless, the POLARCAT findings reflect 

observation by other authors. As mentioned above, Doherty et al. (2010) found that southern 

Greenland is impacted significantly by FF plume deposition. Events like Plume IV (Ohio Valley) are 

examples of how FF pollution is exported at low level from North America and deposited in southern 

Greenland even though it has to be kept in mind that a single measurement cannot make a statement 

about the frequency with which such events occur. McConnell et al. (2007) derived from their findings 

in ice-cores that Asian FF plumes play an increased role in the pollution of the Greenland ice sheet 

based on the enhanced concentrations of sulfur. This result can also be reflected by POLARCAT 

observations since cross-polar transport advects Asian pollution directly towards Greenland, and as 

Figure 75 a) and c) show, the sulfur content of Asian FF plumes is increased relatively and absolutely 

compared to the other categories that were measured. 
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Figure 79: Precipitation events along a) backward and b) forward 10-days trajectories of each pollution 

plume observed during the POLARCAT campaign. The green circles in a) indicate the location of the first 

rainfall after emission, the red circles the last rainfall before interception. In b) the red circles highlight 

the first precipitation after the measurement.  
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4.7 Size Distributions 

Here an overview on derived size distributions for different pollution plume types is given. Due to the 

availability of data the focus is laid on the POLARCAT campaign. Since aerosol concentrations were 

very low for the determination of a mass size distribution with the AMS, only two plumes provided 

sufficient signal. For all other cases SMPS data are shown. Additionally, the volcanic aerosol size 

distribution is displayed.  

Size distributions of aerosol number and volume concentrations measured by the SMPS during the 

POLARCAT campaign have been averaged for each of the five plume classes (see section 3.2) and for 

all out-of-plume periods (see Figure 80 (a and b) and fitted with lognormal functions (see Table 21 

inAppendix F). All size distributions show clear enhancements in the accumulation mode as expected 

after transport times of one to two weeks (Jaenicke, 1980). The non-plume and “pure BB” size 

distributions ( Figure 80 a, b black and dark green trace, respectively) show a significant enhancement 

in Aitken mode particles between 24 ± 1 and 44 ± 2, and 66 ± 11 nm, respectively, based on the 

volume. An additional accumulation mode with 372 ± 2 nm in background conditions and with 

387 ± 48 nm for BB perturbed conditions is present. Mainly BB influenced non Asian air masses also 

present two modes at 55 ± 2 nm and 150 ± 12 nm. For a detailed discussion on the North American 

BB plumes see Quennehen et al. (2011). Air masses with mainly Siberian BB contribution display a 

broad mono-modal size distribution (bright green trace) with 510 ± 47 nm. Asian FF dominated 

plumes again show two modes (red trace) with 180 ± 44 nm and 411 ± 14 nm. Comparing the FF 

dominated air masses from non-Asian to Asian regions, it was observed that the Asian second modal 

diameter is larger with 362 ± 1 nm versus 411 ± 14 nm, respectively. This is also true for primarily BB 

influenced pollution from Canada and Siberia. The accumulation modes of mixed BB dominated and 

FF episodes appear larger than FF dominated plumes with less BB contribution for both regions, North 

America and Siberia/Asia. In panel b the data of the observed volcanic aerosol in October 2008 is 

added as mass size distribution (dM/dlog(dp) in ng*10
-2

 m
-3

) as a function of the mobility diameter. In 

section 3.1.4 the conversion from the vacuum aerodynamic to the mobility diameter has already been 

discussed. It is noticeable that the much older volcanic particles have a significantly smaller mean 

diameter of 195 ± 2.4 nm than the tropospheric aerosol. The result that the Mts. Okmok/Kasatochi 

aerosol was much smaller than Pinatubo particles of comparable age as discussed in section 3.1.4 was 

attributed to the lower abundance of SO2 injected into the stratosphere. In comparison to tropospheric 

particles the low availability of water vapor in the stratosphere might be the significant factor that 

limits the growth of the volcanic particles despite the long residence time.  
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Figure 80: Lognormal fits for SMPS number (a) and volume (b) size distributions for all five plume 

categories and all non-plume periods. Panel (b) shows additionally the volcanic aerosol size distribution as 

dM/dlog(dp) in ng*10
-2

 m
-3

 (compare Figure 37). (c) and (d): AMS mass and SMPS volume size 

distributions (lognormal fits) for an Asian FF and Siberian BB influenced plume (Plume IV), and a North 

American FF and BB influenced plume. The AMS data has been smoothed with a sliding average over 10 

size bins and the statistical counting error is represented by the error bars.  
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Panels (c) and (d) show the mass size distributions for 30 minutes of North American and 23 minutes 

of Siberian/Asian mixed plumes of 2 weeks age from AMS data along with the volume distributions 

from SMPS data. The lognormal fits to the AMS mass distributions (not shown) have a mean diameter 

(dva) of 371 ± 3 nm with a full width at half maximum (FWHM) of 125 nm and dva = 435 ± 22 nm and 

FWHM = 253 nm, respectively. The North American plume possibly contains a second mode with a 

mean diameter of 548 ± 6 nm and a width of 88 nm at FWHM. The SMPS volume size distributions 

show two modes with 285 ± 80 nm and 400 ± 13 nm for the NA plume, and 186 ± 15 nm and 

4215 ± 15 nm for the Asian plume. Based on these results Asian particles again appear slightly larger. 

This could be due to the longer transport times (see Figure 75 panel b) as particles have more time to 

grow. However, panels c) and d) clearly show that the AMS mass size distributions are very noisy up 

to roughly 300 nm. The statistical error (vertical error bars) is most likely underestimated because it 

should cross the zero line when the size distribution only reflects noise. Hence, the distribution up to 

300 nm is not trustworthy. Furthermore, the distance from the zero line to the most negative and 

positive points below 300 nm can be used to estimate the inaccuracy for larger diameters. The larger 

the negative areas, the larger is the positive areas of the size distributions, because the integral over all 

diameters provides the total aerosol mass as measured in the mass spectrum mode. The purpose of 

showing these two AMS size distributions here is to illustrate that the obtained size distributions have 

to be interpreted very carefully. If data were more accurate one could speculate if the gaps in both size 

distributions between 200 and 300 nm are real and might reflect some refractive component of the 

aerosol. Considering that only 10.8 seconds (panel c) and 14.4 seconds (panel d) of particle time-of-

flight measurements were averaged after accounting for the duty cycle and that the total mass of these 

two plumes was roughly 1.0 and 0.8 µg m
-3

, it cannot be expected to obtain a highly accurate size 

distribution with the AMS. Instead the AMS could measure solely in mass spectrum mode while size 

information is provided by other instruments such as the SMPS. [This paragraph is adapted from 

Schmale et al. (2011).] 
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5. Conclusions and outlook 

The interpretation and compilation of the data obtained during the POLARCAT and CONCERT 

campaigns complemented by ARCTAS results contribute to the limited knowledge we have about 

aerosol characteristics in the free and upper troposphere and lower stratosphere. So far, only very few 

aircraft-based in-situ measurements are available in altitudes above 8 km, as well as in such remote 

regions like the Greenland troposphere.  

One of the main outcomes is the chemically resolved vertical profiles (see Figure 70) which reveal 

important information on a number of different aspects. The degree of perturbation of the remote 

Greenland troposphere during summer is such that aerosol mass loadings are in the same order of 

magnitude as over Europe. The chemical composition, however, is distinct (see Figure 75). European 

free tropospheric aerosol contains a higher fraction of particulate sulfate most likely due to the vicinity 

of anthropogenic emission sources. The sub-Arctic aerosol might have been influenced more strongly 

by biomass burning related to the time of year when measurements were conducted leading to a higher 

fraction of particulate organic matter. Also, the degree of oxygenation of organic matter over 

Greenland is higher than over Europe. This reflects the long transport times between 3 and 16 days for 

these plumes. Generally, the organic O:C ratio reached a value near one in all cases despite the 

different emission source types and regions. This implies that after a time of roughly 3 days organic 

aerosol reaches a uniform state of oxygenation in the free troposphere and that this homogenization 

may lead to similar radiative and hygroscopic properties. Additionally, a particle lifetime of 7 to 11 

days was derived for North American BB and FF influenced aerosol. Such results, vertical profiles, 

chemical composition and lifetimes, are especially useful for modeling studies that depend on 

experimental values.  

Next to these ensemble results many more details were revealed by the analysis of case studies. 

Among those, it is worthwhile to mention that despite frequent uplift of pollution outflow in WCB 

which are associated to wet deposition a significant amount of aerosol survives the lofting and thus 

perturbs the sub-Arctic and Arctic atmosphere. Furthermore, several cases of tropospheric polluted air 

mass intrusions into the lower stratosphere were observed. This is of particular interest because 

aerosol lifetime is enhanced in this regime since wet deposition as a removal factor does not play a 

significant role. The aerosol can be transported over even longer distances and effects, such as 

changing the abundance of climate sensitive species like water vapor and ozone, can grow important. 

This is also true for the direct injection of volcanic aerosol into the stratosphere. The new finding in 

this context is that the particulate matter in the volcanic aerosol layer was found to consist of 21 % 

organic material which has implications for heterogeneous chemistry that have not been considered 

yet. With respect to stratospheric air mass intrusions into the troposphere the results of a simple 

modeling study with CiTTyCAT suggest that the mixing of ozone rich and humid air masses does not 

contribute significantly to the formation of secondary aerosol mass in the UTLS.  

Future trends of aerosol concentrations and composition in the atmosphere can change in many 

respects compared to the current situation. The industrial development of many countries is currently 

under way and it can be expected that emissions will increase, especially in regions like East Asia 

(Asian Development Bank, 2008). Thus more exhaust gases will be emitted and the primary and 
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secondary aerosol load will increase which bears consequences along the transport pathways and for 

receptor regions. Based on earlier observations and those made during POLARCAT and ARCTAS 

enhanced emissions in East Asia contribute already significantly to the pollution of the Arctic and will 

gain importance in the future. In addition, the soon likely opening of the Northwest and Northeast 

passages in the Arctic Ocean implies that inner Arctic emission sources will gain in significance. Not 

only ship traffic is likely to increase but also the exploitation of natural resources in the Arctic will 

attract emission related human activity. Knowing that the Arctic is a very climate-sensitive 

environment legislative and technological action must be taken to prevent uncontrolled aerosol and 

precursor gas emissions. However, while it seems more effective and technologically easier to 

prioritize the targeting of short-lived climate forcers such as black carbon, long-lived species like 

carbondioxide and methane must not be neglected. In addition to legislative or convention-based 

measures an extended network of Arctic monitoring stations could assure the compliance of potential 

polluters. Also, in a warming climate, it is hypothesized that boreal forest fires might gain in intensity, 

especially in Eurasia (see discussion in Girardin et al., 2009), which implies enhanced emissions 

bearing consequences for all receptor regions and especially the Arctic.  

Another receptor region of increasing aerosol and precursor gas emissions from Asia seems to be the 

stratosphere (Hofmann et al., 2009), even though another study (Vernier et al., 2011) found that rather 

moderate volcanic eruptions are responsible for the enhanced particle backscatter signicals between 20 

and 30 km altitude. In this light, the study of troposphere to stratosphere exchange involving aerosol 

transport becomes even more important as we are still far from understanding the source-receptor 

relationship, transport pathways, and how aerosol properties are changed in such processes. Both types 

of aerosol, of Asian anthropogenic and volcanic origin, which seem to contribute to the stratospheric 

aerosol layer are composed of particulate sulfate and organics. Therefore, further chemical 

measurements of lower stratospheric aerosol are important to provide a data basis for model 

calculations of heterogeneous chemistry in the stratosphere which influences the abundance of trace 

gases such as ozone. In this context, it is also advisable to investigate the influence on new particle 

formation events from pollution precursor gases during mixing events of stratospheric and 

tropospheric air masses more thoroughly. The modeling study conducted in this work shows that the 

chemical conversion of SO2 to H2SO4 which is mainly present in the particle phase is enhanced during 

such mixing events. Even though the produced particulate mass is negligible in comparison to 

observed pollution events, the newly formed particles might be a source for stratospheric aerosol. 

While respective model calculations involved sulfuric acid and nitric acid (e.g. Khosrawi and 

Konopka, 2003) the influence of organic precursor gases on particle nucleation events has not been 

considered yet.  

Given that the scientific community cannot yet quantify the aerosol radiative impact with high 

certainty based on the latest IPCC report in 2007, it seems even more important to enhance our 

knowledge on atmospheric aerosol. For this purpose, it has to be kept in mind that not only targeting 

highly polluted areas but also remote and almost unperturbed regions to obtain insights into aerosol 

background concentrations and properties (chemical, optical and microphysical) is necessary. 

Nevertheless, establishing knowledge of global aerosol transport pathways out of strong emission 

areas is important. To obtain a more multi dimensional view of aerosol than during the POLARCAT 
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and CONCERT campaigns could provide, combining mass spectrometry with black carbon detection 

(e.g. by an SP2 (single particle soot photometer)), CCN counters, and optical property measurements 

is necessary. Ideally, the results from in-situ measurements are subsequently combined with remote 

sensing techniques, such that e.g. satellite and lidar data can deliver more detailed information on 

aerosol properties. Using remotely operating instruments that exhibit a larger coverage in time and 

space than costly and labor-intensive snapshots provided by in-situ field experiments will yield 

enhanced and up-to-date information which can be fed to modeling tools for regional, global or 

forecasting studies.  

 

 



 

170 

 



 

171 

 

6. Acknowledgements 

 

The acknowledgements have been removed from the electronic version of this thesis due to data 

privacy protection.  



 

172 

 

 



 

173 

 

7. Appendix 

7.1 Appendix A - PCI 

 

Calculation of the Reynolds number inside the PCI:  

𝑅𝑒 =
𝜌 ∗ 𝑣 ∗ 𝑑

𝜂
 

 Eq. 9 

With ρ: density of air (kg m
-3

); v: velocity of the sample flow (m s
-1

); d: inner diameter of the tube 

(0.0106 m for the PCI main tube, 0.0017 m for the sampling line); and η: dynamic viscosity of air 

(kg (ms)
-1

). The density of air was approximated by the product of air density at 1000 hPa and 20°C 

(1.204 kg m
-3

) and the ratio of 1000 hPa and PPCI. The dynamic viscosity was assumed to be 

1.7*10
-5 

kg (ms)
-1

 which corresponds to 20°C and 1000 hPa. Both values are only an approximation of 

the actual value, which however has minor influence on the final Reynolds number.  

All Reynolds numbers are below the critical value of 2300, hence the flow is laminar.  

Table 16: Reynolds numbers in the sampling line inside the PCI (Resample line) and in the PCI main tube 

(RePCI main tube). Vsample is the volumetric flow through the critical orifice in front of the AMS standard inlet 

(COr2). 

PCI number PPCI (hPa) RePCI main tube COr2 diameter (µm) Vsample (cm
3
 s

-1
) Resample line 

1, 2 190 34 200 5.0 310 

3 110 20 250 9.4 337 

POLARCAT 387 69 160 3.5 442 
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Calculation of the Stokes number (St) and modified Stokes number (St’) after Lee et al. (1993) (see 

section 2.3.1). 

 

𝑆𝑡 =
𝜌𝑝𝐷𝑝

2𝐶𝑐𝑈𝑜

18𝜇𝑑1
 

 Eq. 3  

 

 𝑆𝑡′ =  
𝜌𝑝𝐷𝑝

2𝐶𝑐𝑈𝑠

18𝜇𝑑1
  

𝑑1

𝐷𝑡
 

0.58

 

 Eq. 4 

 

𝐶𝑐 = 1 +
1

𝑃𝐷𝑝
∗  15.60 + 7.00 ∗ 𝑒𝑥𝑝 −0.059𝑃𝐷𝑝   

 Eq. 10 

 

𝑈𝑠 =  
𝛾𝑅𝑇

𝑀𝐺
 

 Eq. 11 

 

𝑈𝑜 =
𝑄𝑜

𝐴
 

 Eq. 12 
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Table 17: Parameters for the calculation of the Stokes and modified Stokes number 

Parameter Unit Value Reference if 

applicable 

ρp NH4NO3 Particle density g cm
-3

 1.72  

Cc Cunningham slip 

correction 

- See Eq. 10 Hinds (1999) 

Uo Velocity upstream of 

COr1 

m s
-1

 See Eq. 12  

µ Dynamic viscosity of 

air 

µPa s 18.6 (300K) Lide (1996) 

Us Sonic velocity at COr1 m s
-1

 See Eq. 11  

γ Adiabatic index for dry 

air 

 1.4  

MG air Molecular weight of air kg mol
-1

 0.02896  

R Gas constant J K
-1

mol
-1

 8.314  

Qo Volumetric flow rate 

upstream of COr1 

m³ s
-1

 0.00002  

A Inner cross section of 

inlet tube upstream of 

COr1 

m² s
-1

 1.46e-5  

 

 

Table 18: Stokes and modified Stokes number for two critical orifices and the smallest and largest 

diameter of transmitted particles 

Orifice (µm) 380 400 

Particle diameter 

(nm) 

80 750 80 750 

Stokes number √St √St’ √St √St’ √St √St’ √St √St’ 

1000 hPa 0.02 0.05 0.11 0.26 0.02 0.05 0.11 0.23 

200 hPa 0.04 0.10 0.15 0.36 0.04 0.10 0.15 0.36 
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Photographs of the pressure controlled inlet 

 

sample 
inlet

open/closed 
MV

ambient 
pressure 
sensor

bypass flow

to PCI

particle 
filter

MV

MV

MV

critical orifice
1.3 l/min

10 cm

 

Figure 81: This photograph of the pre PCI inlet system corresponds to what is shown in the technical 

drawing in Figure 14. The ambient sample can either go directly to the PCI (solid arrows) for regular 

measurements or can be directed through the particle filter (dashed arrows) for calibration. The sample 

flow is redirected by means of manual valves (MV).  
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to AMS with 
critical orifice 
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sample 
flow
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connection 
to CPC

PID valve
bypass flow

pump 
(excess air)

excess 
air

excess 
air

critical 
orifice COr1

10 cm

 

Figure 82: This photograph of the PCI corresponds to the technical drawing in Figure 13. The solid 

arrows represent the sample flow into the AMS while the dashed arrows indicate the flow direction of the 

excess air.  
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Error calculations for the lens transmission functions 

 

Mass Method: 

The mass of NH4NO3 derived by the CPC measurements is comprised of two uncertainties. There is a 

standard deviation from the mean CPC counts that leads to uncertainty in the mass of NH4NO3, termed 

Mcpcsdev1 (in µg m
-3

).  

𝑀𝑐𝑝𝑐𝑠𝑑𝑒𝑣1 = 𝑀𝑐𝑝𝑐𝑎𝑣𝑔 ∗ 𝑃𝑐𝑝𝑐𝑠𝑑𝑒𝑣  
 Eq. 13 

with Mcpcavg: average mass of NH4NO3 derived by the CPC counts (in µg m-3) (see Eq. 5 on page 

45), Pcpcsdev: standard deviation from the mean CPC counts. The standard deviation from the mean 

CPC counts was calculated by applying the LOD algorithm developed by Reitz (2011). The 

production of particles fluctuated over time so that the algorithm was used to distinguish between the 

long time scale trends in the order of several minutes from fluctuation in the order of seconds (see also 

section 2.4.2 for a brief introduction to the algorithm).  

The second uncertainty in the derived CPC mass (Mcpcsdev2, in µg m
-3

) is associated to the standard 

deviation found in the size distribution of the monodispers aerosol after selection by the DMA (see 

Figure 16 a).  

𝑀𝑐𝑝𝑐𝑠𝑑𝑒𝑣2 = 𝑀𝑐𝑝𝑐𝑎𝑣𝑔 ∗
𝑆𝐷𝑠𝑑𝑒𝑣

𝑃𝑃
 

 Eq. 14 

with SDsdev: standard deviation from the mean of the particle number fraction of the size distribution of 

the monodispers aerosol at the selected diameter, PP: fraction of particles out of the entire size 

distribution at the selected diameter.  

Emass_cpc denotes the sum of both uncertainties (in µg m
-3

). 

𝐸𝑚𝑎𝑠𝑠 _𝑐𝑝𝑐 =  𝑀𝑐𝑝𝑐𝑠𝑑𝑒𝑣1
2 + 𝑀𝑐𝑝𝑐𝑠𝑑𝑒𝑣2

2  
 Eq. 15 

The final error for the transmission was divided into a positive (E
+

trans) and a negative (E
-
trans) 

deviation from the mean transmission. It was defined as the ratio of the AMS derived mass (Mams) 

and the CPC derived mass (Mcpc) of NH4NO3. The AMS mass counting statistics error 

(0.50 ± 0.12 %) as derived by the analysis tool SQUIRREL (see section 2.4) was negligible. The ratio 

of Mams and Mcpc plus E
+

trans yields the uppermost boundary and the ratio minus E
-
trans the lowermost 

boundary. 

𝐸𝑡𝑟𝑎𝑛𝑠
+ =

𝑀𝑎𝑚𝑠

𝑀𝑐𝑝𝑐 − 𝐸𝑚𝑎𝑠𝑠 _𝑐𝑝𝑐
−

𝑀𝑎𝑚𝑠

𝑀𝑐𝑝𝑐
 

  Eq. 16 

𝐸𝑡𝑟𝑎𝑛𝑠
− =

𝑀𝑎𝑚𝑠

𝑀𝑐𝑝𝑐
−

𝑀𝑎𝑚𝑠

𝑀𝑐𝑝𝑐 + 𝐸𝑚𝑎𝑠𝑠 _𝑐𝑝𝑐
 

  Eq. 17 
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In the following one example is given for the PCI POLARCAT at 72 nm dmob (~ 100 nm dva, see 

Figure 17).  

Eq. 13:    𝑀𝑐𝑝𝑐𝑠𝑑𝑒𝑣1 = 2.15 ∗ 10−3 = 1.86 ∗ 10−1 ∗ 1.15 ∗ 10−2  (µg m
-3

) 

 

Eq. 14:   
𝑀𝑐𝑝𝑐𝑠𝑑𝑒𝑣2 = 5.17 ∗ 10−2 = 1.86 ∗ 10−1 ∗

3.12 ∗ 10−2

1.12 ∗ 10−1
 
 (µg m

-3
) 

 

Eq. 15:    
𝐸𝑚𝑎𝑠𝑠 _𝑐𝑝𝑐 = 5.17 ∗ 10−2 =  2.15 ∗ 10−32

+ 5.17 ∗ 10−22
 
 (µg m

-3
) 

 

Eq. 16:    
𝐸𝑡𝑟𝑎𝑛𝑠

+ = 1.05 ∗ 10−1 =
5.06 ∗ 10−2

1.86 ∗ 10−1 − 5.17 ∗ 10−2
−

5.06 ∗ 10−2

1.86 ∗ 10−1
 
 

 

Eq. 17:    
𝐸𝑡𝑟𝑎𝑛𝑠

− = 5.91 ∗ 10−2 =
5.06 ∗ 10−2

1.86 ∗ 10−1
−

5.06 ∗ 10−2

1.86 ∗ 10−1 + 5.17 ∗ 10−2
 
 

 

LSP counting method 

The error bars in Figure 17 denote the standard deviation from the transmission efficiency defined as 

the ratio of the one minute average counts of the LSP (Cavglsp) and the one minute average counts of 

the CPC (Cavgcpc) for the 20 minutes measurement interval. This standard deviation is for example 

1.27*10
-1

 for 630 nm dva. 

The counting statistics error was calculated by Gaussian error propagation. However, it is negligible 

compared to the standard deviation and was hence not included in Figure 17. The uncertainty of the 

counts for both instruments is given by the inverse of the square root of the total counts.  

𝐸𝑐𝑜𝑢𝑛𝑡 =   
1

𝐶𝑎𝑣𝑔𝑐𝑝𝑐
∗

1

 𝐶𝑡𝑜𝑡𝑎𝑙𝑙𝑠𝑝
 

2

+  
𝐶𝑎𝑣𝑔𝑙𝑠𝑝

𝐶𝑎𝑣𝑔𝑐𝑝𝑐
2 ∗

1

 𝐶𝑡𝑜𝑡𝑎𝑙𝑐𝑝𝑐
 

2

 

 Eq. 18 

with Ctotallsp: total counts by the LSP, Ctotalcpc: total counts by the CPC, both during the 20 minutes 

measurement interval. 

With numbers for the 630 nm dva example this results in: 

Eq. 18:   

𝐸𝑐𝑜𝑢𝑛𝑡  630𝑛𝑚 = 1.92 ∗ 10−4 =   
1

28.2
∗

1

 36539
 

2

+  
12.2

28.22 ∗
1

 102630
 

2
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7.2 Appendix B – POLARCAT plumes 

 

Table 19: List of all 48 identified pollution plumes. The highlighted plumes were used for the aerosol 

lifetime calculation. 

Date  Time Classification Sub-class mean aerosol 

concentration ± 

1 standard 

deviation 

2008 UTC   (µg m
-3

) 

30 June  14:14-14:24 BB / FF no Asia EU FF, Can BB 1.61 ± 0.83 

 15:08-15:12 BB / FF no Asia NA, EU FF, Can BB 1.61 ± 1.00 

 16:12-16:18 BB / FF no Asia NA, EU FF, Can BB 1.62 ± 1.22 

8 July  13:14-13:32 „pure“ BB  

(Plume I) 

Can BB, Sib BB 0.82 ± 0.35 

 13:34-13:38 „pure“ BB Can BB, Sib BB 0.47 ± 0.32 

 13:46-13:56 „pure“ BB Can BB, Sib BB 0.63 ± 0.42 

 13:56-14:02 BB / FF no Asia NA BB / FF 0.51 ± 0.20 

 14:18-14:24 BB / FF no Asia NA BB / FF 0.53 ± 0.27 

 14:42-14:52 BB / FF no Asia NA BB / FF 0.42 ± 0.20 

 14:52-15:02 NA / EU, FF / little BB 

(Plume II) 

NA FF / little BB 0.62 ± 0.35 

 15:02-15:08 NA / EU, FF / little BB 

(outlier) 

NA FF / little BB 0.35 ± 0.18 

 15:24-15:32 BB / FF no Asia NA BB / FF 0.40 ± 0.48 

 15:40-15:50 NA / EU, FF / little BB 

(Plume III) 

NA FF / little BB 0.63 ± 0.32  

10 July  14:48-14:58 BB / FF no Asia NA BB / FF 0.48 ± 0.36 

 15:10-15:18 „pure“ BB Can BB, Sib BB 0.42 ± 0.21 

 15:22-15:28 NA / EU, FF / little BB NA FF / little BB 0.37 ± 0.31 

 15:42-15:52 NA / EU, FF / little BB NA FF / little BB 0.39 ± 0.32 

 15:52-16:02 BB / FF no Asia NA BB / FF 0.36 ± 0.30 

12 July a 11:30-11:36 NA / EU, FF / little BB NA FF / little BB 0.57 ± 0.28 

 11:40-12:00 NA / EU, FF / little BB NA FF / little BB 0.52 ± 0.26 

 12:24-12:28 BB / FF no Asia NA FF / BB 0.58 ± 0.28 

 12:28-12:34 NA / EU, FF / little BB NA FF / little BB 0.45 ± 0.21 

 12:44-12:52 BB / FF no Asia NA FF / BB 0.34 ± 0.16 

 12:58-13:06 BB / FF no Asia NA FF / BB 0.61 ± 0.36 
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 13:12-13:18 NA / EU, FF / little BB NA FF / little BB 0.37 ± 0.37 

Date  Time Class Sub-class mean aerosol 

concentration ± 

1 standard 

deviation 

 13:30-13:36 NA / EU, FF / little BB NA FF / little BB 0.32 ± 0.20 

 13:44-13:54 BB / FF no Asia EU FF, Can BB 0.42 ± 0.20 

12 July b 18:28-18:46 BB / FF no Asia NA BB / FF 0.56 ± 0.41 

 19:06-19:16 BB / FF no Asia NA BB / FF 0.69 ± 0.30 

 19:24-19:42 BB / FF no Asia NA FF / BB 0.55 ± 0.28 

 19:48-20:02 BB / FF no Asia NA BB / FF 0.52 ± 0.28 

13 July  18:24-18:30 BB / FF no Asia 

(Plume Vref) 

NA BB / FF 1.24 ± 0.40 

 18:34-18:40 BB / FF no Asia NA BB / FF 0.96 ± 0.42 

 18:42-19:06 Asia FF / Sib BB 

(Plume IV) 

Asia FF / Sib BB 0.98 ± 0.40 

 19:18-19:24 NA / EU, FF / little BB EU FF, NA FF 1.25 ± 0.60 

 19:28-19:36 NA / EU, FF / little BB EU FF, NA FF 0.92 ± 0.34 

 19:36-19:40 Sib BB / Asia FF Sib BB / Asia FF 0.40 ± 0.26 

 19:56-20:02 Sib BB / Asia FF 

(Plume V) 

Sib BB / Asia FF 0.26 ± 0.26 

 20:10-20:16 Sib BB / Asia FF Sib BB / Asia FF 0.84 ± 0.43 

 20:16-20:20 BB / FF no Asia NA BB / FF 0.69 ± 0.45 

14 July a 12:18-12:26 Sib BB / Asia FF Sib BB / Asia FF 0.75 ± 0.33 

14 July b 14:30-14:42 BB / FF no Asia EU FF, Can BB 1.39 ± 0.57 

 15:50-15:56 Asia FF / Sib BB Asia FF / Sib BB 0.95 ± 0.60 

 15:58-16:04 Asia FF / Sib BB Asia FF / Sib BB 1.03 ± 0.65 

 16:04-16:08 Asia FF / Sib BB Asia FF / Sib BB 1.32 ± 0.54 

 16:08-16:16 Asia FF / Sib BB Asia FF / Sib BB 1.24 ± 0.50 

 16:22-16:28 BB / FF no Asia NA BB / FF 0.86 ± 0.63 

 16:30-16:40 BB / FF no Asia NA BB / FF 0.80 ± 0.43 

BB, biomass burning; FF, fossil fuel combustion; NA, North America; EU, Europe; Sib, Siberia; Asia, 

East Asia; class and sub-class names are composed according to the importance of the pollution 

contribution 
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7.3 Appendix C – Particle settling velocity 

 

Calculation terminal particle settling velocities after Hinds (1999) 

 Eq. 19  

𝑉𝑇𝑆 =
𝜌𝑝𝑑

2𝑔𝐶𝑐

18𝜂
 

 

𝐶𝑐 = 1 +
1

𝑃𝑑
∗  15.6 + 7.00 ∗ 𝑒𝑥𝑝 −0.059 ∗ 𝑃𝑑   

 

 

 

 Eq. 10 

𝐶𝑐 = 1 +
1

𝑃𝐷𝑝
∗  15.60 + 7.00 ∗ 𝑒𝑥𝑝 −0.059𝑃𝐷𝑝   

 

With VTS terminal settling velocity in m s
-1

, ρp particle density (1.7 g cm
-3

), Dp particle diameter in µm, 

g gravitational acceleration m s
-2

, Cc Cunningham slip correction factor, η dynamic viscositiy of air at 

8000 m alitutde (literature value as close to 200 hPa and -60°C as possible) (1.321e
-5

 kg (ms)
-1

, (Lide, 

1996)), P atmospheric pressure (200 hPa). Cc is 1.8. 

VTS results in 12.8 µm s
-1

.  

These equations are valid for the Stokes regime which extends at these ambient conditions from nm 

size to 100 µm. 
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7.4 Appendix D – AMS size distribution uncertainties 

 

The statistical counting error for the particulate sulfate size distribution has been calculated as follows.  

m/z 48 and 64 were chosen to represent the mass size distribution of particulate sulfate as they are the 

basis for calculating the total mass of particulate sulfate (see fragmentation table in Allen et al. 

(2004b)). The statistical counting error that is calculated by the AMS data analysis software gives the 

error in Hz per m/z, per time step and per raw size bin.  

The errors were converted from Hz into µg m
-3

. The factor of 0.000265 was determined by simply 

calculating the ratio of the mass concentration in µg m
-3

 of the respective m/z and the ion counting rate 

signal in Hz (see section 2.1.1 and references therein for a detailed description of how the mass 

concentration is derived from the ion counting rate).  

All errors (Eavg_m/z_t) per m/z and bin were averaged over the time steps for which the size distribution 

was calculated: 

𝐸𝑎𝑣𝑔 _𝑚/𝑧_𝑡 =
 𝑒𝑟𝑖

𝑛
𝑖=1

𝑁
 

Eq. 20 

with eri: error per bin, time step and m/z , and N: total number of time steps 

The original number of bins was 305 while the size distribution was averaged to 25 bins between 50 

and 800 nm. Hence, all errors in the raw bins that were combined for one new bin were averaged as 

follows: 

𝐸𝑎𝑣𝑔 _𝑚/𝑧_𝑡_𝑏𝑖𝑛 =
   𝑒𝑟𝑟𝑎𝑤𝑏𝑖𝑛 _𝑖

2𝑛
𝑖=1

𝑁
 

Eq. 21 

with Eavg_m/z_t_bin: average error per m/z over all time steps and within one new bin, errawbin_i 
2
: error per 

m/z over all time steps and per raw bin.  

Subsequently, the absolute error for the sum of the mass size distributions of m/z 48 and m/z 64 was 

derived:  

𝐸𝑎𝑏𝑠 _𝑡_𝑏𝑖𝑛 =  𝐸𝑎𝑣𝑔 _48_𝑡_𝑏𝑖𝑛
2 + 𝐸𝑎𝑣𝑔 _64_𝑡_𝑏𝑖𝑛

2  

Eq. 22 

With Eabs_t_bin: error over all respective m/z for all time steps and per new bin, Eavg_m/z_t_bin: average 

error per m/z over all time steps and within one new bin. All errors are in µg m
-3

. 

Finally, the absolute error Eabs_t_bin was scaled to the total signal of particulate sulfate. The scaling 

factor was derived by means of the ratio of the average mass concentration of both m/z 48 and 64 and 
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the average mass concentration of particulate sulfate during the time period used for the size 

distribution. The factor was 5.  

The error bars show that for small diameters until approximately 140 nm the signal is rather noisy and 

ranges around zero. No size distribution can be derived for these diameters. If the errors were exact, 

which they are not since they were up-scaled from individual m/z to the total mass of particulate 

sulfate, they should not be located completely below the zero line. Here, this is the case for only one 

error bar. If the exact error bars were located below the zero line nonetheless, this would be an 

indication that the baseline for the size distribution was not set correctly.  

For larger diameters the error bars indicated that the small scale variations in the size distribution are 

not real but within the statistical uncertainty of the distribution.  
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7.5 Appendix E - CiTTyCAT 

 

CiTTyCAT details 

The following table lists all input species and their volume mixing ratios except for SO2, water vapor 

and O3 which were varied. CO corresponds to the in-situ measurement during Plume V. All other 

values are derived from ARCTAS-summer background conditions.  

Table 20: CiTTyCAT input data for NOx, CO, and VOCs 

Species Volume mixing ratio 

CO 9.5*10
-8

 

NO 1.0*10
-12

 

NO2 17.35*10
-12

 

H2O2 5.71*10
-12

 

HONO2 67.1*10
-12

 

OH 8.37*10
-14

 

HO2 5.69*10
-12

 

PAN 1.73*10
-9

 

C2H4 6.0*10
-11

 

C2H2 9.7*10
-11

 

C4H10 7.0*10
-12

 

C6H6 8.6*10
-14

 

CH4 1.8*10
-6

 

C2H6, C3H8, C3H6, C5H12, C6H14, Isoprene, C7H8, 

C4H8, MeCHO, Me2CO, EtOH 

0.0 
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Customized model output 

Figure 83 illustrates the model output parameters over time which were checked for every run. In total 

CiTTyCAT was programmed to write out about 90 chemical, meteorological (pressure, humidity) and 

physical (date, time, location, radiation) data. This example model run for a geographically fixed box 

was initiated with 20 pmol mol
-1

 SO2 and 50 nmol mol
-1 

O3 at a relative humidity of 10 % at 240 K. 

The calculation was then repeated at the same relative humidity and temperature while iterating 

through the SO2 mixing ratio from 20 to 800 pmol mol
-1

 and through ozone from 50 to 290 nmol mol
-

1
. Such an ensemble of model runs was repeated for changed RH and temperature conditions (RH from 

10 to 90 %, and T = 250 K).  
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Figure 83: Customized model output for a 10 day fixed box run. VMR stands for volume mixing ratio. 

The start values for SO2 and O3 were 20 pmol mol
-1

 and 50 nmol mol
-1

, respectively. 

The amount of particulate sulfate was derived as follows from the volume mixing ratio of sulfuric 

acid. First the volume mixing ratio (VMR) of H2SO4 was converted into µg m
-3

 at STP conditions by 

Eq. 23. 

𝑀𝐶𝑠 = 𝑉𝑀𝑅𝑠 ∗ 𝑀𝑊𝑠 ∗
1

22.4
∗ 109 

 Eq. 23 

With MCs mass concentration of species s in µg m
-3

, MWs molecular weight of species s in g mol
-1

, at 

STP conditions one mol of air equals 22.4 l, and 10
9
 is the conversion factor from g to µg and l to m

3
.  

Eq. 24 provides the conversion factor for sulfuric acid.  

𝑀𝐶𝐻2𝑆𝑂4
= 𝑉𝑀𝑅𝐻2𝑆𝑂4

∗ 98𝐻2𝑆𝑂4
∗

1

22.4
∗ 109 = 4.375 ∗ 109 

 Eq. 24 
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The mass concentration of particulate sulfate (SO4
2-

) is derived by multiplying MCH2SO4
 by the ratio of 

MWSO4
2- and MWH2SO4

 (96/98=0.98).  

The amount of converted SO2 (in %) refers to the ratio of the input VMRSO2
 minus the VMRSO2

 at time t 

over the initial value time 100 %.  

Figure 84 illustrates the production of OH radicals during 10 days as a function of varied ozone 

mixing ratios. The black horizontal lines indicate that at lower ozone abundance more OH radicals are 

formed with time, while at 210 nmol mol
-1

 the production rate is stable and then decreases with larger 

mixing ratios. The data was taken from CiTTyCAT fixed box runs with 10 pmol mol
-1

 SO2 initial 

concentration. The numbers are the same for all SO2 input concentrations. The sine curve form results 

from the photochemistry which depends on solar radiation. Figure 85 shows the same for a box run 

along the representative trajectory where temperature, water vapor abundance and daylight hours are 

varied through the pathway.  
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Figure 84: OH radical production with time at different ozone mixing ratios 
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Figure 85: OH radical concentration along the 10-day trajectory 

Figure 86 shows the dependence of OH radical production on the water vapor and ozone abundance 

after 10 days. Both trace gases influence the formation of OH radicals positively. 
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Figure 86: OH radical concentration as a function of RH and ozone mixing ratio 

In Figure 87 the evolution of the ozone mixing ratio relative to the initial ozone concentration as a 

function of water vapor abundance and initial ozone mixing ratio is given. For low relative humidity 

values and tropospheric ozone mixing ratios there is slight ozone production after 10 days. The higher 

the relative humidity and the ozone concentration, the less ozone is available after 10 days.  
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Figure 87: Fraction relative to the initial ozone mixing ratio after 10 days as a function of relative 

humidity 

As shown in Figure 88, the initial ozone mixing ratio of 50 nmol mol
-1

 (lowermost curve) increases 

slightly when running CiTTyCAT along the trajectory. Above 70 nmol mol
-1

 it decreases.  
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Figure 88: Evolution of the ozone volume mixing ratio with time along the trajectory 

After 10 days more SO2 is converted in the fixed box run the higher the water vapor abundance and 

the higher the initial ozone mixing ratio (Figure 89).  
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Figure 89: Fraction of converted SO2 after 10 days as a function of ozone volume mixing ratio and relative 

humidity 

For the runs along the trajectory, the more SO2 is converted the more initial ozone is available.  
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Figure 90: SO2 conversion with time as a function of ozone mixing ratio along the trajectory 

As above figures and the results from section 3.2.3.2 show, the SO2 conversion is enhanced the more 

water vapor and ozone are present and the warmer the ambient air. Figure 91 presents results from a 

sensitivity study concerning the abundance of VOCs at varied ozone concentrations. For tropospheric 

ozone mixing ratios, more SO2 is converted the more VOCs are available. The trend reverses when 

ozone mixing ratios reach 150 nmol mol
-1

. However, the decrease in SO2 conversion is minimal. 

Relevant effects could only have been observed if the VOCs ratio in the model runs would have been 
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underestimated by more than a factor of 10 (see markers on the abscissa at 1000 %). Therefore, the 

estimated amount of VOCs (as shown in Table 20) did not have an important influence on the final 

model output.  
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Figure 91: Sensitivity of SO2 conversion as a function of VOCs abundance after 10 days. 100 % 

correspond to ARCTAS-summer background mixing ratios.  
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7.6 Appendix F – POLARCAT plumes size distributions 

 

Number and volume size distribution fit function as programmed in the analysis software Igor 6.2 

(Wavemetrics). 

𝑓 𝑑𝑝 =  𝐴𝑖 ∗ 𝑒𝑥𝑝 − 
𝑙𝑛

𝑑𝑝
𝑥𝑖

𝑤𝑖𝑑𝑡𝑕𝑖
 ^2 

2

𝑖=0

 

 Eq. 25 

With dp as particle mobility diameter in µm. For the volcanic aerosol dp is the particle vacuum 

aerodynamic diameter in µm, xi is the mode diameter.  

The above parameters compare as follows to the more commonly known monomodal log normal size 

distribution after Hinds (1999): 

𝑑𝑁

𝑑𝑙𝑜𝑔𝑑𝑝
=

𝑁

 2𝜋𝑙𝑜𝑔𝜍𝑔

∗ 𝑒𝑥𝑝 −
 𝑙𝑜𝑔𝑑𝑝 − 𝑙𝑜𝑔𝑑 𝑔 

2

2 𝑙𝑜𝑔𝜍𝑔 
2   

 Eq. 26 

With σg the geometric standard deviation, 𝑑
 
𝑔   the geometric mean diameter. 

For dN, the factor Ai corresponds to Ni/(sqrt(2π)*widthi), where Ni is the total number concentration 

(cm
-3

) and widthi corresponds to log σg.  

For dV, Ai corresponds to Vi/(sqrt(2π)*widthi), where Vi is the total volume concentration (µm
3
cm

-3
). 

Futhermore ln(dp/xi) corresponds to:   𝑙𝑜𝑔𝑑𝑝 − 𝑙𝑜𝑔𝑑 𝑔  
 

 

 

 



 

 

 

Table 21: Fit parameters for the log normal number and volume size distributions as shown in Figure 80. 

Parameter* Out-of-plume “pure” BB BB/FF no Asia NA / EU, FF / 

little BB 

Sib BB / Asia 

FF 

Asia FF / Sib 

BB 

Plume NA FF 

/ BB 

Plume IV Asia 

FF / Sib BB 

dN 

A0 7680 ± 1370 1332 ± 51.1 600 ± 676 500 ± 309 514 ± 19 300 ± 206   

width0 0.16 ± 0.03 0.53 ± 0.03 0.56 ± 0.21 0.54 ± 0.17 0.93 ± 0.0248 0.58 ± 0.13   

x0 0.023 ± 4e-4 0.043 ± 0.001 0.045 ± 0.012 0.042 ± 0.003 0.078 ± 0.002 0.050 ± 0.009   

A1 2310 ± 934 449 ± 24 374 ± 246 436 ± 124  416 ± 106   

width1 0.28 ± 0.10 0.80 ± 0.08 0.83 ± 0.91 1.01 ± 0.33  0.82 ± 0.18   

x1 0.039 ± 0.002 0.150 ± 0.017 0.110 ± 0.111 0.102 ± 0.048  0.117 ± 0.033   

A2 626 ± 486        

width2 1.21 ± 1.06        

x2 0.054 ± 0.083        

1
9

3
 



 

 

 

Parameter* Out-of-plume “pure” BB BB/FF no Asia NA / EU, FF / 

little BB 

Sib BB / Asia 

FF 

Asia FF / Sib 

BB 

Plume NA FF 

/ BB 

Plume IV Asia 

FF / Sib BB 

dV 

A0 9e-4 ± 3e-4 0.0016 ± 3e-4 0.001 ± 2e-4 0.021 ± 0.004 0.020 ± 8e-4 0.011 ± 0.003 0.018 ± 0.004 0.013 ± 0.004 

width0 0.16 ± 0.01 0.53 ± 0.20 0.47 ± 0.14 0.86 ± 8e-5 1.28 ± 0.07 0.65 ± 0.16 0.81 ± 0.01 0.36 ± 0.18 

x0 0.024 ± 0.001 0.066 ± 0.011 0.062 ± 0.007 0.301 ± 3e-4 0.510 ± 0.047 0.180 ± 0.044 0.285 ± 0.080 0.186 ± 0.015 

A1 1e-3 ± 2e-4 0.050 ± 0.005 0.028 ± 0.003 0.016 ± 0.003  0.034 ± 0.004 0.020 ± 0.009 0.042 ± 0.006 

width1 0.30 ± 0.06 0.80 ± 0.09 1.03 ± 0.10 0.29 ± 1e-4  0.50 ± 0.08 0.30 ± 0.07 0.48 ± 0.09 

x1 0.044 ± 0.002 0.387 ± 0.048 0.436 ± 0.068 0.362 ± 3e-4  0.411 ± 0.014 0.400 ± 0.013 0.415 ± 0.015 

A2 0.018 ± 2e-4        

width2 1.07 ± 0.03        

x2 0.372 ± 0.002        

 

1
9
4
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7.7 Abbreviations and Acronyms 

 

Abbreviation / 

Acronym 

Meaning 

a.s.l. above sea level 

ADC analog to digital converter 

AMS aerosol mass spectrometer 

amu atomic mass unit 

BB biomass burning 

BC black carbon 

CARIBIC Civil Aircraft for the Regular Investigation of the atmosphere Based on the 

Instrument Container 

CCN cloud condensation nuclei 

CE collection efficiency 

COr critical orifice 

CPC condensation particle counter 

C-ToF-AMS compact time-of-flight aerosol mass spectrometer 

DMA differential mobility analyzer 

EARLINET European Aerosol Research Lidar Network 

ECMWF European Centre for Medium-Range Weather Forcast 

EDGAR Emission database for global atmospheric research 

EMEP European monitoring and Evaluation programme 

eV electron volt 

FF fossil fuel combustion 

FLEXPART Lagrangian particle dispersion model 

FMS mode fast mass spectrum mode 

FSC fuel sulfur content 

FT free troposphere 

GDAS Global Data Assimilation System 

GFS Global forecasting system 

HALO High Altitude Long Range Aircraft 
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Abbreviation / 

Acronym 

Meaning 

HR-ToF-AMS high resolution time-of-flight aerosol mass spectrometer 

HV figh voltage 

HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory 

ID inner diameter 

IE ionization efficiency 

IN ice nuclei 

JAR Joint Aviation Requirement 

JMS mode jump mass mode 

LAGRANTO Lagrangian Analysis Tool 

lidar light detection and ranging 

LOD limit of detection 

LSP light scattering probe 

LV-OOA low-volatile oxygenated organic aerosol 

m/z mass to charge ratio 

MCP multi channel plate 

MODIS Moderate-resolution imaging spectrometer 

MS mass spectrometer 

MS mode mass spectrum mode 

MV manual valve 

NCEP National Centers for Environmental Prediction 

NH Northern Hemisphere 

NMHC non-methane hydro carbons 

NMVOC non-methane volatile organic compounds 

NOAA National Oceanic and Atmospheric Administration 

OA organic aerosol 

OD outer diameter 

OOA oxygenated organic aerosol 

PCI pressure controlled inlet 

PDF probability density function 
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Abbreviation / 

Acronym 

Meaning 

PID proportional-integral-derivative controller 

PIXE particle induced X-ray emission 

POA primary organic aerosol 

PSL polystyrene latex sphere 

PToF mode particle time of flight mode 

PVU potential vorticity unit 

pyroCb pyro cumulo nimbus cloud 

Q-AMS quadrupole aerosol mass spectrometer 

RIE relative ionization efficiency 

RH relative humidity 

SI single Ion 

SMPS scanning mobility particle sizer 

SOA secondary organic aerosol 

SP2 single particle soot photometer 

SQUIRREL SeQUential IgoR data REtrievaL  

STE stratosphere-troposphere exchange 

STP standard temperature and pressure 

STT stratosphere-troposphere transport 

SV-OO semi-volatile oxygenated organic aerosol 

TP tropopause 

TST troposphere-stratosphere transport 

UPS uninterruptable power supply 

UTLS upper troposphere, lower stratosphere 

VOC volatile organic compounds 

WCB warm conveyor belt 

WMO World meteorological organization 
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7.8 List of Field Campaign Acronyms 

 

Acronym Meaning 

ACE-Asia Aerosol Characterization Experiment 

ADRIEX Aerosol Direct Radiative Impact Experiment 

ARCPAC Aerosol, Radiation, and Cloud Processes affecting Arctic Climate 

ARCTAS Arctic Research of the Composition of the Troposphere from Aircraft and Satellites 

ARCTAS-

CARB 

Arctic Research of the Composition of the Troposphere from Aircraft and Satellites 

– California Air Resource Board 

CONCERT CONtrail and Cirrus ExpeRimenT 

EUCAARI-

LONGREX  

European integrated project on Aerosol Cloud Climate and Air Quality Interactions 

– LONG Range Experiment 

ICARTT International Consortium for Atmospheric Research on Transport and 

Transformation 

ICE-L Ice in Clouds Experiment-Layer Clouds 

INTEX-B Intercontinental Chemical Transport Experiment 

ISDAC Indirect and Semi-Direct Aerosol Campaign 

ITOP International Transport of Ozone and Precursors 

MEGAPOLI Megacities: Emissions, urban, regional and Global Atmospheric POLlution and 

climate effects, and Integrated tools for assessment and mitigation 

MILAGRO / 

MIRAGE 

Megacity Initiative: Local and Global Research Observations / Megacity Impact on 

Regional and Global Environment 

NEAQS-ITCT 

ICARTT 

New England Air Quality Study – Intercontinental Transport and Chemical 

Transformation 

PAZI Particles from Aircraft: Impact on Cirrus Clouds and Climate 

POLARCAT Polar Study using Aircraft, Remote Sensing, Surface Measurements and Models, of 

Climate, Chemistry, Aerosols, and Transport 

TexAQS II Texas Air Quality Field Studie II 

YAK-

AEROSIB 

Airborne Extensive Regional Observations in Siberia 
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7.9 List of Symbols 

Symbol Description Unit 

A cross section  m
2
 

Ai amplitude, fit parameter for the lognormal size distribution fit function  

ABcorrf air beam correction factor  

b slope parameter for AMS size calibration  

CAMS AMS derived mass concentration without PCI correction  µg m
-3

 

CsAB mass concentration of species s including the air beam correction factor µg m
-3

 

Cavgcpc one minute average counts of the CPC  

Cavglsp one minute average counts of the LSP  

Cc Cunningham slip correction factor  

CE collection efficiency  

CEPCI collection efficiency including the transmission function of the PCI  

CPCavg particle number concentration recorded by the CPC  

CSTP mass concentration at STP conditions  µg m
-3

 

Ctotalcpc total counts by the CPC  

Ctotallsp total counts by the LSP  

d particle diameter  m 

d particle diameter µm 

D* effective scaling diameter of AMS size calibration nm 

d1 diameter of COr1 µm 

𝑑 𝑔   
Geometric mean diameter µm 

dmob mobility diameter nm 

dp particle diameter m 

dp particle vacuum aerodynamic diameter µm 

Dt inner diameter of PCI chamber m 

dva vacuum aerodynamic diameter nm 

dy Julian day of year  

E
+

trans positive total error in the lens transmission efficiency determined by 

means of the mass method 
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Symbol Description Unit 

Eabs_t_bin error over all respective m/z for all time steps and per new bin µg m
-3

 

Eavg_m/z_t error per m/z over all size bins during the measurement interval µg m
-3

 

Eavg_m/z_t_bin average error per m/z over all time steps and within one new bin µg m
-3

 

EB losses due to particles bouncing off the vaporizer  

Ecount total counting statistics error of the counting method  

Ei stands for either the total number (N) or the total volume (V) of a 

particle size distribution 

cm
-3

 or 

µm
3
cm

-3
 

EL losses occurring in the AMS inlet and lens system  

Emass_cpc sum of Mcpcsdev1 and Mcpcsdev2 µg m
-3

 

eri error per bin, time step and m/z µg m
-3

 

errawbin_i 
2
 error per m/z over all time steps and per raw bin µg m

-3
 

ES losses due to non-focusing of irregularly shaped particles after having 

passed through the aerodynamic lens 

 

E
-
trans negative total error in the lens transmission efficiency determined by 

means of the mass method 

 

g gravitational acceleration m s
-2

 

Ib background signal of the AMS  µg m
-3 

or Hz 

Is signal intensity of species s µg m
-3 

or Hz 

IE ionization efficiency  

IENO3 Ionization efficiency of nitrate  

Mams AMS derived mass µg m
-3

 

MC mass concentration µg m
-3

 

Mcpc CPC derived mass µg m
-3

 

Mcpcavg average mass of NH4NO3 derived by the CPC counts  µg m
-3

 

Mcpcsdev1 standard deviation from the mean CPC counts leading to uncertainty in 

the mass of NH4NO3 

µg m
-3

 

Mcpcsdev2 standard deviation found in the size distribution of the monodispers 

aerosol after selection by the DMA  

µg m
-3

 

MG air molecular weight of air g mol
-1 

MNH4NO3
 mass of NH4NO3  µg m

-3
 

MWs Molecular weight of species s g mol
-1
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Symbol Description Unit 

N total number of time steps  

N number density # m
-3

 

NA Avogadro’s number (6.02*10
23

) mol
-1

 

P atmospheric pressure hPa 

Pamb ambient pressure hPa 

Pcpcsdev standard deviation from the mean CPC counts  

Plens pressure inside the aerodynamic lens mbar 

PP fraction of particles out of the entire size distribution at the selected 

diameter 

 

PPCI pressure inside the PCI mbar 

PSTP pressure at standard temperature and pressure conditions 1013.25 hPa 

q specific humidity g kg
-1

 

Q0 volumetric flowrate upstream of COr1 m
3
 s

-1 

R mass resolving power  

R universal gas constant J (Kmol)
-1

 

RIEs relative ionization efficiency of species s  

Re Reynolds number  

S Jayne shape factor  

SDsdev standard deviation from the mean of the particle number fraction of the 

size distribution of the monodispers aerosol at the selected diameter 

 

St Stokes number  

St’ modified Stokes number  

T temperature K 

Uo velocity upstream of COr1 m s
-1

 

Us sound velocity at Cor1 m s
-1

 

v velocity  m s
-1

 

VCor nominal flow rate through the last critical orifice (Cor2) cm
3
 s

-1
 

vg gas velocity at the exit of the aerodynamic lens m s
-1

 

vl gas velocity within the aerodynamic lens m s
-1
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Symbol Description Unit 

Vmeas flow rate measured by the pressure sensor in the aerodynamic lens 

calibrated for standard pressure and a critical orfice of 100 µm 

cm
3
 s

-1
 

VMR volume mixing ratio  

VTS terminal settling velocity m s
-1

 

width width of lognormal distribution  

xi modal diameter µm 

γ adiabatic index for dry air  

η dynamic viscosity kg (ms)
-1

 

Θ potential temperature K 

µ dynamic viscosity kg (ms)
-1

 

ρ density kg m
-3

 

ρ0 unit density  1 g cm
-3

 

ρp particle density  g cm
-3

 

σ standard deviation  

σg geometric standard deviation  

τ lifetime days 
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