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ABSTRACT

Particle number and mass concentrations of submicrometer aerosol particles were determined for the upper troposphere

over the mid-latitude North Atlantic within the Civil Aircraft for Regular Investigation of the Atmosphere Based on an

Instrument Container project (CARIBIC, http://www.caribic-atmospheric.com). Between May 2001 and April 2002,

22 flights from Germany to the Caribbean were conducted using an automated measurement container on a B767

passenger aircraft. Spatial and seasonal probability distributions for ultrafine and Aitken mode particles as well as mass

concentrations of particulate sulphur in 8–12 km altitude are presented. High particle number concentrations (mostly

2500–15 000 particles cm–3 STP) are particularly found in summer over the western North Atlantic Ocean close to

the North American continent. The distributions together with an analysis of particle source processes show that deep

vertical transport is the dominant process leading to most of the events with high particle number concentrations (�8000

particles cm–3 STP) for ultrafine particles as well as for Aitken mode particles. This study emphasizes the importance

of deep vertical transport and cloud processing for the concentration of aerosol particles in the upper troposphere.

1. Introduction

The limited knowledge on aerosol particles in the Earth’s atmo-

sphere still causes one of the largest uncertainties concerning

climate change (http://www.ipcc.ch/SPM2feb07.pdf). This de-

ficiency lies with the complex chemical composition of aerosol

particles, the great variety of chemical and physical processes

they undergo, and their relatively short atmospheric residence

time. In particular, the interaction between aerosol particles and

clouds (indirect climate effects) is not well understood and in-

completely represented in atmospheric models (Lohmann and

Feichter, 2005). Investigations based on a cirrus cloud exper-

iment conducted over Florida indicate that the aerosol in the

free troposphere plays a much more important role in convec-

tive cloud development than previously thought (Fridlind et al.,
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2004). This finding is confirmed by a modelling study (Yin et al.,

2005), which also indicates that already cloud-processed parti-

cles from higher altitudes can be re-entrained into the cloud

and thus influence cloud properties. Even the smallest particles,

known as ultrafine particles (diameter < ∼10 nm) might have

an indirect influence on cloud properties. The reason is that new

particle formation can produce high number concentrations of

such ultrafine particles, exceeding background values by orders

of magnitude. These particles grow by condensation to Aitken

mode particles (∼10 nm < diameter < ∼100 nm) and can thus

serve as cloud condensation nuclei (CCN) (Laaksonen et al.,

2000; Pirjola et al., 2004; Kerminen et al., 2005). However, the

importance of this process and more basically the relative con-

tribution of individual particle sources or particle formation pro-

cesses to the number concentration in the free troposphere are

not well known.

In order to reduce the uncertainties associated with atmo-

spheric aerosol particles, a combined approach of in situ ex-

periments, remote sensing, and modelling studies is needed

106 Tellus 60B (2008), 1
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(Anderson et al., 2005; Andreae et al., 2005; http://www.

ipcc.ch/SPM2feb07.pdf). As part of this approach, atmospheric

measurements providing statistically relevant data with respect

to space and time are necessary. Such data not only improve

process understanding but also help to validate satellite retrieval

algorithms and can be used to verify model results at an increased

level of sophistication.

From 1997 to 2002, aerosol particle and trace gas concen-

trations were measured in 8–12 km altitude in the upper tro-

posphere (UT) and lower stratosphere (LS) within the Civil

Aircraft for Regular Investigation of the Atmosphere Based

on an Instrument Container project (CARIBIC, Brenninkmei-

jer et al., 1999, http://www.caribic-atmospheric.com). Using a

passenger aircraft (Boeing 767-300ER of LTU International Air-

ways, Düsseldorf), the number concentration and the elemental

composition of aerosol particles in the UT/LS were investigated.

During 77 flights and more than 570 000 flight kilometres (∼14.5

times around the globe) from Germany to the Indian subconti-

nent (49 flights), to Southern Africa (6) and to the Caribbean (22),

aerosol particle data were collected, yielding a unique data set.

Having discussed aerosol data on the Indian route (Martinsson

et al., 2001; Heintzenberg et al., 2002; Papaspiropoulos

et al., 2002; Hermann et al., 2003) and on the Africa route

(Heintzenberg et al., 2003), we present here the UT particle con-

centration measurements from the third CARIBIC route, namely

to the Caribbean. Inferred spatial and seasonal distributions of

submicrometer particles yield probability densities which are

representative for the upper troposphere over the mid-latitude

North Atlantic Ocean.

2. Experimental

In this section only a concise description of the CARIBIC sys-

tem and the respective aerosol measurements will be presented.

For more information about CARIBIC we refer the reader to

Brenninkmeijer et al. (1999), Brenninkmeijer et al. (2007) and

http://www.caribic-atmospheric.com. The aerosol measurement

techniques are described in Hermann and Wiedensohler (2001),

Papaspiropoulos et al. (2002), Hermann et al. (2003) and refer-

ences therein.

In the CARIBIC project, aerosol and trace gas instruments

are installed in a modified airfreight container, being a compact

automated observatory. This container was flown in the forward

cargo compartment of the B767-300ER on a monthly basis. An

aerosol and trace gas inlet system permanently mounted on the

bottom side of the aircraft fuselage ten metres from its nose pro-

vided ambient air to the instruments in the cargo compartment.

After completing an outbound and an immediate return flight

the container was unloaded and the collected data and samples

were analysed. The 22 CARIBIC flights to the Caribbean were

conducted from May 2001 to April 2002. The respective flight

tracks are displayed in Fig. 1. They cover most of the North

Atlantic Ocean at mid-latitudes.

Fig. 1. CARIBIC flight tracks along the Caribbean route for (a) winter

and (b) summer. The grey shaded polygon indicates the area which

covers 93% of all measurements in the UT.

The CARIBIC measurement container for the LTU B767

housed two aerosol units comprising three condensation particle

counters (CPCs) and one particle sampler. The CPCs (modified

TSI models 7610) measured integral particle number concentra-

tions in three size ranges with 2 s time resolution. The lower

threshold diameters effective at cruise altitude were ∼4, ∼12

and ∼18 nm, respectively (Hermann and Wiedensohler, 2001).

The upper threshold diameter of 1.3 μm was determined by the

50% transmission efficiency of the inlet system (Hermann et al.,

2001). Raw data were corrected for particle losses in the inlet

and in the sampling line, for pressure-dependent CPC flow rates,

for CPC counting efficiencies and for coincidence in the CPC

optics (cf. Hermann et al., 2003). All concentrations presented in

this work were converted to standard conditions (STP: 1013.25

hPa and 273.15 K). The difference of the readings of the first

two CPCs yields the number concentration of ultrafine particles

(here defined as particles with diameters between 4 and 12 nm,

N4−12), which can be regarded as an indicator for new particle

formation events.

Concentrations measured by the second CPC (N12) strictly

speaking represent the sum of Aitken mode (∼10 nm <

diameter < ∼100 nm) and accumulation mode (∼100 nm <

Tellus 60B (2008), 1
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diameter < ∼1000 nm) particles. However, in the UT the Aitken

mode number concentration normally dominates strongly over

the accumulation mode number concentration (e.g. Clarke and

Kapustin, 2002; Heintzenberg et al., 2002) and hence N12 can

be considered as the number concentration of Aitken mode par-

ticles only. In this study, no data from the third CPC (N18) will

be presented, because the resulting distributions match the N12

distributions well, however, with on average ∼15% lower con-

centrations. Experimental uncertainties in N12 and N4−12 amount

to ±10 and ±35%, respectively (cf. Hermann et al., 2003).

The CARIBIC particle sampling system consisted of 14 par-

allel impactors, which collected particles in the size range from

65 nm to 1.3 μm (Papaspiropoulos et al., 1999). Samples were

taken sequentially (2.5 h duration) and one for each whole flight

(∼8 h). After each flight, samples were analysed for elemental

composition using particle induced X-ray emission (PIXE) at

Lund University.

Besides the aerosol instrumentation, the CARIBIC con-

tainer also housed trace gas measurement devices for CO

(Brenninkmeijer et al., 1999), O3 (Zahn et al., 2002), NO/NOy

(Ziereis et al., 2000) and an air sampler (Brenninkmeijer et al.,

1999). Furthermore, aircraft flight parameters, for example, pres-

sure altitude, aircraft position and true air speed, were recorded

via one of the four aircraft communication buses (ARINC).

To facilitate data interpretation, backward trajectories as well

as horizontal maps and vertical cross-sections of meteorolog-

ical parameters (e.g. potential vorticity) along the individual

flight tracks were calculated by KNMI (Scheele et al., 1996;

http://www.knmi.nl/samenw/ campaign support/CARIBIC/).

3. Data analysis

In this study, only particle concentrations measured at cruise

altitude between 28 000′ and 37 000′ (8.5–11.3 km) were anal-

ysed whereas aircraft ascents and descents were omitted (cf.
Hermann et al., 2003). Moreover, about 82% of these measure-

ments were conducted on flight levels between 31 000′ and

35 000′ (9.4–10.7 km) altitude, that is, in a quite narrow al-

titude range. Within the chosen altitude range, differences in

particle number concentrations are mainly determined by the

actual meteorological situation and particularly in the LS by

the distance to the tropopause and not by the absolute altitude.

Hence data were not classified with respect to altitude. To dis-

tinguish between tropospheric and stratospheric dominated air

masses, the in situ measured ozone values and the chemical

tropopause definition given by Zahn and Brenninkmeijer (2003)

were used. They found that the ozone tropopause threshold value

at mid-latitudes undergoes a uniform seasonal cycle that can be

well approximated by a sinusoidal function, which minimizes in

October/November at 71 ppb and maximizes in April/May at 123

ppb. Accordingly, measurements with ozone mixing ratios either

above or below this threshold value are attributed to either the LS

or the UT, respectively. As the particle samples were taken over

a much longer period (2.5 h), for the classification of UT and LS

samples a different method based on the potential vorticity (PV)

was used (cf. Martinsson et al., 2005). The respective threshold

value was chosen as 2 PVU.

For the data analysis, the 22 flights were divided into a ‘sum-

mer’ half-year from May to August 2001 and a ‘winter’ half-year

from November 2001 to April 2002. This division is a compro-

mise between the desire for information about seasonal differ-

ences in the particle distributions and the need for a sufficient

number of flights in each subset in order to yield sound statistics.

In comparison to the flight tracks on the Indian route, the flight

tracks on the Caribbean route cover a much larger area, and spa-

tial distances between individual flights at a given longitude can

be tens of degree latitude. However, by restricting the analysis

to the latitude band 21.5◦N to 54.5◦N this spread is substantially

reduced. Moreover, 93% of all particle concentrations measured

in the UT fall into a much smaller corridor which is indicated

as grey shaded area in Fig. 1. Hence, the following results can

be regarded as representative for that specific area, that is, the

mid-latitude North-Atlantic Ocean.

Spatial probability distributions of ultrafine particles and

Aitken plus accumulation mode particles in the UT were cal-

culated in the same way as described in Hermann et al. (2003).

Each seasonal and particle size range subset of concentrations

was grouped into 8◦ longitude bands between −82◦W and 6◦E.

Within each band, the data were distributed into 30 concentration

bins of equal logarithmic width (�lnN = 0.065 and 0.103 for

N12 and N4−12, respectively). Each bin contains more than 6500

data points from at least five flights. The resulting distributions

give the probability density function for the particle number con-

centration at a given longitude, in the altitude range 8.5–11.3 km

over the mid-latitude North Atlantic Ocean.

4. Results and discussion

The probability distribution for N12 in the UT over the mid-

latitude North Atlantic Ocean is shown in Fig. 2. In this graph,

colours give the percentage of all data points in a particular lon-

gitude band that fall into a certain concentration bin. To facilitate

comparison with the distributions on the Indian route (Hermann

et al., 2003), the same y-axis scale and the same colour code was

chosen.

In summer (Fig. 2a), Aitken mode particle concentrations over

Western Europe (east of −12◦ longitude) mostly range from

1200 to 6000 particles cm−3 STP. The respective distribution is

quite similar to the one observed over southeastern Europe on

the Indian route (cf. Hermann et al., 2003, Fig. 5a). Likewise,

previous measurements over the British Isles by de Reus et al.

(1998) yielded mean concentration values in about the same

range (800–6400 particles cm−3 STP).

More westward, over the central North Atlantic Ocean be-

tween about−20◦ and−40◦ longitude, the N12 range is quite sim-

ilar to the one over Western Europe (Fig. 2a). The relatively low

Tellus 60B (2008), 1
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Fig. 2. Probability distribution of Aitken plus accumulation mode

particles (N12) in the UT in (a) summer and (b) winter along the

Caribbean route. Colours indicate the percentage of all particle

measurements in a longitude band that fall into a particular

concentration bin. The solid line represents the mean value for each

longitude band, the dashed line the respective median.

concentrations in the three longitude bins ‘−14◦’, ‘−22◦’ and

‘−30◦’ originate almost exclusively from measurements con-

ducted during one flight in May 2001 (out of ten in total for each

bin) and hence might represent a statistical bias. West of ap-

proximately −42◦ longitude, over the Sargasso Sea and close to

the North American continent, N12 becomes highly variable and

reaches high values up to 30 000 particles cm–3 STP. Mostly,

between 2500 and 15 000 particles cm–3 STP were observed.

The high number concentrations and the large variability may

be caused by frequent strong convective activity over the central

and southeastern United States (Li et al., 2005), transporting par-

ticles and particle precursor gases upward into the UT (Thornton

et al., 1997; Talbot et al., 1998; Brunner et al., 2001). Detailed

modelling studies of deep convective clouds confirm this particle

transport way and the occurrence of particle formation in the out-

flow regions (Zhang et al., 1998; Yin et al., 2005; Ekman et al.,

2006). Respective number concentrations for the UT lie in the

same range as observed by CARIBIC. Another source of UT/LS

particles are aircraft emissions, which have their maximum over

North America in the region between ∼34◦ and ∼43◦ northern

latitude and ∼95◦ and ∼77◦ western longitude (Garber et al.,

2005). Particles emitted in that area are likely to be transported

by the prevailing westerlies into the region probed by CARIBIC.

Besides convection, the other effective vertical transport mecha-

nism at mid-latitudes are warm conveyer belts (WCBs), associ-

ated with cyclones (Stohl, 2001). Over North America, cyclones

mainly form in the lee of the Rocky Mountains and transport

air masses from the lower troposphere via WCBs into the UT

(Li et al., 2005). Furthermore, the West Atlantic storm track is a

region where cyclogenesis takes place. In summer, one of the pri-

mary areas where WCB transport pathways reach the UT lies in

the Atlantic storm track region between ∼30◦ and ∼50◦ northern

latitude and ∼20◦ and ∼40◦ western longitude (cf. Stohl, 2001,

Fig. 1). However, comparing the relative contribution to vertical

transport that reaches the UT at northern mid-latitudes over the

North Atlantic, deep convection seems to clearly dominate over

WCBs in summer, as shown by a model comparisons made by

Hess (2005) (cf. Fig. 9, the isentropic surface of that figure corre-

sponds to flight levels along the Caribbean route within ±15 K).

In this publication, also the strong convective activity in summer

over the Caribbean Sea and the Gulf of Mexico becomes clearly

visible. As CARIBIC backward trajectories indicate, part of the

probed air masses closed to the American continent is coming

from this region. Hence there is a tropical influence on the high

number concentrations in the three most westerly longitude bins

of Fig. 2a (i.e. ‘−78◦’, ‘−70◦’ and ‘−62◦’).

Aitken mode particle number concentrations over the mid-

latitude North Atlantic Ocean in winter are generally lower com-

pared to summer (Fig. 2b). Over Western Europe and the central

North Atlantic Ocean, N12 mostly ranges from 700 to 5000 par-

ticles cm–3 STP and increases only little over the western North

Atlantic (1000–6000 particles cm–3 STP). This range of observa-

tion is in good agreement with the measurements made during the

SONEX (Subsonic assessment Ozone and nitrogen Oxides EX-

periment) campaign in the North Atlantic flight corridor (NAFC)

(cf. Thompson et al., 1999). Number concentrations obtained by

Clarke and Kapustin (2002) for the UT over the Pacific lie in

the same range. According to Eckhardt et al. (2004), the two

regions should be comparable with respect to vertical transport

by WCBs. Concerning deep convection, however, there are dif-

ferences for northern hemispheric summer (Hess, 2005). The

contribution to particle concentrations by aircraft emissions will

likely be lower over the Pacific, since the North Atlantic is one

of the regions with the highest aircraft density in the world.

One plausible reason for the lower N12 values in winter can

be the reduced convective activity over North America (Brunner

et al., 2001; Hess, 2005). Likewise, the contribution to vertical

transport by WCBs into the region probed by CARIBIC seems to

be lower in winter compared to summer (cf. Stohl, 2001, Fig. 1).

According to a 15-yr WCB climatology by Eckhardt et al. (2004),

the mass flux into the UT over the North Atlantic caused by

WCBs in winter is much higher than in summer, but it seems

Tellus 60B (2008), 1
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that the majority of WCB pathways actually do not reach the

cruising altitudes of airliners (cf. Hess, 2005, Fig. 9; Eckhardt

et al., 2004, Fig. 5). As the number of aircraft flights over the

northeastern USA in winter is reduced by only a few percent

compared to summer (Garber et al., 2005), but the particle prob-

ability distributions shows much lower concentrations, this is

a first indication that aircraft emissions are not the dominant

sources for N12 particles over the western North Atlantic Ocean

(cf. discussion of Fig. 5).

In recent years several global atmospheric models have been

developed and tested which included specific aerosol micro-

physics modules (e.g. Adams and Seinfeld, 2002; Liu et al.,

2005; Spracklen et al., 2005; Lauer and Hendricks, 2006; Verma

et al., 2007). Unfortunately, presented data and comparisons with

experimental data focused on surface concentrations or zonal

averaged vertical cross-sections and to our knowledge, there are

no regional or global concentration maps available for the UT.

However, it would be highly desirable to compare CARIBIC

data with such models in order to support data interpretation and

to evaluate model performance (Lucas and Akimoto, 2006).

The distribution of the ultrafine particle number concentra-

tion is displayed in Fig. 3. In summer (Fig. 3a), N4−12 val-

ues over Western Europe lie in the range of less than 50–
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Fig. 3. Probability distribution of ultrafine particles (N4−12) in the UT

in (a) summer and (b) winter along the Caribbean route.

1000 particles cm–3 STP, indicating only moderate particle for-

mation activity. In one fifth of all cases there are nearly no ul-

trafine particles at all. It should be noted that N4−12 values of

∼50 particles cm–3 STP or less might arise from statistical fluc-

tuations in the particle concentrations measured independently

by the two CPCs. Hence these low concentrations indicate ef-

fectively the likely absence of ultrafine particles and absolute

numbers are uncertain. The range of concentrations displayed

in Fig. 3a is again in good agreement with results presented

by de Reus et al. (1998) for the same region and time of the

year. However, the values are quite different to the ones obtained

for southeastern Europe, where particle formation was observed

quite regularly giving mostly 200–3500 particles cm–3 STP (cf.
Hermann et al., 2003, Fig. 7a). As the two regions are located

at approximately the same latitude band, with the latter being

shifted by approximately 20◦ towards the east, this might be in-

dicative of the influence of the European continent (precursor

sources and deep convection) on the particle formation activity

in the UT.

Over the central North Atlantic ultrafine particles occur less

frequently, but if so, then in approximately the same concentra-

tion range as over Western Europe. In 35% of all cases N4−12 val-

ues are close to zero. This picture changes west of approximately

−64◦ longitude, where over the Sargasso Sea ultrafine particles

are observed quite regularly with concentrations of mostly 200 to

14 000 particles cm–3 STP, indicating particle formation activity

in the UT. Again, aircraft emissions (e.g. Brock et al., 2000) and

vertical transport, for example, by deep convective clouds (Liu

et. al., 2001; Twohy et al., 2002; Bertram et al., 2007) are the

most likely sources.

A noteworthy aspect is that the ultrafine particle concentra-

tions presented here might not only be influenced by the geo-

graphical location (i.e. longitude and latitude), but also be af-

fected by the measurement time, that is, the local time of day

(LTD). Because of airline operating conditions, the CARIBIC

aircraft probed specific regions of the Caribbean route always at

about the same time of day. The measurements over the west-

ern North Atlantic were carried out mostly during local daytime

(11–20 LTD), whereas the measurements over the eastern North

Atlantic took place late at night and in the morning hours (03–

12 LTD). These time windows hold for both, summer and win-

ter flights. Hence, the distributions of ultrafine particles shown

here should also reflect any diurnal variation of particle source

processes, for example, particle formation in the context of deep

convective clouds, which includes photochemistry. Aitken mode

particles, which have a longer lifetime, are less sensitive to this

effect.

The N4−12 particle distribution for winter is less coherent

compared to summer (Fig. 3b). Ultrafine particle concentra-

tions found over Western Europe can be higher, lying mostly

either below 50 particles cm–3 STP or between 150 and 2000

particles cm–3 STP. Again, approximately 20% of all measure-

ments show nearly no ultrafine particles. Over the central North

Tellus 60B (2008), 1
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Atlantic, N4−12 particles were observed more frequently and with

higher variability compared to summer. N4−12 values close to the

North American continent are lower and mostly lie either be-

low 50 particles cm–3 STP or range from 150 to 3000 particles

cm–3 STP. For both seasons, ultrafine particle concentrations

observed on the Caribbean route lie in the same range as re-

ported by Clarke and Kapustin (2002) for the eastern Pacific

Ocean.

The higher ultrafine particle concentrations over the eastern

North Atlantic and Western Europe in winter might be explained

by the stronger deep convective activity over the ocean compared

to summer (cf. International Satellite Cloud Climatology Project

(ISCCP), http://isccp.giss.nasa.gov/). Conversely, the vertical

transport by deep convection is reduced in winter over the conti-

nents. Hence, the N4−12 values close to North America are lower.

The elemental analysis of particles sampled in the UT over

the mid-latitude North Atlantic Ocean yielded that sulphur was

the most abundant element and had the highest concentrations, in

agreement with former studies (e.g. Papaspiropoulos et al., 2002;

Kojima et al., 2004). Interpreting this result, it should be con-

sider that the PIXE analysis method generally cannot detect light

elements, like for instance carbon and hence organic material,

because of technical reasons. In the near future, however, proton

elastic scattering analysis (PESA) will extend the analytic capa-

bility on aerosol particles within CARIBIC (cf. Nguyen H. N. and

B. G. Martinsson, Analysis of C, N and O in Aerosol Collected

on an Organic Backing using Internal Blank Measurements

and Variable Beam Size, Nuclear Instruments and Methods B,

in press).

The spatial distribution of particulate sulphur along the

Caribbean route is shown in Fig. 4. Displayed are individual

samples (circles) and median values (bars) in four longitude

bands. These bands were chosen by the criterion of approxi-

mately equal number of flights per band. In general, the features

in the particulate sulphur concentration are not as pronounced

as in the particle number concentration. For summer, sulphur

concentrations mostly range from 4 to 28 ng m–3 STP. However,

during one flight in August, 2001 for two successive samples two

of the highest concentrations ever measured during CARIBIC

were recorded with 66 and 96 ng m–3 STP (grey circles).

These high concentrations are common in the upper part of

the lowermost stratosphere (Martinsson et al., 2005). However,

PV values for the respective sampling periods remain below

1.7 PVU, with 85% below 1.5 PVU, and hence are too low to

indicate air masses from that part of the lowermost stratosphere.

In the upper troposphere such high particulate sulphur concen-

trations are scarce indeed. Out of 155 tropospheric samples

taken during the CARIBIC-LTU period only seven observations

of particulate sulphur concentrations in excess of 40 ng m–3

STP were made. Five-day backward trajectories show no, and

14-d backward trajectories only little evidence for the possible

uptake of polluted air over continents. Likewise, trace gas

analysis of the respective air samples (altogether seven) does not
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Fig. 4. Particulate sulphur concentrations (ng m–3 STP) along the

Caribbean flight route. Displayed are the individual samples (circles)

and the median concentrations (bars) for four longitude bands. Band

limits where determined by the criterion of approximately equal

number of measurements per longitude band. The two samples

indicated by the grey circles lie outside the indicated y-axis range.

show any unusually elevated values. The concurrently measured

greenhouse gases, namely CO2, CH4, N2O, SF6 and also

halocarbons and hydrocarbons do not give a clue for pollution.

N2O concentrations for all seven air samples are larger than

314 pbb, which indicates tropospheric air masses. What does

however correlate are O3 and 14CO. With 14CO being elevated in

the stratosphere, this cosmogenic isotope is a sensitive indicator

for stratospheric air. Moreover, using the chemical tropopause

definition (cf. Section 3), about 16 and 39% of the sampling

time of the 66 and 96 ng m–3 STP sample, respectively, is

indicated as ‘stratospheric’. The PV map and cross-section

show that the aircraft flew just below the tropopause parallel

to the northern edge of a decaying PV-streamer that extended

from Europe in a southwestward direction over the Atlantic

(http://www.knmi.nl/samenw/campaign support/CARIBIC/110

801/index.html). In this way the aircraft took advantage of a

region with low and locally even westward directed winds.

The wind shears on the edge of PV streamers are preferred

regions for mixing of stratosphere and troposphere air by

dynamically generated turbulence. Hence we conclude that the
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two high particulate sulphur concentration samples measured

on the August 2001 flight represent a several weeks old aerosol

(no indication for recent pollution) with some influence of

stratospheric air.

In winter, the range of observed particulate sulphur concentra-

tions is slightly smaller compared to summer (Fig. 4). Respective

concentrations lie between 8 and 24 ng m–3 STP and regional

mean values fall into in the same range as in summer (10–19 ng

m–3 STP). The difference is, however, that there is a spatial shift,

from low values over the western North Atlantic Ocean in sum-

mer to low values over Western Europe in winter. This feature is

consistent with the picture for the particle number concentration

given above, because deep convection reduces particle mass by

activation and removal of larger particles.

One of the main, still open questions concerning the UT/LS

aerosol, pertains to the relative contributions of different parti-

cle sources to the aerosol load in the UT/LS. To get an estimate

of that, we used several tracers to identify source processes or

regions of aerosol particle number concentration. Air originat-

ing from the lowermost stratosphere mostly contains an aged

aerosol (Hamill et al., 1997) and can be identified using the in

situ measured ozone concentrations (cf. Section 3). Particle num-

ber concentrations are rather low (<a few hundred particles cm–3

STP) and the concentration time series is rather even. In contrast,

air influenced by surface sources can be identified by elevated

CO mixing ratios and by using backward trajectories. This ver-

tical transport is usually associated with clouds, which can be

seen in the respective satellite pictures (cf. http://www.knmi.nl/

samenw/campaign support/CARIBIC/). Particle number con-

centration peaks caused by vertical transport are rather broad

(several minutes in time series, corresponding to a few tens of

kilometres in flight distance) and are highly structured compared

to the background (cf. Wang et al., 2000). Part of this variability is

caused by lightning events in deep convective clouds, which can
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Fig. 5. Histogram of N12 particle number

concentrations for the three CARIBIC flights

in March, 2002. Shown are the probabilities

for all data points (UT plus LS) as grey bars

and the relative contribution to the individual

bars by aircraft emission (solid line), vertical

transport (dotted line) and stratospheric air

masses (dashed line). Bars are displayed at

the logarithmic median of the bin

concentration range. The first and the last bin

represent all values smaller than 500

particles cm–3 STP and larger than 40 000

particles cm–3 STP, respectively.

produce high particle number concentrations (Huntrieser et al.,

2002). For this study, we used all three sources of information:

backward trajectories, particle number peak form and an increase

of the mean CO concentration by at least 10 ppb during the peak

period compared to the CO values before and after the peak,

to identify air masses which were brought into the UT/LS by

relative fast vertical transport.

To estimate the contribution of aircraft emissions to the UT/LS

aerosol, we used the in situ measured NO and NOy mixing ratios

as described in Schlager et al. (1997) or Anderson et al. (1999).

Unfortunately, these data were only available for three flights

in March 2002, because the NOy instrument was incorporated

in the CARIBIC payload only after spring 2002. Therefore, the

following analysis is restricted to these three flights and the ob-

tained results are representative only for that time of the year.

Particle number concentration peaks caused by aircraft emis-

sions are short spikes (few seconds to minutes in time series).

As an aircraft plume ages, its signature wanes, first in H2O and

CO2, subsequently in NOy and in particle concentrations. Hence,

only fresh aircraft emissions with high particle concentrations

can be identified directly and an estimate of the contribution to

the background aerosol is not made here. For the source analy-

sis, we used the particle number peak form and the occurrence

of a similar peak in NO and in the NO/NOy ratio (>0.2 over sur-

rounding value) as criteria in order to identify the contribution

of aircraft to the UT/LS particle number concentration.

In Fig. 5, a histogram of all N12 values measured during the

three March 2002 flights is given (UT plus LS). This frequency

distribution was calculated using 13 logarithmic equally spaced

concentrations bins between 500 and 40 000 particles cm–3

STP. The distribution is roughly lognormal tailed towards higher

concentrations and has its maximum slightly below 2000 parti-

cles cm–3 STP in agreement with previous data presented by

Thompson et al. (1999). This consistency gives some
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confidence that although based on three flights only, the pre-

sented results are not biased by individual meteorological

conditions.

As Fig. 5 shows, N12 values over the North Atlantic, which

are larger than 10 000 particles cm–3 STP coincide with and are

probably caused by vertical transport processes (dotted line). In

contrast, aircraft emissions contribute only ∼4% on average to

these particle concentrations (solid line). As particles produced

by aircraft emissions or lightning were hard to distinguish with

the available trace gas information, we decided to attribute all

small spikes in regions we found influenced by vertical transport

to lightning/vertical transport. Consequently the relative contri-

bution of aircraft emissions to high aerosol particle concentra-

tions is underestimated. Approximately one-fifth of all probed

air masses showed influence of vertical transport. Assuming a

regular distribution of aircraft emissions within the NAFC, its

relative contribution should be higher by approximately 25%.

Even including this correction, the relative contribution of air-

craft emissions to high particle concentrations in the UT/LS in

March is small, only about 5%. This value is in good agreement

with the one found by Wang et al. (2000), who estimated a 6–7%

contribution by aircraft to high particle number concentrations

of particles larger than 8 nm over the mid-latitude North Atlantic

for October/November 1997.

Figure 5 also shows that the sum of vertical transport and air-

craft emission processes on average accounts for more than 92%

of all N12 values larger than 10 000 particles cm–3 STP. This

finding implies that other particle source processes, like particle

formation due to mixing of tropospheric and stratospheric air

masses (de Reus et al., 1998; Zahn et al., 2000; Khosrawi and

Konopka, 2003) or particles generated by atmospheric waves

(Nilsson et al., 2000), contribute only little to such strong events.

It should be noted, however, that below 10 000 particles cm–3
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Fig. 6. Very low N12 particle concentrations

in deep convective cloud outflow. These

concentrations were measured during the

flight on March 7, 2002 between −27.5◦ and

−30.4◦ longitude and 39.4◦ and 39.0◦

latitude. Polluted boundary layer air masses

(indicated by high CO, solid circles) were

transported from Europe southwest and west

into a deep convective cloud system west of

Morocco (indicated by trajectories and

satellite pictures, cf. http://www.knmi.nl/

samenw/campaign support/CARIBIC),

where they were lifted to flight altitude. N12

and N4−12 concentrations are displayed by

the dark grey and light grey areas,

respectively, ozone by the solid line.

STP the relative contribution of both aircraft emissions and ver-

tical transport decreases and other processes might become im-

portant. However, as lower concentrations likely represent older

air masses, which already experienced some degree of mixing

with background air, the decrease of both curves can also be

explained by the loss of the source signature of the respective

peaks. Therefore, particle concentrations in the middle of the

concentration range cannot clearly be attributed to any one of

the sources.

At the lower end of the particle concentrations shown in Fig. 5,

below 700 particles cm–3 STP, approximately two third of all

concentrations were measured in air masses, which show a strato-

spheric signature. This result is in agreement with the global

mean vertical circulation pattern, which includes a mean down-

ward transport of aged air masses from the stratosphere into

the troposphere at mid- to high-latitudes. However, there are

also cases, where tropospheric air masses show very low par-

ticle number concentrations. One such case where an air mass

originating from the lowermost part of the troposphere shows

very low N12 values is presented in Fig. 6. During the flight

from Düsseldorf to Puerto Plata on March 7, 2002, elevated

CO mixing ratios of ∼108 ppb and low ozone values of ∼45

ppb were observed over 20 min between −27.5◦ and −30.4◦

longitude and 39.4◦ and 39.0◦ latitude. Both trace gases in-

dicate a fast vertical transport of boundary layer air masses.

The respective trajectories and satellite pictures show that a

high-pressure system west of Portugal transported low level air

from Europe southwestward to the Atlantic Ocean (cf. http://

www.knmi.nl/samenw/campaign support/CARIBIC/). West of

Morocco, a deep convective cloud system associated with a cut-

off low lifted the air within a few hours to flight altitude. Approx-

imately fourteen hours later this air was probed by the CARIBIC

aircraft. The interesting feature of this cloud affected air is that

Tellus 60B (2008), 1



114 M. HERMANN ET AL.

0

5

01

51

02

52

F
re

q
u
e
n
c
y 

o
f 
a
ll 

D
a
ta

 P
o
in

ts
  
[%

]

00105 0001005 00005000010005

0

02

04

06

08

001

:yb noitubirtnoc

noissime tfarcria  

tropsnart lacitrev  

ria cirehpsotarts  

F
re

q
u
e
n
c
y 

o
f 
A

ir
c
ra

ft
 E

m
is

s
io

n
, 
V

e
rt

ic
a
l 
T

ra
n
s
p
o
rt

a
n
d
 S

tr
a
to

s
p
h
e
ri
c
 A

ir
  
[%

]

N noitartnecnoC rebmuN elcitraP 
21-4

mc/selcitrap[  
3

]PTS 

Fig. 7. Histogram of N4−12 particle number

concentrations for the three CARIBIC flights

in March, 2002. Same representation as

Fig. 5, however, concentration borders were

50 and 40 000 particles cm–3 STP,

respectively.

N12 values are very low, ∼200 particles cm–3 STP on average,

∼100 particles cm–3 STP at minimum. Note that these concentra-

tions correspond to ∼66 particles cm–3 and ∼33 particles cm–3

at ambient conditions. Such numbers are quite low for continen-

tally influenced air masses and they demonstrate how efficiently

deep convective clouds can act as particle filter (Zhang et al.,

1998; Martinsson et al., 2000; Schwarzenboeck et al., 2000).

Cut-off lows are notorious for their intense precipitation and thus

particle scavenging. In the distribution displayed in Fig. 5, ap-

proximately one third of all measurements of the lowest bin show

an influence of vertical transport. Most cases of cloud outflow

measurements in the UT presented in the literature focus on high

particle number concentrations caused by these clouds. Here, a

case is shown, were the concentrations are initially very low.

However, this case still fits into the picture of elevated particle

concentrations caused by deep convective clouds, because, as it

can be seen in Fig. 6, the reduced particle surface area (low N12)

in the respective air mass facilitates the formation of ultrafine

particles.

The histogram of the N4−12 values for the March flights is

shown in Fig. 7 in a similar way as in Fig. 5, however with a

broader concentration range. Again number concentrations are

lognormally distributed and tailed towards higher values. As for

N12, vertical transport dominates in all cases with high number

concentrations. On average, 82% of all measurements with N4−12

larger than 5100 particles cm–3 STP are caused by this process.

Aircraft emissions contribute 13% (on average, incl. convective

area correction), which is three times as high as for N12. Again,

these two processes are the dominant ones, as the sum of both

processes account for more than 95% of all high concentration

cases. At the lower end of the concentration distribution approxi-

mately one third of all measurements are of stratospheric origin.

The other measurements likely indicate aged tropospheric air

masses.

5. Conclusions and outlook

In this study, we presented particle number and mass concentra-

tions measured in the upper troposphere over the mid-latitude

North Atlantic Ocean by CARIBIC. Between May 2001 and

April 2002, 22 measurement flights were conducted between

Germany and the Caribbean using an automated measurement

container on a passenger aircraft. Number concentrations ob-

tained for ultrafine particles and Aitken mode particles were

used to calculate probability distributions for summer and winter

seasons. Aitken mode particles show a longitudinal gradient in

summer with a maximum (mostly 2500–15 000 particles cm–3)

over the western North Atlantic close to the North American

continent. In winter, concentrations are generally lower and the

gradient is smaller. Ultrafine particle distributions are patchier

compared to the Aitken mode particle distributions, but again

show a maximum over the western North Atlantic in summer.

These distributions together with analyses from the literature al-

ready indicate that deep vertical transport is an important source

process for both kinds of particles. Using the additional informa-

tion of trace gas mixing ratios, backward trajectories and satel-

lite pictures, an analysis of particle source processes confirms

this picture. High particle concentrations (�8000 particles cm–3

STP) for March 2002 are in about 85% of all cases associated

with deep vertical transport and aircraft emissions contribute

only 5% (Aitken mode) and 13% (ultrafine mode) to these events.

Elemental analysis of the submicrometer particles using PIXE

yielded sulphur to be the most abundant element with the high-

est concentrations, in the range of 4–28 ng m–3 STP. The spatial

distribution of sulphur mass is in agreement with the findings

from the particle number concentration.

In summer 2002, LTU decommissioned the CARIBIC B767-

300ER. To continue the measurements, a new CARIBIC sys-

tem onboard a Lufthansa Airbus A340-600 was constructed

Tellus 60B (2008), 1



UT/LS PARTICLE NUMBERCONCENTRATIONS 115

(Brenninkmeijer et al., 2007). It comprises a new container and a

novel sampling inlet, including for the first time a video camera

and telescopes for a differential optical absorption spectroscopy

(DOAS) system. Several new or improved trace gas instruments

were included, for example, for O3, CO, NO/NOy, H2O and a 28

sample capacity air sampler. Furthermore, an improved particle

sampler (16 channels plus electron microscopy grids) and an op-

tical particle counter for particle size distribution measurements

in the size range 0.15–5.0 μm were developed.

On November 13, 2004, the new CARIBIC system had its

successful maiden flight from Frankfurt to Buenos Aires. Since

May 2005, the system is fully operational and flown once a month

on one of the primary routes from Germany to South America or

to East Asia. Due to the improved analytical capability of the new

system it will be possible to quantify the contribution of different

particle source processes in the UT/LS better than before. The

CARIBIC aerosol data set will grow and can become a useful

tool for the validation of atmospheric models and satellite data

as well.
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co-authors. 2002. Airborne measurements of NOx, trace species and

small particles during the European Lightning Nitrogen Oxides Ex-

periment. J. Geophys. Res. 107, doi:10.1029/2000JD000209.

Tellus 60B (2008), 1



116 M. HERMANN ET AL.

Kerminen, V.-M., Lihavainen, H., Komppula, M., Viisanen, Y. and

Kulmala, M. 2005. Direct observational evidence linking atmospheric

aerosol formation and cloud droplet activation. Geophys. Res. Lett. 32,

L14803, doi:10.1029/2005GL023130.

Khosrawi, F. and Konopka, P. 2003. Enhanced particle formation and

growth due to mixing processes in the tropopause region. Atmos. En-
viron. 37, 903–910.

Kojima, T., Buseck, P. R., Wilson, J. C., Reeves, J. M. and Mahoney,

M. J. 2004. Aerosol particles from tropical convective systems:

cloud tops and cirrus anvils. J. Geophys. Res. 109, D12201,

doi:10.1029/2003JD004504.

Laaksonen, A., Pirjola, L., Kulmala, M., Wohlfrom, K.-H., Arnold, F.

and co-authors. 2000. Upper tropospheric SO2 conversion into sulfuric

acid aerosols and cloud condensation nuclei. J. Geophys. Res. 105,

1459–1469.

Lauer, A. and Hendricks, J. 2006. Simulating aerosol microphysics with

the ECHAM4/MADE GCM-Part II: results from a first multiannual

simulation of the submicrometer aerosol. Atmos. Chem. Phys. 6, 5495–

5513.

Li, Q., Jacob, D. J., Park, R., Wang, Y., Heald, C. L. and co-authors.

2005. North American pollution outflow and the trapping of convec-

tively lifted pollution by upper-level anticyclone. J. Geophys. Res.
110, D10301, doi:10.1029/2004JD005039.

Liu, X., Hegg, D. A. and Stoelinga, M. T. 2001. Numerical simulation

of new particle formation over the northwest Atlantic using the MM5

mesoscale model coupled with sulfur chemistry. J. Geophys. Res. 106,

9697–9715.

Liu, X., Penner, J. E. and Herzog, M. 2005. Global modeling of

aerosol dynamics: model description, evaluation, and interactions be-

tween sulfate and nonsulfate aerosols. J. Geophys. Res. 110, D18206,

doi:10.1029/2004JD005674.

Lohmann, U. and Feichter, J. 2005. Global indirect aerosol effects: a re-

view. Atmos. Chem. Phys. 5, 715–737. SRef-ID: 1680-7324/acp/2005-

5-715.

Lucas, D. D. and Akimoto, H. 2006. Evaluating aerosol nucleation pa-

rameterizations in a global atmospheric model. Geophys. Res. Lett.
33, L10808, doi:10.1029/2006GL025672.

Martinsson B. G., Frank, G., Cederfelt, S.-I., Berg, O. H., Mentes, B.

and co-authors. 2000. Validation of very high cloud droplet number

concentrations in air masses transported thousands of kilometers over

the ocean. Tellus 52B, 801–814.

Martinsson, B. G., Papaspiropoulos, G., Heintzenberg, J. and Hermann,

M. 2001. Fine mode particulate sulphur in the tropopause region mea-

sured from intercontinental flights (CARIBIC). Geophys. Res. Lett.
28, 1175–1178.

Martinsson, B. G., Nguyen, H. N., Brenninkmeijer, C.A.M., Zahn, A.,

Heintzenberg, J. and co-authors. 2005. Characteristics and origin of

lowermost stratospheric aerosol at northern midlatitudes under vol-

canically quiescent conditions based on CARIBIC observations. J.
Geophys. Res. 110, D12201, doi:10.1029/2004JD005644.

Nilsson, E. D., Pirjola, L. and Kulmala, M. 2000. The effect of atmo-

spheric waves on aerosol nucleation and size distribution. J. Geophys.
Res. 105, 19917–19926.

Papaspiropoulos, G., Mentes, B., Kristiansson, P. and Martinsson,

B. G. 1999. A high sensitivity elemental analysis methodology

for upper tropospheric aerosol. Nucl. Instr. Meth. B 150, 356–

362.

Papaspiropoulos, G., Martinsson, B. G., Zahn, A., Brenninkmeijer,

C.A.M., Hermann, M. and co-authors. 2002. Aerosol elemental con-

centrations in the tropopause region from intercontinental flights with

the Civil Aircraft for Regular Investigation of the Atmosphere Based

on an Instrument Container (CARIBIC) platform. J. Geophys. Res.
107, 4671, doi:10.1029/2002JD002344.

Pirjola, L., Lehtinen, K.E.J., Hansson, H.-C. and Kulmala, M. 2004. How

important is nucleation in regional/global modelling?. Geophys. Res.
Lett. 31, L12109, doi:10.1029/2004GL019525.

Scheele, M. P., Siegmund, P. C. and van Velthoven, P. F. J. 1996. Sensitiv-

ity of trajectories to data resolution and its dependence on the starting

point: in or outside a tropopause fold. Meteorol. Appl. 3, 267–273.

Schlager, H., Konopka, P., Schulte, P., Schumann, U., Ziereis, H. and co-

authors. 1997. In situ observations of air traffic emission signatures in

the North Atlantic flight corridor. J. Geophys. Res. 102, 10739–10750.

Schwarzenboeck A., Heintzenberg, J. and Mertes, S. 2000. Incorpora-

tion of aerosol particles between 25 and 850 nm into cloud elements:

measurements with a new complementary sampling system. Atmos.
Res. 52, 241–260.

Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M. P. and

Mann, G. W. 2005. A global off-line model of size-resolved aerosol

microphysics. I: model development and prediction of aerosol prop-

erties. Atmos. Chem. Phys. 5, 2227–2252.

Stohl, A. 2001. A 1-year lagrangian ”climatology” of airstreams in the

northern hemisphere troposphere and lowermost stratosphere. J. Geo-
phys. Res. 106, 7263–7279.

Talbot, R. W., Dibb, J. E. and Loomis, M. B. 1998. Influence of ver-

tical transport on free tropospheric aerosols over the central USA in

springtime. Geophys. Res. Lett. 25, 1367–1370.

Thompson, A. M., Sparling, L. C., Kondo, Y., Anderson, B. E., Gregory,

G. L. and co-authors. 1999. Perspectives on NO, NOy and fine aerosol

sources and variability during SONEX. Geophys. Res. Lett. 26, 3073–

3076.

Thornton, D. C., Bandy, A. R., Blomquist, B. W., Bradshaw, J. D. and

Blake, D. R. 1997. Vertical transport of sulfur dioxide and dimethyl

sulfide in deep convection and its role in new particle formation. J.
Geophys. Res. 102, 28501–28509.

Twohy, C. H., Clement, C. F., Gandrud, B. W., Weinheimer, A. J.,

Campos, T. L. and co-authors. 2002. Deep convection as a source

of new particles in the midlatitude upper troposphere. J. Geophys.
Res. 107, 4560, doi:10.1029/2001JD000323.

Verma, S., Boucher, O., Reddy, M. S., Upadhyaya, H. C., Van Le, P.

and co-authors. 2007. Modeling and analysis of aerosol process in an

interactive chemistry general circulation model. J. Geophys. Res. 112,

D03207, doi:10.1029/2005JD006077.

Wang, Y., Liu, S. C., Anderson, B. E., Kondo, Y., Gregory, G. L. and

co-authors. 2000. Evidence of convection as a major source of conden-

sation nuclei in the northern midlatitude upper troposphere. Geophys.
Res. Lett. 27, 369–372.

Yin, Y., Carslaw, K. S. and Feingold, G. 2005. Vertical transport and

processing of aerosols in a mixed-phase convective cloud and the

feedback on cloud development. Q. J. R. Meteorol. Soc. 131, 221–

245, doi: 10.1256/qj.03.186.

Zahn, A., Brenninkmeijer, C.A.M., Maiss, M., Scharffe, D., Crutzen,

P. J. and co-authors. 2000. Identification of extratropical 2-way

troposphere-stratosphere mixing based on CARIBIC measurements

of O3, CO, and ultrafine particles. J. Geophys. Res. 105, 1527–1535.

Tellus 60B (2008), 1



UT/LS PARTICLE NUMBERCONCENTRATIONS 117

Zahn, A., Brenninkmeijer, C.A.M., Crutzen, P. J., Heinrich, G., Fischer,

H. and co-authors. 2002. Budgets of O3 and CO in the upper tropo-

sphere: the CARIBIC aircraft results 1997–2001. J. Geophys. Res.
107, 4337, doi:10.1029/2001JD001529.

Zahn, A and Brenninkmeijer, C.A.M. 2003. New directions: a chemical

tropopause defined. Atmos. Environ. 37, 439–440.

Zhang, Y., Kreidenweis, S. and Taylor, G. R. 1998. The effects of clouds

on aerosol and chemical species production and distribution. Part III:

aerosol model description and sensitivity analysis. J. Atmos. Sci. 55,

921–939.

Ziereis, H., Schlager, H., Schulte, P., van Velthoven, P. F. J. and Slemr,

F. 2000. Distributions of NO, NOx, and NOy in the upper troposphere

and lower stratosphere between 28◦N and 61◦N during POLINAT 2.

J. Geophys Res. 105, 3653–3664.

Tellus 60B (2008), 1


