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Referat:

Um die Rolle von Aerosolpartikeln beim Strahlungsantrieb und der heterogenen chemischen
Prozessen in der oberen Troposphidre und untersten Stratosphdre (OT/US) verstehen zu
konnen, ist es unabdingbar die PartikelgroBenverteilung zu kennen. Messungen der
PartikelgroBenverteilung in dieser Region sind allerdings aufwendig. Der Einsatz von
Forschungsflugzeugen ist teuer und deshalb zeitlich und rdumlich nur begrenzt.
Satellitenmessungen bieten zwar eine gute zeitliche und rdumliche (horizontal) Abdeckung,
aber nur eine begrenzte vertikale Auflosung. Weiterhin konnen bisherige Satellitenmessungen
die PartikelgroBenverteilung nicht auflésen. Im Rahmen dieser Arbeit wurde deshalb ein
optischer Partikelzdhler (OPC) Messeinschub fiir den Einsatz an Bord eines Langstrecken-
Passagierflugzeugs aufgebaut (CARIBIC Projekt, www.caribic-atmospheric.com). Mit
diesem Messeinschub kann regelmdfig und kosteneffizient die PartikelgroBenverteilung des
Akkumulationsmodes in der OT/US gemessen werden. Im April 2010 wurde der neue OPC
Einschub erstmals an Bord des Lufthansa Airbus A340-600 (D-AIHE) installiert um die
Vulkanasche der Eyjafjallajokull Eruption (April bis Mai 2010) zu messen. Seit Juni 2010
misst der OPC Einschub auf durchschnittlich vier Interkontinentalfliigen pro Monat die
PartikelgroBenverteilung der OT/US im GréBenbereich zwischen 125 und 1300 nm
Partikeldurchmesser. Wihrend des Fluges speichert die Datenerfassung alle Rohsignale ab
und ermdoglicht dadurch eine nutzerspezifische Datenauswertung nach dem Flug (z. B. Anzahl
der GroBenkandle oder Zeitauflosung). Im Rahmen dieser Arbeit wurden die Daten mit 32
GroBenkandlen und 300 Sekunden analysiert.

Da fluggetragene Messungen immer sehr aufwendig sind, beanspruchte die Entwicklung des
OPC Einschubs und des Analysealgorithmus, sowie die Charakterisierung und Zertifizierung
mehr als zwei Drittel der Gesamtarbeitszeit dieser Arbeit. Daher ist die Analyse der
Messdaten auf das erste Jahr der reguliren Messungen bis Mai 2011 beschrinkt. Dennoch ist
dieser Datensatz geeignet um die wissenschaftliche Relevanz dieser Messungen zu
demonstrieren. Um die OPC-Daten zu validieren, wurde ein Vergleich mit bisherigen OPC
Messungen von Bord Forschungsflugzeugen durchgefiihrt. Die Analyse der Vulkanaschefliige
im April und Mai 2010 zeigte in der Abluftfahne stark erhohte Partikelmassekonzentrationen,
welche in einigen Vergleichsregionen sehr gut mit der Vorhersage eines Disperionsmodells
ibereinstimmten. Eine weitere Fallstudie zeigt das Auftreten einer iiberraschend groBen
(1000 km) und hoch konzentrierten Abluftfahne iiber Ostasien nahe Osaka (Japan). In der
Abluftfahne wurde die im Analysezeitraum hochste mit dem CARIBIC OPC gemessene
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Partikelanzahl- und Massenkonzentration beobachtet (ausgenommen Vulkanaschefliige). Eine
detaillierte Analyse der parallel gemessenen Spurengase, sowie meteorologischer Daten und
LIDAR Profile zeigte, dass die beobachtete Abluftfahne eine Mischung aus
Biomasseverbrennungs- und Industrieabgasen aus Ost-China war. Eine dritte Fallstudie stellt
einen ersten Versuch einer MassenschlieBung/Validierung zwischen der aus den CARIBIC
OPC-Daten abgeleiteten Partikelmasse und der Partikelmasse aus CARIBIC Impaktorproben
dar. Erste statistische Analysen zur vertikalen, meridionalen und saisonalen Variabilitit der
PartikelgroBenverteilung im Akkumulationsmode und daraus abgeleiteten Parametern zeigen
einen vertikal ansteigenden Gradienten fiir die Partikelanzahl- und Massenkonzentration.
Generell war in der US der mittleren Breiten die Konzentration von Akkumulationsmode
Partikeln im Mittel um 120% hoher als in der OT der mittleren Breiten. Weiterhin wurde in
der US der mittleren Breiten eine jahreszeitliche Schwankung gefunden. Im Friihling war die
mit dem OPC gemessene Partikelkonzentrationen im Mittel um 120% hdher als im Herbst.
Diese Befunde lassen sich mit der atmosphérischen Dynamik in der Stratosphére (Brewer-
Dobson Zirkulation) und in der Tropopausenregion (Stratosphire-Troposphére-
Austauschprozesse) erkldren. Eine gefundene negative Korrelation von gasféormigen
Quecksilber mit der stratosphirischen Partikeloberflichenkonzentration (R*=0.97) ist ein
starker Indikator dafiir, dass in der US Aerosolpartikel eine Senke fiir gasformiges
Quecksilber darstellen. Zum Abschluss unterstreichen zwei Vergleiche der OPC-Daten mit
Satellitenmessungen und Ergebnissen eines globalen Aerosolmodels das Potential und den
Nutzen der CARIBIC OPC Daten als in-situ gemessenen Referenzdatensatz.
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Abstract:

To understand the contribution of aerosol particles to radiative forcing and heterogeneous
chemical processes in the upper troposphere and lowermost stratosphere (UT/LMS), the
knowledge of the particle size distribution is mandatory. Unfortunately, measurements in the
UT/LMS are costly. Research aircrafts are expensive and thus their application is limited in
time and space. Satellite remote sensing measurements provide a good temporal and spatial
(horizontal) coverage, but only a limited vertical resolution and currently cannot resolve the
particle size distribution. Therefore, within this thesis an optical particle counter (OPC) unit
was modified for the application onboard a passenger long-haul aircraft within the CARIBIC
project (www.caribic-atmospheric.com). The CARIBIC OPC unit provides regular and cost-
efficient particle size distribution measurements of accumulation mode particles in the
UT/LMS. In April 2010, the new OPC unit was installed for the first time onboard the
Lufthansa Airbus A340-600 (D-AIHE) for the measurement of the volcanic ash cloud from
the Eyjafjallajokull eruption (April to May 2010). Since June 2010 the OPC unit measures on
usually four intercontinental flights per month the UT/LMS particle size distribution in the
particle size range 125 to 1300 nm particle diameter. As the data acquisition stores the
scattering raw signal and all housekeeping data as well, during the post flight data analysis the
temporal- and size channel resolution can be flexible set. Within this work the data were
analyzed with 32 size channels and 300 seconds.

As aircraft-borne measurements are always time-consuming, the development of the OPC unit
and the analysis routine, as well as its characterization and certification took more than two
thirds of the total working time of this thesis. Therefore, the analysis of the data is limited to
the first year of regular measurements until May 2011. Nevertheless, this dataset is sufficient
to demonstrate the scientific relevance of these measurements. To validate the OPC data, a
comparison to particle size distributions measured from board research aircraft was carried
out. The analysis of the volcanic ash flights in April and May 2010 showed strongly enhanced
particle mass concentrations inside the plumes and agreed in some regions very well to the
particle mass concentration predicted by a dispersion model. A further case study shows the
occurrence of a surprising large (1000 km) and high concentrated pollution plume over
eastern Asia close to Osaka (Japan). Inside the plume the highest particle number- and mass
concentrations measured with the OPC unit in the analysis period were observed (except
volcanic ash flights). A detailed analysis of the in parallel measured trace gasses as well as
meteorological- and LIDAR data showed, the observed plume originate from biomass burning
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and industrial emissions in eastern China. A third case study gives a first attempt of a mass
closure/validation between the particle masses derived by the CARIBIC OPC unit and the
CARIBIC impactor particle samples. First statistical analyses to the vertical, meridional, and
seasonal variation of the accumulation mode particle size distribution and therefrom derived
parameter indicate a stratospheric vertical increasing gradient for the particle number- and
mass concentration. In general in the mid-latitude LMS the concentration of accumulation
mode particles was found to be on average 120% higher than in the mid-latitude UT. The
mid-latitude LMS particle size distribution shows a seasonal variation with on average 120%
higher concentrations during spring compared to fall. This results can be explained with
general dynamics in the stratosphere (Brewer-Dobson Circulation) and in the tropopause
region (stratosphere-troposphere-exchange, STE). An anti-correlation of gaseous mercury to
the stratospheric particle surface area concentration (R*=0.97) indicates that most likely
stratospheric aerosol particles do act as a sink for gaseous mercury. Finally, two comparisons
of the OPC data to data from satellite remote sensing and a global aerosol model underline the
OPC potential and the benefits of creating an in situ measured reference dataset.
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2.1

Vertical temperature profile of the US-standard atmosphere (1976),
taken from Seinfeld and Pandis [1998] p. 7, 1293. The gray area
indicates usual CARIBIC cruise altitude (8-12 km).

2.2

Stratospheric - tropospheric air exchange through the tropopause
(green dashed line) [after Holton et al., 1995, the SPARC report
N°4, 2006, and Spackman et al., 2007]. Areas with the same
potential temperature © are indicated as solid black line
(isentrope). The ® = 400 K isentrope (dashed) indicate the border
between lower stratosphere (LS) and upper stratosphere (US). The
lowermost stratosphere (LMS) is embedded in the extratropical
lower stratosphere (green area), like the tropical tropopause layer
(TTL, red area) in the tropics. The polar jet marks the edge of the
polar vortex and is indicated as vertical purple solid and dashed
line. The purple circle indicates the location of the subtropical jet.
The transport processes are: (1) tropical deep convective transport;
(2) subtropical downwelling air motion (Headley circulation); (3)
large-scale diabatic ascent (Brewer-Dopson circulation); (4)
poleward transport (caused by dissipation of planetary Rossby
waves); (5) large-scale subsidence; (6a) quasi-horizontal isentropic
transport between upper TTL and mid-latitude LS; (6b) diabatic
descent into the LMS; (6¢) quasi-horizontal isentropic mixing; (7)
isentropic mixing between lower TTL and LMS; (8) isentropic
transport between extratropical UT and LMS (cyclones, tropopause
folds); (9) convective upwelling transport.
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23

Typical free tropospheric particle size distribution, observed during
the Indian Ocean Experiment (INDOEX) in February and March
1999 in 8 to 12.5 km altitude [de Reus et al., 2001]. The uppermost
graph indicates the measured particle number size distribution,
plotted as dN/dlog(d,). The four aerosol modes are indicated as red
dashed curves. The lower three graphs shows the same data, but as
particle number size distribution (N(dp)), particle surface size
distribution (S(d,)), and particle volume size distribution (V(d,)) on
a linear y-scale.
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24

Calculation of the size dependent atmospheric lifetime of aerosol
particles inside the boundary layer (7, =8 d ), the free troposphere

(z,, =21d), and the upper troposphere (z, =200 d ) [after Mészaros

ns

et al., 1991; Baltensberger and Nyeki, 1998, p. 299-300; Jaenicke,
1998, p.23]. The data were obtained, using Eq. 2.1.

15

3.1

CARIBIC flight tracks between June 1997 and December 2013.
The colors indicate the different flight routes to North America
(red), Central America (purple), South America (blue), South
Africa (turquoise), Southern Asia (orange), and Eastern Asia

(green).

18

3.2

The CARIBIC aircraft with the gas and aerosol inlet. Figure (a)
shows the aircraft, the Airbus A340-600 “Leverkusen” (D-AIHE)
from the German Lufthansa AG. The arrow marks the position of
the inlet, and the red box the position of the measurement container
inside the forward cargo bay. Figure (b) shows the permanently
mounted inlet, which is located about 23 m behind the nose of the
aircraft.
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3.3

CARIBIC inlet with all components. The picture was taken from
Breninkmeijer et al., [2007].
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3.4

Front view of the CARIBIC container. The section with aerosol
instruments is marked with a green frame. They consist of the new
OPC (uppermost instrument), two condensation particle counters
(CPCs) in the “Aerosol 17 unit (instrument in the middle), as well
as one CPC and an impactor sampler in the “Aerosol 2 unit
(lowest instrument).
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4.1

Energy flux through a sphere around a scattering aerosol particle
[after Bohren and Huffman, 1983, p. 70].
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4.2

Theoretical response function RF for the CARIBIC OPC in the
particle size range 0.1 um < d, <2 pum. The RF was calculated with
a Mie scattering program written by Thomas Miiller (TROPOS).
The used complex refractive indices at A = 830 nm are 1.85-0.71-1
(soot; Tab 5.2), 1.52-1.41-107-i (ammonium sulfate; Tab. 5.2), and
1.48-0.0143 -1 (mid-latitude upper tropospheric aerosol; Tab. 5.3).
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4.3

Optical Particle Counter KS-93 (RION) with power supply KZ-50
(from www.rion.co.jp/english/; last access: 20.07.2014).
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CARIBIC OPC unit top view with all components. The “optic” is
the original KS-93 displayed in Fig. 4.3.
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4.5

CARIBIC OPC unit front plate. Highlighted components are the
four status LEDs (1), the main switches/fuses (2), the unit operation
mode switch (3), the air inlet tubing (4), the 24 VDC in power
connector (5), the Ethernet network in and out connectors (6), and
the CAT6 network- and USB connectors.

36

4.6

Purpose-made aluminum alloy frame with wire rope isolators (left)
to decouple the KS-93 (right) from vibrations and shocks during the
measurement flight.
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4.7 Intensity of the electromagnetic radiation emitted by the CARIBIC

OPC unit when measuring. The red line gives the DO 160E Level

H threshold for comparison. 38
4.8 Signal intensity distribution of KS-93 for 350 nm polystyrene latex

particles, (a) for the original KS-93 gas flow set-up, (b) with the

sheath air technique inside the CARIBIC OPC unit. 39
4.9 Sheath air implementation upstream the KS-93 optics. The

construct is a combination of different Swagelok fittings, 1/4°°, and
1/16°’ tubings, as well as a modified VCR blind gasket to center the
1/16°’ aerosol sampling air tube. 40

4.10 Gas flow diagram of the CARIBIC OPC unit. When measuring
(MS), the three-way valve is switched in direction 1-2, the pump is
working, MFC 1 is set to 0.150 /min, and MFC 2 is set to
0.135 ml/min. In stand by (SB) mode, the valve is switched to 1-3,
the pump is working, but both MFCs are closed. For the init (IN)
mode, also the pump is switched off and no external vacuum is
available (external pump is off). 41

5.1 Typical signal pulses for all three channels for 200 nm and 900 nm
diameter polystyrene latex particles. Figure (a) and (b) show the
original signals at the SMB connectors of the KS-93 OPC. The
amplified response signals (factor of 30 for channel 2 and 125 for
channel 3), used for data analysis, are shown in (c¢) and (d),
respectively. 46

5.2 Signal intensity distribution of KS-93 for 350 nm polystyrene latex
particle measurement with implemented sheath air technique. The
measurement air to sheath air ratio was 1:3 (a), 1:5 (b), 1:9 (c¢), and
1:15 (d). Within each graph the bin values are normalized to the
highest bin. 48
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Estimation of the influence of erroneous counts on the measured
particle size distribution in the UT/LMS region. The fraction of
error counts, obtained additionally to the “correct” counts at a
certain particle size (x-axis) is shown in (a). Figure (b) indicates the
distribution (error bars) and averaged size (squares) of erroneous
counts, caused by real particle counts of a certain size (x-axis). The
color of the squares indicates the impact of the erroneous counts
onto the real particle size distribution. The calculation of the impact
is based on an averaged particle size distribution, measured with the
OPC unit on 37 intercontinental CARIBIC flights between
Germany, Canada, Venezuela, South Africa, and Japan (c).
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Calibration setup for the CARIBIC OPC with the glass bottle
containing the particle material in aqueous solution (1), particle
generator (atomizer) (2), droplet trap (3), dilution unit (4), drier (5),
bipolar diffusion charger (6), and the Differential Mobility
Analyzer (DMA) (7). A Condensation Particle Counter (CPC) was
operated in parallel to the CARIBIC OPC unit (8a and 8b) as
reference for the counting efficiency measurements.
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5.5

Highly resolved signal distribution for 800 nm latex particles (a)
and 200 nm ammonium sulfate particles (b). For both
measurements the calibration setup of Fig. 5.4 was used, but for the
latex measurement without bipolar diffusion charger and DMA.
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5.6

CARIBIC OPC size calibration curve for mid-latitude upper
troposphere aerosol (UTA) particles (mggorai(A) =1.48-0.0143-1
(A =830 nm)). All calibration points were converted from latex
(blue) and ammonium sulfate (AS, red) to UTA using a Mie
scattering program. The adjusted fit function (green) is a
combination of the two power functions. At the intersection point
(amplified signal 127.98; d, = 374.4 nm) the adapted function is
increased by 5%.
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5.7 Influence of the aerosol composition (complex refractive index,
particle density) on the particle size distribution (a) and the particle
mass concentration (b), measured with the CARIBIC OPC unit
along a measurement flight between Frankfurt/Germany and
Johannesburg/South Africa on November 15", 2010. The analyzed
data were related to an internal mixture of mid-latitude lowermost
stratospheric  aerosol (LSA) (green), mid-latitude upper
tropospheric aerosol (UTA) (blue), and tropical mid tropospheric
aerosol (MTA) (red), using a Mie scattering program. The relative
difference from the UTA mass concentration is displayed in (c). 59

5.8 OPC unit counting efficiency for mid-latitude UT aerosol particles
(Mg total(A) = 1.48-0.0143-1 (A =830 nm)). Black squares represent
measurement, where only the main peaks of the singlets were taken
into account. Red triangles represent calculations where the
erroneous counts
(cf. Sec. 5.1) were included. The x-axis error bars indicate the
maximum uncertainty due to the combination of the different
aerosol type calibrations and the Gaussian width of the DMA
distribution (Sec. 5.3.3). The y-axis error bars indicate the
maximum uncertainty concerning the measurement air volume
(Sec. 5.3.3). As the black and the red measurement points were
obtained from the same dataset, a potential shift of the true
counting efficiency (within the error bars) would be in the same
direction for both curves. Hence, the overlap of the positive error
bar (peak counts) with the negative error bar (all counts) does not
indicate that the counting efficiency might be equal. 61

5.9 Coincidence behavior of the CARIBIC OPC. The integral particle
concentration, measured with the OPC is plotted against the particle
concentration of a reference instrument (CPC, TSI model 3010).
For the used particles (200 nm diameter latex equal to 215 nm
diameter mid-latitude UT aerosol), the OPC counting efficiency
was determined to be 89%. The green line indicates the integral
particle concentration, the OPC would measure in case of no
coincidence (not corrected for OPC counting efficiency). While the
x-axis error bars indicate the CPC statistical uncertainty (one sigma
standard deviation), the y-axis error bars indicate the uncertainty 63
concerning the measurement air volume (Sec. 5.3.3).
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5.10

Transmission efficiency of the CARIBIC aerosol inlet (a) and
transport efficiency through the CARIBIC sampling line to the
OPC unit with respect to sedimentation (b), diffusion (c), and
inertial deposition (d). The red arrow indicates the size range,
covered by the OPC unit.
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5.11

Total sampling efficiency of the CARIBIC aerosol inlet and the
sampling lines to the OPC unit. Calculations were performed for
p=260hPa, p=490hPa, p=1.1 g/em’, and p= 1.8 g/cm’. The
grey area represents the range between the minimum and the
maximum curves out of these four curves. The red curve indicates
the mean sampling efficiency.
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5.12

Width of the signal distribution for different size calibration points.
The size of the latex and the ammonium sulfate particles was
related to refractive index of mid-latitude UT aerosol particles
(Mg gotai(A) = 1.48-0.0143-1 (A =830 nm)) using a Mie scattering
program.
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5.13

Positive (unc_d,) and negative (unc_d,) absolute uncertainty of

the particle size as a function of the particle size (UTA calibration).
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5.14

Ratio of the MTA and LSA counting efficiency calibration to the
UTA counting efficiency calibration. The data points were
calculated for the particle size of each size channel, used regularly
for data analysis. Particle sizes were transferred from latex and
ammonium sulfate calibration using a Mie scattering program.
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6.1

CARIBIC flights with OPC data between April 2010 and May
2011. All together data from 39 flights were obtained. The dashed
lines mark the borders of the analyzed climatologically regions,
namely the tropics and subtropics (-35°N to 35°N), as well as the
northern hemispheric mid-latitudes (north of 40°N).
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6.2

OPC data evaluation overview plot for the CARIBIC flight LH319
from Frankfurt (Germany) to Bogota (Columbia). Particle number
and mass concentration are normalized to standard conditions
(p=1013.25 hPa, T=273.15K). The flight level is given as
pressure altitude at the right hand scale.
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6.3

Particle size distribution (32 channels) along the CARIBIC flight
LH319 from Frankfurt to Bogota. The color code indicates the
particle concentration (dN/dlog(d,)) for the particle size, given at
the left y-axis. The pressure altitude of the aircraft is indicated as
red line. Particle concentrations are normalized to standard

conditions (p = 1013.25 hPa, T =273.15 K).
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6.4

Comparison of the particle size distributions inside and outside
clouds. Tropospheric data (PV < 1 PVU) were averaged for all
CARIBIC flights from June 2010 to May 2011. Squares give the
mean concentration and the error bars indicate the 10% and 90%
percentiles. Particle concentrations are normalized to standard
conditions (p = 1013.25 hPa, T =273.15 K).
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6.5

ECMWEF cloud cover fraction along the CARIBIC flight LH319
from Frankfurt to Bogota as vertical profile (a) and number at the
aircraft position (b). The color code in graph (a) indicates the cloud
cover fraction with border values from >0.1 in light green to > 0.9
in dark blue by 0.1 steps. Thin purple dotted lines showing the
potential vorticity between 1.5 and 3.5, indicate the tropopause. The
aircraft flight level is marked as thick purple line. Both figures are
taken from the KNMI CARIBIC support web page
(http://www .knmi.nl/samenw/campaign_support/CARIBIC/ last
access 20.07.2014).
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6.6

Comparison of particle size distributions measured in the mid-
latitude UT (a), the mid-latitude LMS (b), and the tropical and
subtropical MUT(c). The borders of the regions are given in Fig.
6.1 and Tab. 6.2. Gray areas indicate the CARIBIC 10- and 90%
percentile (15 min average). The CARIBIC mean with the same
averaging time is indicated with red squares. If not given, published
data (solid and dashed lines) were normalized to standard
conditions (p =1013.25 hPa, T =273.15 K) using the US standard
atmosphere.
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6.7

Particle size distribution for the tropical and subtropical MUT
(same as Fig. 6.6c). The discontinuity of the calibration curve
(green dashed line) is calculated to be at 400 nm (mid-latitude UTA
calibration). The crossovers between the three amplifiers are
calculated to be 227 nm and 600 nm, respectively (orange dashed
lines).
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Comparison of an ambient (laboratory) air particle size distribution
(a) measured with the CARIBIC OPC unit (red) and the Ultra High
Sensitive Aerosol Spectrometer (UHSAS, black), both OPCs were
calibrated for polystyrene latex (m =1.59-0.0-i ). The CARIBIC
OPC crossover between the second and the third amplifier was
calculated to be 530 nm. The KS-93 theoretical response function
for mid-latitude UTA (m =1.48-0.0143-;) and latex is indicated
in (b).
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6.9

Overview of the third CARIBIC volcanic ash flight on May 19,
2010. The color code along the flight track (a) indicates the cruising
altitude of the aircraft. Aerosol particle mass and accumulation
mode particle number concentration, as well as CO and O;
concentration along the flight track are shown in (b). The particle
size distribution is shown in (c). The volcanic ash plume was
encountered at 11:00 — 11:39 UTC and is highlighted in yellow.

94




Xiv List of Figures

Figure Caption Page

6.10 Particle mass size distribution inside (red) and outside (blue) the
volcanic ash plume. The error bars indicate the one sigma standard
deviation of the particle mass concentration within each size
channel. This graph was also published in Rauthe-Schoch et al.

[2012]. 95

6.11 Comparison of the modeled and measured Eyjafjallajokull volcanic
ash particle mass concentration along the third CARIBIC volcanic
ash flight track. Modeled mass concentrations were calculated with
the FLEXPART dispersion model, measured mass concentrations
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1 Introduction

Atmospheric aerosol particles are of great importance for quantifying changes in the
Earth’s radiation budget and the associated anthropogenic climate change
[Intergovernmental Panel on Climate Change, IPCC 2013, p.604-605, p. 614-624].
First, solar radiation is scattered and absorbed by aerosol particles (direct radiative
forcing). Whereas backscattering into the outer space causes cooling, the absorption
causes warming of the atmosphere. Scattering and absorption are strongly influenced by
particle properties, i.e. chemical and physical composition, size, and shape (cf. Sec.
4.1). In the net balance, the cooling effect of atmospheric aerosol particles dominates
the warming effect. The overall direct radiative forcing due to anthropogenically
emitted aerosol particles is quantified to be -0.77 to +0.23 W/m? (mean: -0.27 W/m?)
[IPCC 2013, p. 14]. Particles in the size range 100 nm < d, < 1000 nm in diameter
(accumulation mode particles) have the largest scattering efficiency and the longest
atmospheric life time [Seinfeld and Pandis 1998 p. 1132-1133, Winkler et al., 2000, p.
31]. Thus measurements of accumulation mode particles are of particular interest.
Secondly, the influence of aerosol particles on cloud properties affects the
Earth’s radiation budget, too (indirect effect, [Seinfeld and Pandis, 1998, p.1170-1180,
IPCC, 2013, p. 576-578]). An increased number of cloud condensation nuclei (CCN)
results in an increased number of cloud droplets. The available cloud water is thus
distributed to more condensation nuclei and hence the cloud droplets are smaller.
Higher concentrations of small cloud droplets reflect more light than mass equivalent
lower concentrations of large cloud droplets (Twomey effect [Twomey, 1977]). This
phenomenon is called the first indirect radiative forcing [Hobbs, 1993, p. 33-52;
Brenguier et al., 2000]. Moreover, smaller cloud droplets lead to a longer cloud life time
and less precipitation. This phenomenon is called the second indirect radiative forcing
[Albrecht, 1989]. Again, the accumulation mode particles (and slightly smaller particles
with diameters larger than about 70 nm) represent the majority of CCN and are hence
important. In the recent IPCC report (2013), the radiative forcing caused by the above
mentioned indirect aerosol effects is summarized to be -1.33 to -0,06
(mean -0.55) W/m? [IPCC 2013, p. 14]. The overall contribution of aerosol particles to



2 1 Introduction

the global radiative forcing (direct and indirect effects together) is calculated to be -1.9
to -0.1 (mean -0.9) W/m? [IPCC, 2013, p.13].

The uncertainty of the aerosol particle’s influence (-1.9 to -0.1 W/m?) still
belongs to the largest uncertainties of the total anthropogenic radiative forcing (+1.1 to
+3.3 W/m?) [IPCC, 2013, p. 13-14, 661]. Besides the complexity of the roles of aerosol,
a basic reason for the still large uncertainty is the lack of regular aerosol measurements,
in particular in regions that are hard to access (e.g. tropics and polar regions). The upper
troposphere (UT) and lower stratosphere (LS) also is poorly undersampled. The UT/LS
radiative forcing is highly sensitive to changes in atmospheric composition [Riese et al.,
2012]. Submicrometer aerosol particles in the UT/LS influence the Earth's radiation
budget not only directly [Lacis et al., 1992] and indirectly [Lohmann and Feichter,
2005], but also by changing trace gas concentrations through heterogeneous chemical
processes [Hanson et al., 1994]. Existing in situ measured UT/LS aerosol datasets are
mostly based on short measurement campaigns (cf. Tab. 6.1). The deployment of
research aircraft on a regular basis over large regions is laborious, time-consuming and
therefore prohibitively expensive. Consequently, regular in situ measurements in the
UT/LS did not exist in the past. Data from satellite remote sensing provide a good
temporal and spatial (horizontal) coverage. However, active and passive remote sensing
methods offer together mostly limited vertical resolution and cannot resolve the particle
size distribution.

Since 1997, the CARIBIC project (Civil Aircraft for the Regular Investigation of
the atmosphere Based on an Instrument Container, www.caribic-atmospheric.com, last
access: 30.08.2014 ) offers the possibility to conduct regular (once per month) and cost-
efficient (a factor of more than ten lower costs compared to research aircraft flight
hours) measurement flights in the upper troposphere and lowermost stratosphere
(UT/LMS). The CARIBIC aircraft, since 2005 a Lufthansa Airbus A340-600, that
carries the scientific equipment flies mostly in the altitude rage of the mid-latitude
tropopause (9-12 km). Thereby CARIBIC creates a unique dataset for the better
understanding of the atmospheric composition and the tropospheric- stratospheric air
mass exchange.

The objective of the work presented here was the modification and subsequent
deployment of a commercial optical particle counter (OPC) onboard the CARIBIC
aircraft. To this purpose, the OPC was securely mounted into a 19” rack unit and a new
gas flow system, a data acquisition, a unit control, as well as a data analysis routine
were developed. The whole unit was comprehensively tested and characterized in
laboratory. At the end the new OPC unit was successfully certified for installation into
the CARIBIC aircraft. In future the data of this new instrument onboard the CARIBIC
aircraft will significantly contribute to the following scientific questions:

1) What is the average UT/LMS particle size distribution in different climatic
regions?

=>» Previous in situ measurements are based only on individual research aircraft

flights commonly on short campaigns with limited spatial coverage and a

focus on special (local) conditions. With the OPC onboard the CARIBIC

aircraft, regular long-term measurements of the UT/LMS particle size
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distribution with a nearly global coverage (cf. Fig. 3.1) becomes possible for
the first time. This dataset can be used to determine the average particle size
distribution in different climatic regions, which can be used in climate
models to reduce the uncertainty of the aerosol particle influence on the
radiative forcing.

2) Is there a trend in the UT/LMS particle size distribution?

=>» Several recent publications have indicated that there is a trend in the
stratospheric aerosol and how important that trend is [Solomon et al., 2011].
For the UT/LMS there was until the time of submitting this thesis too little
information available to make a statement about a trend. As however
CARIBIC is projected to continue its regular flights on different
intercontinental routes, statistically valid seasonality and long-term trend
analyses may be derived in the future.

3) What are the source and sink processes for accumulation mode particles in
the UT/LMS and how effective are they?
=» In addition to the particle size distribution, the CARIBIC system measures
other aerosol parameters and a large number of trace gases (Tab. 3.1), which
allows the identification of air mass origins, as well as of plumes from
natural or anthropogenic sources. Combining the short-term (plume)
measurements with the long-term background air measurements, the relative
contribution of plumes to the background concentration can be estimated.

4) How does the air mass exchange between UT and LS influence the particle
size distribution in the tropopause region?
=» Stratospheric aerosols have a much longer atmospheric life time compared to
UT aerosols and therefore the concentration of accumulation mode particles
often is higher in the LS [Hofmann 1990, Minikin et al., 2003; Young et al.,
2007]. By studying the relation of aerosol particle concentration to specific
trace gases, the influence of the exchange processes can be understood.

5) How does the particle surface area concentration influence the
concentration of trace gases?
=» One major sink for “sticky” trace gases in the UT/LMS region is the
condensation onto preexisting aerosol or ice particles. In the analyzed region
the total particle surface area concentration is dominated by accumulation
mode particles (cf. Fig. 2.3). Correlating the OPC derived particle surface
area concentration with concentrations of trace gases could thus indicate sink
(and source) processes.
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6) How well do remote sensing measurements and global models represent the
UT/LMS aerosol?
=>» Acrosol parameters and properties derived from remote sensing methods
(e.g. surface LIDAR' and satellite based LIDAR and passive measurements)
or from modelling need to be validated by in situ measurements. The
growing CARIBIC dataset will provide a keystone dataset for the particle
size distribution in the UT/LMS.

The development of the OPC unit and the analysis routine, as well as its
characterization and certification took more than two thirds of the total effort of the
work for this thesis. Therefore, the analysis of the measurement data is limited to only
the first year of routine operation which is ample to demonstrate the contribution of the
OPC data to the scientific questions raised above. The subsequent Ch. 2 briefly
describes the structure of the Earth’s atmosphere, focusing on the UT/LMS and the
aerosol dynamics in this region. The CARIBIC project with the aircraft, the gas- and
aerosol inlet system, and the measurement container is introduced in Ch. 3. In the
beginning of Ch. 4 a short overview of the scattering and absorption of light by aerosol
particles is given and the modifications of the OPC for installation onboard the aircraft
are described. The characterization of the modified OPC, the calibration for particle size
and number concentration, as well as an estimate of measurement uncertainty is given
in Ch. 5. Chapter 6 presents the results of the first year of measurements until May
2011. In this chapter the regular data analysis is presented, the measured particle size
distributions are compared to previous measurements, and three case study analyses are
made (volcanic ash measurements, the observation of a strong pollution plume, and a
first attempt of a mass closure study). Furthermore, Ch. 6 introduces first statistical
analyses to the vertical, meridional, and seasonal variation of the particle size
distribution and the anti-correlation of gaseous mercury to the stratospheric particle
surface area concentration. To demonstrate the OPC potential and the benefits, the OPC
dataset is compared to data from satellite remote sensing and model data. Chapter 7
summarizes this work and gives conclusions and outlook.

' Light detection and ranging



2 The upper troposphere and
lowermost stratosphere

The present work describes the development and characterization as well as the first
year of operation of an OPC onboard a civil long-haul aircraft. This OPC measures the
aerosol particle size distribution along intercontinental flight tracks. The aircraft cruise
altitude is between 8 and 12 km, thus repeatedly crossing the tropopause from the UT
into the LMS and back. Section 2.1 shortly describes the vertical structure of the Earth’s
atmosphere. The air mass exchange between the troposphere and the stratosphere is
briefly discussed in Sec. 2.2. Finally, the aerosol particles in the UT/LMS are described
in Sec. 2.3.

2.1 The vertical structure of the Earth’s atmosphere

According to the US standard atmosphere defined in 1976, the Earth’s atmosphere is
composed of four main layers and crossover areas in between (Fig. 2.1). The lowermost
layer is the troposphere, extending from the earth surface to about 8 km at the poles and
up to 18 km in the tropics [Seinfeld and Pandis, 1998 p. 8]. The troposphere is
characterized by a negative vertical temperature gradient of about -0.0065 K/m and
therefore by rapid vertical mixing. All weather related processes take place inside this
layer. The tropopause with temperatures around -56°C (US standard atmosphere)’
separates the troposphere from the stratosphere. In the stratosphere high O3
concentration effectively absorb short wavelength radiation, leading to warming. From
the tropopause up to about 20 km no vertical temperature gradient is apparent (isotherm,
US standard atmosphere). There above the temperature increases up to the stratopause,
which is the upper border of the stratosphere at 45 to 55 km. Due to this warming, the
stratosphere is stable stratified and vertical mixing within this layer is slow. Above the

% The 1976 defined US standard atmosphere gives a tropopause temperature of -56°C in the altitude range
11 to 20 km. At the poles the tropopause temperature is about -50°C and at the equator about -80°C.
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Figure 2.1: Vertical temperature profile of the US-standard atmosphere (1976), taken from Seinfeld and
Pandis [1998] p. 7, 1293. The gray area indicates usual CARIBIC cruise altitude (8-12 km).

stratopause the mesosphere extend up to an altitude of 80 to 90 km. Within the
mesosphere the temperature again decreases to about -85 °C (187 K) leading to a fast
vertical mixing. The mesopause separates the mesosphere from the thermosphere. In the
thermosphere N, and O, effectively absorb short wavelength radiation and the
temperature increases with increasing altitude, like in the stratosphere. Above 500 km
altitude the exosphere represent the transition from the earth atmosphere into the outer
space (not shown in Fig. 2.1).

2.2 Stratosphere-troposphere air exchange

This work focuses on aerosol measurements in the UT and LMS. This region is
important because strong concentration gradients of various species exist across the
tropopause (TP). Inside the well mixed troposphere, measurements can be strongly
influenced by different weather phenomena (e.g. thunderstorm systems or large scale
circulation cells). On the contrary, in the stratosphere vertical air motion is inhibited by
the stratification due to the temperature inversion. The TP separates these two entirely
different layers, acting as a barrier for air exchange [James and Legras, 2009].
Nevertheless, large scale dynamic processes (e.g. circulation cells) and small scale
synoptic phenomena (e.g. deep convection) can induce stratosphere-troposphere air
exchange (STE). Figure 2.2 displays the main dynamic processes of STE [after Holton
et al., 1995, SPARC report N°4, 2006°, and Spackman et al., 2007]. The stratosphere

3 Stratospheric processes and their role in climate (SPARC): “Assessment of Stratospheric
Aerosol Properties (ASAP)”, Thomason and Peter (editor), 2006
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can be divided into the lower stratosphere (LS) and the upper stratosphere (US). The
boundary between the LS and the US is defined by potential temperature isentropes

(@)that do not intersect with the TP at any latitude [Gettelman et al., 2011]. This

means that except the Brewer-Dobson circulation which will be described later no air
exchange takes place between the UT and the US. Therefore, in the literature the US is
often called “stratospheric overworld”. Holton et al. [1995] gives the ® ~ 380K
isentrope as the boundary between LS and US. Outside the tropics the lower part of the
LS is called the lowermost stratosphere (LMS) and is confined by the ® =380 K
isentrope at the top and the extratropical TP at the base [Spackman et al., 2007]. Inside
the tropics the TP is embedded in the tropical tropopause layer (TTL). As the upper part
of the TTL belongs to the LS, Gettelman et al., [2011] defines the boundary between LS
and the stratospheric overworld to be located at isentropic surfaces of ® ~ 400 to
440 K. The TTL encapsulates the transition between localized deep convection in the
UT and large scale diabatic ascent in the LS and US (Fig. 2.2 path 1 and 3) [Holton et
al., 1995, Spackman et al., 2007]. The tropical large scale diabatic ascent into the
tropical US is part of the Brewer-Dobson circulation, which is a global-scale
overturning mass circulation [Dobson et al., 1946, Brewer, 1949]. In the US the air is
transported poleward (path 4), which is caused mainly by the dissipation of planetary
Rossby waves, propagating from the troposphere into the stratosphere [Gettelman et al
2011 and references therein]. Large scale subsidence processes towards the pole
(path 5) mix the transported tropical tropospheric air from the US into the LS. The
traveling time of air parcels from the TTL to the polar LS along this path is estimated to
be on the order of five years [Spackman et al., 2007 and references therein].
Consequently, the extratropical US is influenced mainly by tropical, but not by
extratropical tropospheric air [Hoor et al., 2005]. On the contrary, extratropical LS air
can be influenced by fresh air from the tropical LS (path 6), the tropical UT (path 7),
and the extratropical troposphere (path 8, 9). The poleward transport of tropical LS air
consists of three stepwise transport processes: (6a) quasi-horizontal isentropic transport
between the upper TTL and the mid-latitudes, (6b) diabatic descent into the LMS
between the subtropical jet (purple circle) and the polar jet (purple solid and dashed
line), and (6¢) quasi-horizontal isentropic mixing in the upper part of the LMS
(350 K < ® <380 K) [Spackman et al., 2007]. With about one year, the traveling time
along path (6) is estimated to be much faster than the path along the Brewer-Dobson
circulation. The temperature gradient between the mid-latitudes and the pole induce the
westerly polar jet in the lower part of the US and the LS [Schoeberl et al., 1992],
representing the edge of the polar vortex and acting as barrier for quasi-horizontal
isentropic mixing [Spackman et al., 2007]. In the LMS this barrier erodes and horizontal
mixing along the isentropes (path 6¢, 7, 8) becomes possible. The subtropical jet
separates the isentropic mixing between the lower TTL and LMS (above ® =350 K,
path 7) from the isentropic mixing between the extratropical UT and the LMS (below
® =350 K, path 8).
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Figure 2.2: Stratospheric - tropospheric air exchange through the tropopause (green dashed line) [after
Holton et al., 1995, the SPARC report N°4, 2006, and Spackman et al., 2007]. Areas with the same
potential temperature ® are indicated as solid black line (isentrope). The ® = 400 K isentrope (dashed)
indicate the border between lower stratosphere (LS) and upper stratosphere (US). The lowermost
stratosphere (LMS) is embedded in the extratropical lower stratosphere (green area), like the tropical
tropopause layer (TTL, red area) in the tropics. The polar jet marks the edge of the polar vortex and is
indicated as vertical purple solid and dashed line. The purple circle indicates the location of the
subtropical jet. The transport processes are: (1) tropical deep convective transport; (2) subtropical
downwelling air motion (Headley circulation); (3) large-scale diabatic ascent (Brewer-Dopson
circulation); (4) poleward transport (caused by dissipation of planetary Rossby waves); (5) large-scale
subsidence; (6a) quasi-horizontal isentropic transport between upper TTL and mid-latitude LS; (6b)
diabatic descent into the LMS; (6¢) quasi-horizontal isentropic mixing; (7) isentropic mixing between
lower TTL and LMS; (8) isentropic transport between extratropical UT and LMS (cyclones, tropopause
folds); (9) convective upwelling transport.

In extratropical regions adiabatic processes dominate STE [Chen, 1995; Hintsa et al.,
1998; Tuck et al., 2003; Jing et al., 2004, 2005]. The air is transported along isentropic
areas below ® =350 K (path 8). Outside the tropics the transport of tropospheric air
through the TP into the LMS is often caused by tropopause folds [Zahn et al., 2000;
Sprenger et al., 2003; Olsen et al., 2004]. Seldom® diabatic transport processes through
the TP into the LMS (convective vertical transport) were observed (path 9) [Fischer et
al., 2003; Fromm and Servranckx, 2003; Dessler and Sherwood, 2004; Hegglin et al.,
2004; Jost et al., 2004; Fromm et al., 2005 Hanisco et al., 2007]. However, tropopause
folds can also cause downward mixing of LS air into the UT [Zahn et al., 2000; Seo and
Bowman, 2001; Kim et al., 2002]. This downwelling air motion (dry airstream) was

N mainly during summer
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found to be most effective in a cyclone above the North Atlantic Ocean [Morgenstern
and Carver, 2001; Stohl, 2001; Cooper et al., 2002a; Sprenger and Wernli, 2003].

Please note, extratropical STE along isentropic areas only takes place between
the UT and the LMS. Isentropic transport from the UT into the US is not possible
[Holton et al., 1995]. At tropical latitudes, only diabatic processes like deep convection
and large scale ascent can transport tropospheric air into the stratosphere [Hintsa et al.,
1998; Dessler, 2002; Gettelman et al., 2002]. Tropical downwelling air motion from the
stratosphere into the troposphere is linked with fast advection or with downwelling air
motion inside tropical cyclones [Williams et al., 2002]. However, inside the tropics
downwelling STE takes place much less frequently than upwelling transport.
Furthermore, STE might be influenced dynamically by atmospheric gravity waves [Seo
and Bowman, 2001; Wang, 2003], or by synoptic processes such as the Indian Monsoon
[Chen, 1995; Fujiwara and Takahashi, 2001; Zachariasse et al., 2001; Seo and Bowman,
2002; Gettelman et al., 2004] or El Nino [Zeng and Pyle, 2005]. The overall STE shows
a seasonality with maximum net exchange during late spring/early summer and
minimum exchange during fall/winter [Appenzeller et al., 1996; Gettelman and Sobel,
2000; Seo and Bowman, 2002]. The upwelling air motion from the troposphere into the
stratosphere in both hemispheres is most effective in late summer, fall, and early winter
and smallest in late winter, spring, and early summer [Seo and Bowman, 2001; Skerlak
et al., 2014]. On the contrary the downwelling STE is maximum in winter and spring
and minimum in summer and fall [Seo and Bowman, 2001; Jordan et al., 2003; Skerlak
et al., 2014]. Jing et al. [2005] showed the STE seasonality is reflected by the ozone
(O3) concentration, showing a UT maximum in spring time and a minimum in the LS.

There are several definitions of the TP [Pan et al., 2004]. The World
Meteorological Organization (WMO) defines the thermal TP (thermal definition) by a
local minimum in the vertical temperature profile. Following this definition, the thermal

TP is located at the lowest altitude at which the vertical temperature gradient (GT / 82)

decreases below 2 K/km for at least 2 km in altitude. The thermal definition of the TP
works best in tropical regions, where it is located at the ® = 380 K potential
temperature isentrope (cf. Fig. 2.2). Outside the tropics the location of the TP can be
described better by using the vertical gradient of the potential vorticity (PV) [Holton et
al., 1995]. Following this dynamical definition’, the extratropical TP is located at an
isentrope PV area of 1.6 PVU < PV < 3.5 PVU [WMO 1986, p. 152; Hoerling et al.,
1991].

Considering the existing gradients over the TP of specific trace gases, the TP can
be defined chemically, too [Zahn and Brenninkmeijer, 2003]. Stratospheric air can be
identified by increased® O3 concentrations [Esler et al., 2001; Gettelman et al., 2004;
Jing et al., 2005]. Moreover the beryllium isotope Be [Dibb et al., 2000, 2003], as well
as the isotopic ratio '’Be/'Be [Jordan et al., 2003] indicate stratospheric air. The most
common tracer for tropospheric air is carbon monoxide (CO) [Fischer et al., 2000;

> The potential vorticity quantifies the shear of a fluid. It is proportional to the dot product of the absolute
vorticity (rotation of the wind vector) and the gradient of the potential temperature. The unit of the PV is
Potential Vorticity Unit (PVU) with I PVU=10°m?-K-kg"- s

6 Zahn and Brenninkmeijer, 2003 showed, the TP Ozone mixing ratios vary seasonal between about
65 ppb in October/November and about 130 ppb in April/May.
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Williams et al., 2002a; McCaffery et al., 2004; Hoor et al., 2005] and the content of
water vapor [Esler et al., 2001; Gettelman et al., 2004]. However, acetone (C3;HgO),
methanol (CH3OH), benzene (C¢Hs) [Fischer et al., 2003], as well as some halogen
compounds [Mullendore et al., 2005] are further tracers for tropospheric air. Performing
highly resolved in situ trace gas measurements, the chemical definition of the TP allows
a clear identification of tropospheric and stratospheric air masses. Within CARIBIC,
CO and O3 was measured with a temporal resolution of 1s (Tab. 3.1 in Cap. 3).
However, as these measurements failed during some measurement flights, within this
work the above described dynamical definition of the TP is used to separate
tropospheric and stratospheric measurements.

2.3 Aecrosol particles in the upper troposphere and lower
stratosphere

The atmospheric particle size distribution can be mostly described using four
logarithmic normal distributions, the aerosol modes [Jaenicke, 1993, p. 2-3; Winkler,
2000, p. 2]. The “nucleation mode” represents the smallest particles with a particle
diameter (d,) of about 1nm < d, < 15 nm. Particles with a diameter of
15 nm <d, <100 nm belong to the “Aitken mode”. The “accumulation mode” describes
particles with a size of 100 nm < d, < 1000 nm. Particles larger than 1000 nm in
diameter are classified as “coarse mode”. Figure 2.3 shows a mean particle size
distribution in the free troposphere, measured during the INDian Ocean Experiment
(INDOEX) in February and March 1999 over the Indian Ocean in 8 to 12.5 km altitude
[de Reus et al., 2001]. The uppermost graph shows the particle number size distribution,
plotted as dN/dlog(d,), i.e. the measured particle number concentration at a certain
particle diameter is normalized by the decade logarithm of the measurement instrument
size channel width. Using logarithmic x- and y-Axis, the four aerosol modes can be
clearly identified (indicated as red dashed lines).

Below the dN/dlog(d,) plot in Fig. 2.3 the same data were plotted, but with a
linear y-scale and without the size channel width normalization. Integrating this curve
over all size channels would give the total particle number concentration. It is obvious
that the total particle number concentration is dominated by the number of nucleation-
and Aitken mode particles. The particle surface size distribution and the particle volume
size distribution can be derived from the particle number size distribution (lower two
graphs in Fig. 2.3). Therefore for each size channel the particle concentration was

multiplied with the surface’ (S Zﬂ-di) or the volume’ (V = %ﬂ'-d;) of a single

particle. Please note that the particle surface- and volume size distribution are both
plotted on a linear y-scale and without the size channel width normalization. As for the
particle number concentration, the integration over the whole size range provides the
total particle surface concentration and the particle volume concentration, respectively.
Opposite to the particle number size distribution, the particle surface size distribution is

7 assumption of spherical particles
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Figure 2.3: Typical free tropospheric particle size distribution, observed during the Indian Ocean
Experiment (INDOEX) in February and March 1999 in 8§ to 12.5 km altitude [de Reus et al., 2001]. The
uppermost graph indicates the measured particle number size distribution, plotted as dN/dlog(d,). The
four aerosol modes are indicated as red dashed curves. The lower three graphs shows the same data, but
as particle number size distribution (N(d,)), particle surface size distribution (S(d,)), and particle volume
size distribution (V(d,)) on a linear y-scale.

dominated by the accumulation mode. The particle volume size distribution, which can
be transformed to a particle mass size distribution by multiplying with a certain (size
dependent) particle density (not shown), is dominated by the coarse mode. This shift of
the dominating aerosol mode is caused by the dependency from the square (surface) and
cube (volume) of the particle diameter. It is assumed that in the mid-latitude UT/LMS
particle volume size distribution the accumulation mode is dominating, because of the
low appearance of sources for primary (coarse mode) particles (described below).
Aircraft emissions are the only source of directly emitted particles (primary
particles) in the UT/LS. They are furthermore the only anthropogenic source in that
region [Paladino et al., 2000; Jacobson et al., 2011; Presto et al., 2011]. Most of the
present particles and particle precursor gases originate from the Earth’s surface or the
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outer space. Typical natural sources for UT primary aerosol particles are volcanic
eruptions [e.g. Martinsson et al., 2009; Schumann et al., 2011; Rauthe-Schoch et al.
2012 and references therein], biomass burning [e.g. Fromm et al., 2000; Miihle et al.,
2002; Li et al., 2003], as well as mineral dust plumes [e.g. Ansmann et al., 2011].
Primary natural aerosol particles inside the LS are volcanic ash [e.g. Baumann et al
2003b] and meteoritic material [Murphy et al 1998, Klekociuk et al., 2005].
Furthermore at the Earth’s surface anthropogenically emitted primary particles (e.g.
industrial emissions) can be transported into the UT/LS region. The main tropospheric
vertical transport processes are described later in this section.

Within the UT/LS region aerosol particles are also formed from the gas phase
(secondary particles) by gas to particle conversion. The most common inorganic
precursor gases are sulfur dioxide (SO,), dimethyl sulfide (DMS, (CHj3),S), and
carbonyl sulfide (OCS, commonly written COS) which are oxidized to SO, [Thornton et
al., 1997; Wilson et al., 2008]. Especially in regions with dense vegetation, organic
precursor gasses (mainly alkenes, alkynes, and aldehydes) are present [Solomons, 1996;
Mikeld et al., 1997; O’Dowd et al., 2002]. During the vertical transport from the
boundary layer to the free and upper troposphere SO, is oxidized to sulfuric acid®
(H2SO4) [Laaksonen et al., 2000; Nothold et al., 2005] and the organic compounds
frequently to organic acids [Kavouras et al., 1998], respectively. The oxidation products
condense onto already existing particles (heterogeneous nucleation), or nucleate
together with water vapor to new particles (homogeneous nucleation) [Laaksonen et al.,
2000]. It is assumed that the binary homogeneous nucleation of H,SO4 and water vapor
is the most common nucleation process inside the UT/LS region [Brock et al., 1995;
Laaksonen et al., 2000; Clarke and Kapustin et al., 2002; SPARC report N°4, 2006,
p16]. Ternary homogeneous nucleation of sulfuric acid, water, and ammonia (NH3) [e.g.
Korhonen et al., 1999; Kulmala et al., 2000; Lee et al., 2004] is unlikely in the UT/LS
because of the low amount of ammonia. Another mechanism, ion induced nucleation
(IIN) [Yu and Turco, 1997; Eichkorn et al., 2002; Laakso et al., 2002; Lee et al., 2003;
Haverkamp et al., 2004; Lovejoy et al., 2004; Kanawade and Tripathi, 2006] is favored
in the UT/LS as the cosmic radiation there is strong enough to produce abundant ions
[Lee et al., 2003; Kanawade and Tripathi, 2006]. Nevertheless, for model applications it
was shown by English et al. [2011] that for the UT/LS the knowledge of the exact
nucleation mechanism is not needed, to reproduce Aitken mode (or larger) particle
number concentrations correctly. Hence, binary homogeneous nucleation of sulfuric
acid and water works well in modelling UT/LS particle nucleation.

Increased concentrations of freshly formed particles (nucleation mode particles)
were often observed in air masses which were influenced by (deep convective) clouds
and mid-latitude thunderstorms in the recent past [de Reus et al., 2001; Clement et al.,
2002; Twohy et al., 2002; Lee et al., 2004; Kulmala et al., 2004, 2006; Kojima et al.,
2004; Kanawade and Tripathi, 2006; Weigelt et al., 2009]. It is assumed that nucleation
takes place mainly in the cloud outflow region. The temperature there is low, relative
humidity is high, actinic fluxes are high, the pre-existing particle surface area is low,

8 With OH the SO, is oxidized to HOSO,, which reacts with O, to SO3; and HO,. Together with H,O the
SO3 forms HzSO4.
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and oxidized precursor gases may be available. All these conditions favour particle
formation [Clarke and Kapustin, 2002; Williams et al., 2002b; Kulmala, 2003; Kulmala
et al., 2004, 2006]. However, nucleation can be also caused by mixing of two air masses
having different temperature and humidity [Nilsson and Kulmala, 1998]. This behaviour
was observed also at the TP [de Reus et al., 1998; Zahn et al., 2000; Khosrawi and
Konopka, 2003]. Furthermore, mixing caused by atmospheric waves can cause
nucleation [Bigg, 1997; Nilsson et al., 2000].

The two most important vertical transport mechanisms for the UT are conveyor
belts and convective clouds. Conveyor belts are present at mid-latitude cyclones. The
air motion in a cyclone can be separated to four different airstreams [Cooper et al.,
2002a, b]. The “cold conveyor belt” is the cold upwelling air mass in front of the warm
front, reaching altitudes of about 500 hPa (about 5.5 km). In front of the cold front,
warm air can ascent from the Earth’s surface to about 300 hPa (about 9 km) near the
tropopause (“warm conveyor belt”). The “dry air stream” behind the cold front is a
downwelling air motion from the upper troposphere to the middle and lower
troposphere. Moreover, behind the cold front the “post-cold-front™ airstream is present.
This thermodynamic stable airstream initiate no vertical air motion.

Inside convective clouds a very fast vertical air motion can occur (up to 15 m/s),
especially within the tropics [Dye et al., 2000]. Thus primary aerosol particles and
precursor gasses can be lifted rapidly from the boundary layer to the UT or even
through the TP (Sec. 2.2). During the transport inside the cloud most accumulation- and
coarse mode particles are activated to cloud droplets and are mostly removed by
precipitation [Seinfeld and Pandis 1998, p. 99]. Consequently, vertical transport inside
clouds is most relevant for Aitken mode particles [Ekman et al., 2006]. If the cloud
droplets do not precipitate, evaporation of smaller cloud droplets might lead to
additional (residual) particles in the cloud outflow region. Model calculations, which
were compared to in situ measurements, indicate that the vertical transport inside
convective clouds can increase the particle number and mass concentration by a factor
of 2-3 and 3-4, respectively [Yin et al., 2005; Cui and Carslaw, 2006]

The main source for stratospheric aerosol particles in periods of volcanic
quiescent is the transport of particles [Brock et al., 1995] or particle precursor gases,
mostly COS, [Briihl et al., 2012] via the TTL into the stratosphere (Sec. 2.2). Inside the
stratosphere the particles mainly serve as condensation nuclei for the precursor gases
oxidation product sulfuric acid. Therefore, an increased particle mass concentration, the
Junge layer is present at altitudes of 15 km to 25 km [Junge et al., 1961]. Inside the
stratosphere the nucleation of new particles is in general rare compared to the UT,
because of the smaller amounts of sulfuric acid and water vapor [Brock et al., 1995].

Volcanic eruptions with volcanic eruption indices (VEIs) of 5 or more can
strongly increase the amount of atmospheric sulfur compounds in the stratosphere
[McCormick et al., 1995]. The increased concentration of stratospheric sulfuric acid
increases the probability for new particle formation inside the stratosphere [Hamill et
al., 1997]. Furthermore, stratospheric nucleation might be caused by temperature
fluctuations due to atmospheric gravity waves [Meilinger et al., 1995; Tsias et al., 1997;
Bacmeister et al., 1999; Carslaw et al., 1999].
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Major sinks for UT/LS particles are sedimentation (dry deposition) and wet deposition
[Wilson et al., 2008]. Dry deposition means that the particles sink slowly and deposit on
the Earth’s surface without the aid of precipitation. Conversely, wet deposition
encompasses all aqueous processes by which particles are washed out (e.g. by rain,
snow, or fog) [Seinfeld and Pandis, 1998 p. 50]. The depletion of stratospheric particles
takes place mainly by STE processes (cf. Sec. 2.2), i.e. by transport of stratospheric
particles into the troposphere.

Coagulation is the most important transformation process for freshly formed
particles (nucleation mode) in nucleation bursts (high number concentrations). Two (or
more) small particles coagulate and form a new, larger particle [Pandis et al., 1995;
Seinfeld and Pandis, 1998, p. 656-680]. Particle growth by condensation of gaseous
compounds onto the particle surface is also important [Seinfeld and Pandis, 1998 p.649-
655]. Accumulation mode particles (especially hygroscopic particles) can be activated
to cloud droplets [Seinfeld and Pandis, 1998, p. 99-100]. Moreover, atmospheric
particle transformations are caused by evaporation and by chemical reactions [Pandis et
al., 1995].

The atmospheric lifetime of aerosol particles 7, mainly depends on the

efficiency of deposition and of the transformation inside clouds [Jaenicke et al., 1998,
p- 22]. Because those processes strongly depend on the particle size, 7, can be

described as a function of the particle diameter. For wet deposition, 7, can be described

with an empirical formula from Jaenicke et al., [1998], p. 23:

2 -2
r r
i:—l < _r +—1 < _r +i (21)
7, 1.28-10° 0.3 1.28-10° { 0.3 T,
r, particle radius [pum]
T, characteristic wet removal time [s]

Applying Eq. 2.1, a characteristical particle residence time for boundary layer aerosol
(r,, =8 d), mid-tropospheric aerosol (7, =21d), and upper tropospheric aerosol

(z,, =200 d) was calculated [Mészaros et al., 1991; Baltensberger and Nyeki, 1998, p.

299-300; Jaenicke, 1998, p. 23]. The resulting size dependent data are shown in Fig.
2.4. Within all three altitude ranges nucleation mode and large coarse mode particles
show the shortest atmospheric lifetime of only few minutes to one day. The lifetime of
nucleation and Aitken mode particles is mainly controlled by coagulation processes’.
On the contrary, the lifetime of large coarse mode particles is limited mainly by dry
deposition [Mészdros et al., 1991, p. 74; Jaenicke, 1998, p.23; Winkler, 2000, p. 31].

° When two or more nucleation- or Aitken mode particles collide and form a larger new particle, this is a
sink process for small particles and a source process for larger particles. Therefore, coagulation is a sink
for nucleation or Aitken mode particles and at the same time a source for Aitken or accumulation mode
particles. However, the total particle mass within a certain volume is not influenced by coagulation, only
the particle number.
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Figure 2.4: Calculation of the size dependent atmospheric lifetime of aerosol particles inside the
boundary layer (t,= 8 d), the free troposphere (t,,=21 d), and the upper troposphere (t,.= 200 d) [after
Mészaros et al., 1991; Baltensberger and Nyeki, 1998, p. 299-300; Jaenicke, 1998, p.23]. The data were
obtained, using Eq. 2.1.

Coagulation and dry deposition are less important for accumulation mode particles
[Winkler et al., 2000, p. 31]. Therefore, these particles have the longest atmospheric
lifetime. Wet deposition is the most effective sink for this particle mode. As wet
deposition decreases with increasing altitude, accumulation mode particles inside the
upper troposphere have a much longer lifetime (up to half a year) than in the boundary
layer (up to 8 days) (cf. Fig. 2.4). Due to the dry conditions, inside the stratosphere
particle lifetimes are even longer.

The pressure and temperature normalized' vertical profile of the total particle
number concentration quite often follows a ‘c-shape’, with high concentrations (up to
several 1000 I/cm?® STP) in the boundary layer, a local minimum in the middle
troposphere (several 100 1/cm? STP) and high concentrations in the UT (again up to
several 1000 1/cm?® STP) [Brock et al., 1995; de Reus et al., 2001; Schroder et al., 2002;
Singh et al., 2002; Krejci et al., 2003; Spracklen et al., 2005a; Heintzenberg et al.,
2011]. Above the tropopause, the total particle concentration again decreases with
increasing altitude [Deshler et al., 2003; Heintzenberg et al., 2011]. However, as already
discussed for Fig. 2.3, the total particle number concentration is dominated by the
nucleation and the Aitken mode. The number of accumulation mode particles (the focus
of this work) inside the UT is much lower with concentrations of about 100 1/cm? (STP)
or even lower [de Reus et al., 2001; Krejci et al., 2003]. However, due to e.g. advection
or cloud scavenging the concentration can vary very strongly. Inside the stratosphere the
accumulation mode concentration is more constant and often higher than in the UT
[Hofmann 1990, Deshler et al., 2003; Minikin et al., 2003; Young et al., 2007].

7o compare the particle concentrations of different measurement altitudes, the measurements have
to be related to standard conditions (STP: p=1013.25 hPa, T=273.15 K).






3 The CARIBIC project

Within the CARIBIC project (www.caribic-atmospheric.com; last access: 29.03.2014)
the developed OPC is regularly (usually once per month) flown onboard a passenger
long-haul aircraft. CARIBIC is the acronym for Civil Aircraft for the Regular
Investigation of the Atmosphere Based on an Instrument Container. Section 3.1 explains
the Idea and the history of CARIBIC and related projects. The CARIBIC aircraft and
the necessary gas and aerosol inlet system are described in Sec. 3.2, whereas the
instrumentation in the measurement container is described in Sec. 3.3.

3.1 Idea and history of the CARIBIC project

The principal idea behind the CARIBIC project is the need for regular in situ
measurements of trace gas and aerosol parameters in the UT and LMS. However, using
research aircraft for regular investigation of the atmosphere over a period of several
years, covering a nearly global scale would be unaffordable. By using a long-haul
commercial aircraft as measurement platform, costs can be reduced and a nearly global
coverage becomes possible.

The idea of using a commercial aircraft for atmospheric measurements of trace
gases or aerosol particles exists already since the 1960s. From 1962 to 1968 Bischof
used DC-8 aircraft of the Swedish Air Force for atmospheric carbon dioxide (CO,)
measurements (Bischof, 1970; Bolin and Bischof, 1970). In the 1970s commercial
aircraft were used as measurement platform in the Tropospheric Ozone campaign
(TROZ; [Fabian and Pruchniewicz, 1977]) and the Global Atmospheric Sampling
Program (GASP, [Perkins and Papathakos, 1978]). Within the TROZ campaign ozone
(O3) measurements were carried out on four flights above Europe and Africa. Because
the aircraft had no gas inlet system, the instruments got the measurement air via the air
conditioning of the cabin. In contrast, during the GASP campaign starting in 1975, four
Boeing 747 were equipped with two air inlet systems to obtain high quality
measurements of O3, carbon monoxide (CO), water vapor (H,O), and different nitrogen
oxides (NOy). Within GASP for the first time the aerosol particle number concentration
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and the particle size distribution was measured onboard a commercial aircraft [Detwiler,
et al., 2000. Unfortunately the inlet systems of GASP were not optimized for aerosol
particles and hence the data bear very large uncertainties. Until CARIBIC was
established in 1997, no further aerosol measurements were carried out onboard a
passenger aircraft.
In the 1990s, besides CARIBIC also the MOZAIC (Measurement of Ozone and
Water Vapor by Airbus in-service Aircraft), the CONTRAIL (Comprehensive
Observation Network for Trace gases by Airliner), and the NOXAR (Measurements of
Nitrogen Oxides and ozone along Air Routes) projects used passenger aircraft. During
NOXAR within one year more than 500 measurement flights onboard a Boeing 747
were carried out in different regions of the globe, measuring NO and NO, [Dias-Lalcaca
et al., 1998; Brunner, et al., 2001]. The ongoing Japanese CONTRAIL project, which is
in the literature also named JAL project (Japan Airlines) started in 1993 with flask
samples over the western Pacific between Japan and Australia onboard a Boeing 747.
The flask samples are analyzed for CO, and other trace gases [Matsueda and Inoue,
1996]. In 2005 the program was expanded to cover additional regions from Japan to
Europe, Asia, Hawaii, and North America, using five JAL aircraft (Boeing 747 and 777)
[Machida et al., 2008]. Since 1994 MOZAIC used five Airbus A340 from different
airlines to measure O3, H,O, CO, and NOy in the upper troposphere [Marenco et al.,
1998]. Like MOZAIC and CONTRAIL, the CARIBIC measurements were developed
to operate for many years with a nearly global coverage. The different approach used in
CARIBIC compared to MOZAIC and CONTRAIL, allows to measure as many
atmospheric trace species as possible, including aerosol parameters (cf. Sec. 3.3),
however with lower frequency compared to the other two projects.
90
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The CARIBIC project can be divided into two phases. The first phase (CARIBIC-1)
started in 1993 with the Max-Plank Institute for Chemistry (MPI-C) in Mainz, the
Institute for Meteorology and Climatology (IMK) at the Karlsruhe Institute of
Technology (KIT), the Leibniz Institute for Tropospheric Research in Leipzig, and LTU
International Airways. After the development of the concept, the inlet system, and the
measurement container with the modified instruments, the first measurement flight took
place in June 1997. Until 2002 a Boeing 767-300ER was used as measurement platform
[Brenninkmeijer, et al., 1999]. Unfortunately, LTU sold the modified CARIBIC aircraft
in summer 2002 and hence it was not longer available for measurements. However,
because of the great success of CARIBIC, the project was continued with a new carrier.
In CARIBIC-2, an Airbus A340-600 from the German Lufthansa AG is used since
December 2004 with a newly developed measurement container, as well as a new inlet
system [Brenninkmeijer, et al., 2007] ( Sec. 3.2 and 3.3). Since June 1997 until
December 2013 441 measurement flights were carried out on six intercontinental flight
directions (cf. Fig. 3.1). In 2013 CARIBIC was integrated in the In-service Aircraft for
a Global Observing System (IAGOS, www.iagos.org; last access: 29.03.2014)
European Research Infrastructure. In that way the now TAGOS-CARIBIC system will
be a platform for routinely monitoring of trace gas and aerosol parameters in the
UT/LMS for the coming years. From October 2009 until April 2010 several new
instruments were implemented or old instruments were replaced in the container, to
improve the scientific impact of CARIBIC (Sec. 3.3). The OPC, the subject of this
work, was one of the replacement instruments and is described in detail in Chapter 4
and 5.

3.2 CARIBIC aircraft and inlet system

Since December 2004, the Airbus A340-600 “Leverkusen”, D-AIHE, from the German
Lufthansa AG serves as measurement platform for CARIBIC (Fig. 3.2a). This long-haul
aircraft with a maximum travel distance of 14,200 km has a capacity for up to 380
passengers. The cruising speed is about 250 m/s (about 900 km/h) at an altitude of
around 12.5 km.

To conduct successful measurement flights, the interests of the scientists and of
the airline have to be balanced. On the one hand scientists want to have regular
measurements on different flight routes to cover a large measurement area and to get
good seasonal statistics. On the other hand the interest of the airline is to minimize the
influence of the measurements on the regular flight plan and the routine operation of the
aircraft because of the costs. Only one aircraft was modified for CARIBIC with a
permanently mounted air inlet system and can thus be used for measurements. One
reason for choosing the A340-600 was the fact that Lufthansa ordered 24 aircraft of this
type. Because of this large number of aircraft, for Lufthansa it is much easier to employ
the “Leverkusen” on the flight route, the scientists ask for.
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Figure 3.2: The CARIBIC aircraft with the gas and aerosol inlet. Figure (a) shows the aircraft, the Airbus
A340-600 “Leverkusen” (D-AIHE) from the German Lufthansa AG. The arrow marks the position of the
inlet, and the red box the position of the measurement container inside the forward cargo bay. Figure (b)
shows the permanently mounted inlet, which is located about 23 m behind the nose of the aircraft.

Because of safety regulations, it is not allowed to be in the cargo bay of the aircraft
during a measurement flight. Consequently the measurement container with all
scientific- and service instruments has to run automatically. For the container operation
on board, several modifications at the aircraft were required. Most important were the
structural changes to the hull because of the mounting of the inlet (Fig. 3.2 (b)). To
avoid unloading of the container at the destination airport, it is located at the last
position of the forward cargo bay just above the leading edge of the belly fairing. Due to
mechanical reasons it was not possible to mount the inlet at the belly fairing directly
below the container but about 2 m in front of the container and about 23 m behind the
nose of the aircraft. Sampling air tubing and cables are installed between the inlet and
the container in the fuselage. To mount and remove the measurement container as fast
as possible, a container connector interface with quick connectors for all necessary
sampling air tubing as well as power and communication cables was installed in the
floor of the cargo bay below the position of the container. To switch the container on
and off and to indicate overheating and smoke in the container, a control panel was
installed in the cockpit. These modifications at the aircraft were finally realized in
November 2004, after two years of planning.

The CARIBIC inlet system consists of the inlet, mounted at the aircraft fuselage,
and the sampling lines inside the aircraft. The inlet has a pylon with three separate inlet
tubes, one for water vapor, one for aerosol particles and one for trace gas measurements
(cf. Fig. 3.3). To avoid influences of the aircraft on the sampled air, the pylon has a
length of 35 cm. With that length, the three inlet tubes are outside of the boundary layer
of the aircraft, which is assumed to be 24 cm at the position of the inlet, according to
information given by the aircraft manufacturer. During flight, all three inlet tubes are
heated to avoid icing. The pylon also carries a video camera, observing the vicinity of
the aircraft in flight direction, thus enabling the detection of “events” during day time
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Figure 3.3: CARIBIC inlet with all components. The picture was taken from Breninkmeijer et al.,
[2007].

flights (e.g. passing a deep convective cloud). Moreover, three telescopes of a
Differential Optical Absorption Spectrometer (DOAS) are integrated into the pylon. The
sampling lines for the inlet tubes and the power cables for the heaters complement the
inlet system. The OPC is connected to the aerosol inlet. Therefore in the following only
this inlet is described in more detail. More information to the trace gas and the water
inlets is given in Brenninkmeijer et al., [2007].

To align the airflow with the axis of the aerosol tube and thus to minimize
particle losses, a specially designed shroud is mounted upstream the aerosol inlet tube.
As the velocity of the measurement air outside the aircraft is much higher than inside
the sampling lines to the aerosol instruments (about 250 m/s vs. 6-7 m/s), the air has to
be slowed down after entering the aerosol inlet tube. This is realized with a conical
diffuser. The air velocity is slowed down due to the expanding cross section of the tube
in the diffuser and the law of mass conservation. The slowing of the air flow increases
the pressure and temperature of the sample air (“ram heating”). The large temperature
increase (from about -60°C ambient to about +30°C inside the instruments) dries the
aerosol particles and they shrink [Hermann et al., 2001]. Hence, all CARIBIC aerosol
measurements are referring to dried aerosol particles. From the aerosol inlet tube, the air
is pulled directly to the measurement instruments inside the container via a about 4 m
long 3/8” stainless steel tube. Particle losses, caused by the inlet and the sampling lines
have to be taken into account for the data analysis.
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3.3 CARIBIC container and aerosol instrumentation

Because of the aircraft changeover from a Boeing 767-300ER to an Airbus A340-600, a
new measurement container had to be designed. The new CARIBIC container has a
total weight of 1.5 tons and is 1.6 x 3.1 x 1.5 meter in size (hxwxd ). All together 23
measurement instruments in 17 housings, as well as 9 service instruments are installed
in 8 racks (Fig. 3.4). The container and its instrumentation are described in detail in
Brenninkmeijer et al. [2007]. Therefore, below only the aerosol instruments are
described.

The aerosol instrumentation consists of the new OPC, which is detailed
described in chapter 4 and 5, three Condensation Particle Counters (CPCs) and an
impactor sampler, collecting aerosol particles onto impactor foils for a post-flight
analysis. These instruments are installed in units called “Aerosol 1’ and “Aerosol 2”.
The CPCs measure the integral particle number concentration in a size range between
the lower threshold diameter of the CPC and about 3 pm. The lower cut off diameter of
the CPCs was set to about 4 nm (N4), about 12 nm (Nj;), and about 18 nm (Nis),
respectively, by adjusting the temperature difference inside the CPCs [Hermann and
Wiedensohler, 2001]. By subtracting N, from N4 the concentration of nucleation mode
particles (e.g. 4nm < d, < 12 nm, N4.1») can be calculated. As in the UT the Aitken
mode number concentration mostly dominates strongly over the accumulation mode
number concentration (e.g., Clarke and Kapustin, 2002; Heintzenberg et al., 2002), N,
can be considered as the number concentration of Aitken mode particles only. All three
CPCs have a temporal resolution of 2 seconds. The impactor system in the Aerosol 2
unit consists of 16 separate impactor foils. During one flight sequence 14 probes are taken

Figure 3.4: Front view of the CARIBIC container. The section with aerosol instruments is marked with a
green frame. They consist of the new OPC (uppermost instrument), two condensation particle counters
(CPCs) in the “Aerosol 1” unit (instrument in the middle), as well as one CPC and an impactor sampler
in the “Aerosol 2” unit (lowest instrument).



3.3 CARIBIC container and aerosol instrumentation 23

sequently with 100 min time resolution, while the other two probes are each taken during two
whole flights. The impactor system collects particles between 0.08 and 2.0 pm. The
samples are analyzed in laboratory at the University of Lund (Sweden) using the
Particle-Induced X-ray Emission (PIXE) [Papaspiropoulos et al., 1999] and Particle
Elastic Scattering Analyses (PESA) [Nguyen and Martinsson, 2007; Nguyen et al.,
2008] methods. The PESA method can determine the masses of hydrogen, carbon,
nitrogen, and oxygen whereas the PIXE method is used for heavier elements, like
sulfur, chlorine, calcium, titanium, vanadium, chromium, manganese, iron, and nickel.
The sum of the elemental masses yields the total particle mass concentration (impactor
mass) with an overall uncertainty of only 10% [Breninkmeijer et al., 2007].

As the CARIBIC system is a fully automated system a central computer, the
“master”, controls all functions of the container. Via an Ethernet network the master is
connected with the computers of all measurement instruments, the “slaves”. Using a
specific communication protocol, the status of the slave instruments is precisely
controlled. This measure is necessary because of safety and power management reasons.
The measurement status of the whole container is pressure controlled, i.e. below the
pressure altitude 700 hPa (about 3 km) during start and 850 hPa (about 1.5 km) during
landing, respectively, the instruments are not allowed to consume power.

Another aerosol related unit in the container is the pump unit (two Vacuubrand
MD4-C diaphragm pumps), providing the vacuum necessary for Aerosol 1 and 2, the
OPC, and the CO instrument. Electrical power for all instruments is provided by the
Basic Power Supply (BPS) and the Transformer Rectifier Unit (TRU). The BPS
transforms the 115V 400 Hz AC voltage from the aircraft into 24 V DC. The TRU
transforms the aircraft voltage into 28 V DC. As the aircraft needs much electrical
power during the take off, only the BPS is on at that time. The TRU power supply is
switched on by the master when reaching the pressure altitude 700 hPa. Instruments
with high power consumption (e.g. using large pumps) get their power from the TRU,
whereas instruments, needing a longer warm up time and having less power
consumption, are powered from the BPS. Because the OPC unit has a power
consumption of only about 150 W, it is connected to the BPS, like the master, and
Aerosol 1 and 2.

For data interpretation, flight parameters such as time, 3 dimensional (3d)
location, temperature, pressure, wind speed and direction, as well as cruising speed of
the aircraft are needed. These data are provided to the CARIBIC master computer by
one of the aircraft’s ARINC bus systems. Using this data connection, all relevant flight
parameters are stored. If required for instrument control, the master can forward the 3d
aircraft location in nearly real-time to slave instruments.

With the newly developed measurement container, in 2004, an OPC was already
added to the CARIBIC system [Reichelt, 2007]. Unfortunately this OPC worked
unreliable. Hence in winter 2010 the OPC was replaced by the new instrument, which is
the subject of this work. Also in winter 2010 some other trace gas instruments were
exchanged and some new instruments were added to the container. A summary of all
newly installed instruments as well as the already existing measurement instruments is
given in Tab 3.1. Because of the substantial changes, the container needed a new
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EASA' flight certification, which was given in April 2010. Shortly afterwards the first
measurement flight with the new equipment was carried out on April, 20™ 2010.

Table 3.1: Summary of all parameter, measured with the CARIBIC container. The aerosol instruments
are indicated in grey, the trace gas instruments in blue and other instruments in green. The institute
acronym are: CNRS: Centre National de la Recherche Scientifique (National Center for Scientific
Research), Paris/France; DLR: Deutsches Zentum fiir Luft und Raumfahrt, Oberpfaffenhofen/Germanys;
HZG: Helmholtz Zentrum Geesthacht, Geestacht/Germany; IfT/TROPOS: Leibniz Institute for
Tropospheric Research, Leipzig/Germany; KIT: Karlsruher Institute for Technology, Karlsruhe/Germany;
MPI-C: Max Plank Institute for Chemistry, Mainz/Germany; UB: University of Bern, Bern/Switzerland;
UEA: University of East Anglia, Norwich/England; UH: University of Heidelberg, Heidelberg/Germany;
UL: University of Lund, Lund/Sweden

in-situor
parameter method institute
laboratory
integral particle number | Condensation Particle Counter (CPC) -
concentration for three with different lower cut off diameter: in-situ
) ) TROPOS
different size ranges d,>4nm; d,> 12 nm; d, > 18 nm
o : : o IfT/
particle size distribution Optical Particle Counter (OPC) in-situ
TROPOS
_ impactor collection; Particle Induced
particle elemental o ) laboratory
X-Ray Emission (PIXE) and Particle UL
composition i _ . analysis
Elastic Scattering Analysis (PESA)
chemiluminescence on an organic dye
O; fast/precise (fast) in-situ KIT
UV absorption (precise)
CO VUV fluorescence in-situ MPI-C
laser photo acoustic and dew point o
H,O0 total/gaseous ; in-situ KIT
mirror
NO/NO; (day/night) chemiluminescence with Os
NO, chemiluminescence after conversion to in-situ DLR
NO
Hg enrichment and atomic fluorescence in-situ HZG
Non-Dispersive InfraRed Absorption - CNRS
CO, n-situ
(NDIR) MPI-C
; Electrochemical cells with ultimate -
O, (precise) o in-situ UB
temperature and pressure stabilization

1 European Aviation Safety Agency (EASA)
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Table 3.1: (continued)

in-situ or
parameter institute

laboratory

C;HqO, C,HsN, CH,0,

C,H,0, and other Proton Transfer Reaction Mass o
Volatile Organic Spectrometer (PTR-MS) oSt S
Compounds (VOC)
H,O Isotopes laser absorption spectroscopy in-situ KIT
CH,4 absorption spectroscopy in-situ KIT
SO,, BrO, HCHO, 3 x Differential Optical Absorption remote
OCIO, Oy Spectroscopy (DOAS) sensing Ui
whole air sampler with 88 stainless
Volatile organic steel flasks laboratory
Compounds (VOC) analysis by Gas Chromatography — analysis MPL-C

Mass Spectrometry (GC-MS)

whole air sampler with 14 glass flasks

Greenhouse Gases laboratory MPI-C

(air sampler — 1), analysis by GC and

(GHG), Non Methane analysis UEA
Hydrocarbons (NMHC) G
Chlorofluorocarbons ; ;
whole air sampler with 14 glass flasks
(CFO), ; _ laboratory MPI-C
(air sampler — 2), analysis by GC and
Halocarbons analysis UEA
GC-MS
(N,0, SF¢)
remote
Clouds video camera . MPI-C
sensing

To interpret the measured data, additional large scale meteorological information is
needed. Therefore the Royal Netherlands Meteorological Institute (Koninklijk
Nederlands Meteorologisch Instituut; KNMI) calculates for every measurement flight
along the flight track important parameters like potential vorticity, equivalent potential
temperature, specific humidity, cloud cover, cloud water content, and wind vector
(http://www .knmi.nl/samenw/campaign_support/CARIBIC/index.html; last access:
29.03.2014). These calculations are based on ECMWF data. Using the TRAJKS
trajectory model [Scheele et al., 1996], KNMI also calculates five day backward-, as
well as two day forward trajectories every three minutes along the flight track of the
aircraft.
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Operation of standard laboratory equipment onboard aircraft requires several
modifications to comply with safety requirements, operation conditions, and handling.
For example, only incombustible materials are allowed in the aircraft and the emission
of electromagnetic radiation must be minimized and meet stringent specifications. For
the latter, the instrument has to pass an Electro Magnetic Compatibly (EMC) test. All
components inside the instrument have to be securely fixed to withstand vibrations and
shocks during the flight, take-off, and landing. Because persons are not allowed in the
cargo compartment during flight, the control and the data acquisition of the instrument
has to be automated, controlled by the CARIBIC container master computer.

OPCs use scattered light signals to derive information on particle size. Therefore
the theory of light scattering by particles is briefly summarized in Sec. 4.1. Section 4.2
describes the core features of the original laboratory OPC. The 19” rack unit housing
the OPC is described in Sec. 4.3. The data acquisition, the communication with the
master, and the control system is described in section 4.4. In the following the term
“OPC unit” is used for the whole CARIBIC OPC instrument, including the optical part,
the data acquisition, all electronics, the gas flow components, and the housing. The
original instrument, the RION OPC type “KS-93”, from which only the flow system,
the electronics and the optics is used, is called “OPC” or “KS-93”.

4.1 Scattering and absorption of light by aerosol particles

The movement of electromagnetic waves inside a medium is influenced by
inhomogeneities inside the medium, which is described in in detail by van de Hulst
[1981, p 114 — 130] and Bohren and Huffman [1983, p 82 — 129]. If an electromagnetic
wave strikes an inhomogeneity, an oscillation is initialized in this scattering medium.
Due to the oscillation the scattering medium reemits electromagnetic waves, the
scattered radiation. A part of the incident energy is transferred to other energy forms
(e.g. thermal energy). The energy transformation is described by the absorption. In
general the scattering and absorption of a certain inhomogeneity is a function of the
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wavelength (A4) of the incident radiation and of the size, shape, and chemical
composition of the inhomogeneity. Within this work the medium is the measurement air
passing the optics of an OPC. The electromagnetic wave is the laser beam of the OPC,
and the inhomogeneity is a single aerosol particle. For particles with d, <1

(d,<0.2-1), the scattering behavior can be described with the Rayleigh scattering [van

de Hulst, 1981 p. 85-102; Bohren and Huffman, 1983, p. 132-134; Seinfeld and Pandis,
1998, p.1120-1122]. The classical (geometrical) optics provides a good approach for the
solution of the scattering problem for particles with d, > 4 (d, >2...10-1). In the size

range d, ~ A neither the Rayleigh, nor the geometrical scattering describes adequately

the scattering behavior. The exact solution of the Maxwell equations for the scattering
of an electromagnetic wave at a homogeneous spherical medium was developed by
Gustav Mie and Ludvig Lorenz in the Lorenz-Mie (or only Mie) theory [Mie, 1908].
The Mie theory is valid for all size ranges, but is restricted to the elastic scattering. The
wavelength of incident and scattered radiation are equal. Furthermore the scattering has
to be incoherent. This means that the particles have to be statistically distributed in a
homogeneous medium to prevent phase correlations. The distance between two
neighboring particles has to be large enough to avoid particle interaction by their own
electromagnetic fields'”. As the OPC, this work is focusing on, do measure in the size
range d, ~ A (cf. Ch. 5) and the Mie theory provides an exact solution for the scattering

problem, the Rayleigh and the geometrical scattering are not described further.
The complex refractive index m(A) describes the dependency of the

scattering of radiation on the chemical composition of the scattering object
[van de Hulst, 1981, p. 67].

m(A)=n—i-n' (4.1)
n refractive index real part [1]

n' refractive index imaginary part [1]

A wavelength of the incident radiation [m]

While the refractive index real part describes the scattering, the imaginary part describes
the absorption. The sum of both effects is called extinction and gives the total
degradation of an electromagnetic wave during a scattering process. The individual
effective cross sections Cy give the ratio of how much of the incident energy per time
and area unit becomes transformed by extinction, absorption, and scattering within the
same time unit [van de Hulst, 1981, p. 13, Bohren and Huffman, 1983, p. 71].

, C, = “,C‘:WS (4.2)

12 Only if the distance is large enough, the incident electromagnetic field is large compared to
the electromagnetic field caused by particle interaction.
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C,=C,+C, (4.3)
C, extinction effective cross section [m?]

C, absorption effective cross section [m?]

C, scattering effective cross section [m?]

I, energy flux density of the incident radiation [J/(m” - s)]
w, energy flux of extinction [J/s]

w, energy flux of absorption [J/s]

/8 energy flux of scattering [J/s]
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Figure 4.1: Energy flux through a sphere around a scattering aerosol particle [after Bohren and Huffman,
1983, p. 70].

The relation of the energy flux through a sphere around a scattering aerosol particle
(Fig. 4.1) is given to be [Bohren and Huffman, 1983, p. 70]:

W, =W, =W, = (W, = W) =W, =W, (44)
w, energy flux of absorption [J/s]

w, energy flux of extinction [J/s]

W, incident energy flux (total energy flux) [J/s]

W, energy flux of scattering [J/s]

The ratio of the individual effective cross section to the particle geometric cross section
(G) are the efficiency factors Qy, for extinction (Q, ), absorption (Q, ), and scattering

(Q,) [van de Hulst, 1981, p. 14].

C C C
=—=° R =4 5 = S 4.5
0, G 0, G o G (4.5)
d2
G=r.—2 (4.6)
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C, extinction effective cross section [m?]
C, absorption effective cross section [m?]
C, scattering effective cross section [m?]

d particle diameter [m]

The energy of a single photon E (/1) of the incident radiation can be calculated by:

E(A):h-u=ﬂ 4.7
A

h Planck constant [ 4 =6.626-107"]-s]

v frequency of the incident radiation [1/s]

c velocity of light in vacuum [ ¢ =2.9979-10°m/s ]

A wavelength of the incident radiation [m]

Consequently the extinction, absorption, and scattering efficiency are a function of the
particle size and the wavelength.

The dimensionless size parameter x is the ratio of the particle circumference to
the wavelength [van de Hulst, 1981, p. 123, Bohren and Huffman, 1983, p. 100].

x= P 4.8
. (4.8)

d, particle diameter [m]

A wavelength of the incident radiation [m]

The extinction efficiency (Q.) describes the efficiency of interaction between the
incident radiation and the scattering particle. For O, = 1 only the particle geometric
cross section influences the scattering event. For aerosol particles the extinction
efficiency can reach values smaller and larger 1 [Bohren and Huffman, 1983, Fig. 4.6].
As the size parameter x increases (1 < d, ), O, approach a limiting value of 2, which is

twice as large as that predicted by the geometrical optic [Bohren and Huffman, 1983, p.
107].

limQ (x,m)=2 (4.9)
x size parameter [1]
m complex refractive index [1]

This phenomenon is called extinction paradox. It implies that the incident wave is
influenced beyond the physical boundaries of the particle. The edge of the particle
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deflects rays in its neighborhood (ray bending). From the viewpoint of geometrical
optics these rays would have passed the particle unimpeded [Seinfeld and Pandis, 1998,
p. 1123]. For particles with d, < 4, the behavior of the extinction efficiency follows

the Rayleigh scattering, which is not described further.
The spatial distribution of the scattering light intensity at single particles or a

particle fraction can be described with the volume scattering function 7(0,1//)
[1/(m-sr)], [after Agrawal, 2005 and Slade and Boss, 2006].

_ 1 & (0.y)
I dQdy

1

7(6.v)

(4.10)

energy flux density of the incident radiation [J/(m” - s)]
volume of scattering medium [m?]

, (0, w) energy flux of scattering to a certain solid angle [J/(s - s1)]
solid angle of scattering [sr]

plane angle of scattering [rad]
azimuthal angle of scattering [rad]

SOTHD N N~

For a fraction of random orientated particles, as well as for single spherical particles the
spatial distribution of the scattering light intensity behaves azimuthally symmetric.
Hence, for this special case the volume scattering function only depends on the plane

angle of scattering and y(6,y)=y(6)[Horvarth, 1998, p. 557]. The scattering phase

function P(Q) [1/sr] describes the angle dependence of the scattering light intensity
[Agrawal, 2005]:

P(O)=——+= 4.11
(0=, (4.11)
7/(0) azimuthal symmetric volume scattering function [1/(m - sr)]
o, volume scattering coefficient [1/m]

0 plane angle of scattering [rad]

Within Eq. 4.11 the volume scattering coefficient o, can be calculated for spherical
particles [Horvarth, 1998, p. 557; Slade and Boss, 2006]:

o= y(e,;y)dQ=2-7z-Ty(9)-sin(e)de (4.12)

4.

dQ =sin(0)dady
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0) azimuthal symmetric volume scattering function [1/(m - sr)]

7/(6’,1//) not azimuthal symmetric volume scattering function [1/(m - sr)]

Q solid angle of scattering [sr]
0 plane angle of scattering [rad]
74 azimuthal angle of scattering [rad]

As described above, the intensity of the light scattered by a single aerosol particle
depends on the particle size, the particle composition (complex refractive index), the
wavelength of the incident radiation, and the angular range of the OPC detection optics.

Knowing all parameters, the Mie scattering amplitude functions (S, (49),

S, (9))13 can be calculated [van de Hulst, 1981 p. 35, 124-126]. Combining these

amplitude functions and integrating over the plane angle of scattering, the OPC
theoretical response function (RF) [m?/particle] is obtained. In general the theoretical
RF of an optical instrument describes the intensity of the scattered light for a specific
particle type and size. Most OPCs work with a monochromatic laser. Therefore,
integration over a certain wavelength range is not necessary. The amplitudes of the
scattering light have to be integrated only along the angular range of the OPC detection
optics. Consequently, for spherical particles the OPC theoretical RF' can be written as
[after Pinnick and Auvermann, 1979]:

22 Omax 5 5 ‘
RF = s (O) +J52 (0 | sin(6) a0 (4.13)

min

s, (0) Mie scattering amplitude function perpendicular to the plane of

scattering [1]
S, (0 ) Mie scattering amplitude function parallel to the plane of

scattering [1]

0 plane angle of scattering [rad]

.. minimum plane angle of scattering [rad]
6. maximum plane angle of scattering [rad]
A wavelength of the incident radiation [m]

" The amplitude functions of the scattering light are only valid for spherical particles. Therefore
S;and S; are only functions of the plane angle of scattering.



4.1 Scattering and absorption of light by aerosol particles 33

10_6 E /
© é
g_) 10-7 j
‘»
[}
n
iy 10°®
& O
ot
-8
ST 107
® g soot (elemental carbon)
S — ammonium sulfate
£ 40" upper tropospheric aerosol
o ]
@) ]
10™

0.1 1
particle diameter [um]

Figure 4.2: Theoretical response function RF for the CARIBIC OPC in the particle size range
0.1 pm <d, <2 um. The RF was calculated with a Mie scattering program written by Thomas Miiller
(TROPOS). The used complex refractive indices at A= 830 nm are 1.85-0.71-i (soot; Tab 5.2)
1.52-1.41 +107+i (ammonium sulfate; Tab. 5.2), and 1.48-0.0143i (mid-latitude upper tropospheric
aerosol; Tab. 5.3).

The OPC modified within this work detects the 90° side-way scattering. The exact plane
angles of scattering are known, but for proprietary reasons not allowed to be publish.
Using a Mie scattering program written by Thomas Miiller (TROPOS), the OPC
theoretical RF was calculated for different aerosol materials. Figure 4.2 compares the
theoretical response signal for pure soot (elemental carbon), pure ammonium sulfate
(AS), and an internally mixed aerosol composition, representing mid-latitude upper
tropospheric aerosol (UTA; 44% AS, 44% SAM, 10% organics, 2% soot; cf. Tab 5.3).

From Fig. 4.2 it is obvious that AS and the mid-latitude UTA composition
behave similar with only a small offset for particles smaller than approx. 0.4 um. This
offset is caused by the slightly different refractive index real part (1.52 for AS and 1.48
for mid-latitude UTA). Consequently, for the mid-latitude UTA the OPC response
signal will be somewhat weaker than for pure AS particles. With increasing particle size
(relative to the wavelength) the particle absorption becomes more important. Above
0.4 um the AS curve lies more clearly above the mid-latitude UTA. This increase is
caused as AS has a smaller refractive index imaginary part (1.41-107) and therefore
less absorption than the mid-latitude UTA (1.43-107%). Both curves indicate a dip in the
range 0.6 pym < d, < 0.9 um. This dip is located in the particle diameter size range
around the laser wavelength (1 ~d,).

The OPC RF for pure soot particles behaves differently. For particles d, <0.5pm

the RF shape is comparable to that of AS and mid-latitude UTA, but with a significant
offset. The offset is caused by the much higher refractive index real part (1.85). For

Y Sulfuric acid (H,S04), 75% solution with water (SA)
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particles larger than 0.5 pm the RF slope differ from those of AS and mid-latitude UTA.
This is caused by the much higher refractive index imaginary part (0.71). Soot absorbs
the incident radiation much more efficient than AS and mid-latitude UTA and the OPC
response signal is attenuated.

4.2 Original instrument: OPC KS-93 (RION)

To ensure stable and high-quality measurements, the small, light, and very robust KS-93
OPC from RION CO., LTD. (www.rion.co.jp/english/; last access: 20.07.2014) was
chosen as basis instrument for the new CARIBIC OPC unit (cf. Fig. 4.3). This OPC has
a size of 135 x 280 x 150 mm (Axwxd ) and a total weight of only 6.5 kg. As light
source a 200 mW laser diode with a wavelength of A = 830 nm is used. With this infra
red laser and the given optics, the measurable particle size range of the KS-93 is
specified to 0.1 to 2 um for polystyrene latex particles with a refractive index of

m=1.6—-0.0-i [RION, 2008]. Own calibrations showed that the limits for size
resolved measurements are at about 0.125 and 1 um (Sec. 5.2). Larger particles are
counted by the KS-93, but as the signal is in saturation, no size information can be
derived and these particles are attributed to the highest channel. The original RION
data acquisition provides a particle size distribution in only five channels and has a
maximum counting efficiency of 50 %, which is caused by the optics of the KS-93.
With a modified gas flow inside the KS-93 (Sec. 4.3.3) and the new data acquisition
(Sec. 4.4), the CARIBIC OPC unit has a maximum counting efficiency of about 90 %
and the size resolution can be variably set during the post-flight data analysis. The great
advantage of this OPC in contrast to most of the other OPCs measuring down to
100 nm, is the independence of the scattering signal on the working pressure. The

5-93

B nioN PROCESS COUNTER K

Figure 4.3: Optical Particle Counter KS-93 (RION) with power supply KZ-50 (from
www.rion.co.jp/english/; last access: 20.07.2014).
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KS-93 uses a robust synthetic quartz optical cell where the measurement air passes the
laser beam outside the laser cavity. Due to this set-up the operation pressure can vary
from 0 to 5000 hPa. Intracavity OPCs, where the measurement air flows directly
through the cavity of the laser beam and cause a stronger signal of the scatted light, can
detect particles with a diameter of 100 nm or smaller. However, because of the
measurement technique these OPCs are highly pressure depended and therefore less
suited for airborne measurements.

As described in Sec. 4.4, a new data acquisition was developed to improve the
size resolution of the measured particle size distribution. Therefore RION added three
Sub-Miniature-B (SMB) output connectors at the rear side of the KS-93. These
connectors provide directly the amplified scattering signals of the detected particles.
Because the KS-93 has three different amplifiers, three SMB connectors are used, one
for each amplifier stage. Each of the amplified signals yields an output signal in the
range of 0 V to 10 V. For comparison and data evaluation the signals of the second and
third amplifier are amplified by a factor of 30 and 125, respectively.

4.3 OPC unit

4.3.1 General unit set-up

To operate the OPC unit fully automated, a gas flow system, a data acquisition system,
and new electronic components were added to the original RION OPC (Fig. 4.4). From
the KS-93 only the housing, the optics with the internal flow system, and the detection
electronics for the scattered light are still used. All components are mounted on a
20 mm thick aluminum alloy ground plate (alloy code EN AW-7175) inside a 19’

electronics;
, ; Al

Figure 4.4: CARIBIC OPC unit top view with all components. The “optic” is the original KS-93
displayed in Fig. 4.3.
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Figure 4.5: CARIBIC OPC unit front plate. Highlighted components are the four status LEDs (1), the
main switches/fuses (2), the unit operation mode switch (3), the air inlet tubing (4), the 24 VDC in power
connector (5), the Ethernet network in and out connectors (6), and the CAT6 network- and USB
connectors (7).

EMC rack unit housing (CS2007, Kniirr). Using a honeycomb structure the weight of
the plate is reduced by ~17.4 kg to 2.6 kg. For the same reason the steel sheet cover
plates are replaced by 4 mm thick aluminum coated honeycomb sandwich panels (Euro
Composites), thus saving another 2 kg. The front plate (Fig. 4.5) is a 3 mm aluminum
alloy plate (2024 clad T351), which is much stronger than normal aluminum, but has
nearly the same weight.

When the OPC unit is mounted in the CARIBIC container, only the front- and
the rear plate are accessible. Therefore all air tubing and cable connectors are placed at
the front plate (Fig. 4.5). Beside the 24 VDC power in (5) and the Ethernet network in
and out (6) (needed for communication with the master computer during measurement
flights), also a CAT-6 network and a USB (7) connector for communication with the
unit in the laboratory are mounted at the front plate. To switch the unit between aircraft
and laboratory mode, a rotary switch (3, Grayhill, 56SD36-01-2-AJN) is installed
beside the air inlet tubing (4). Four LEDs (1, Marl) indicate the actual measurement
status of the OPC unit (cf. Sec. 4.4). Two thermal fuses (ETA, 41020-G111-K1M1-
A1S0ZN-7.5A) at the front plate (2) are used also as main switch for the OPC unit. To
protect all electronic compounds from excess voltage, voltage fluctuations, and
electromagnetic influences, an excess voltage diode, two DC/DC converters (Chinfa,
HDD60-24S24T and HDD60-24S12T), and an Electro Magnetic Interference (EMI)
filter (Schaffner, FN 660-16/06) are installed, respectively.

The original KS-93 is sensitive to shocks and vibration, which is a severe
problem for operation onboard aircraft. Therefore the OPC is mounted on a purpose-
made aluminum alloy frame, which is shown in Fig. 4.6. With three wire rope isolators
(ENDINE, WR3-800) the frame is fixed on the ground plate. The isolators are
symmetrically arranged around the centroid of KS-93. In that way the remaining
maximum shock on the OPC was calculated by ENDINE to be 4 g (20 milliseconds) for
the landing of the aircraft. All other shocks (e.g. caused by air turbulence) were
considered to be weaker than the shocks during landing. Because of the free swinging
construction, all air tubing to the OPC (TSI, electroconductive Silicone tubing with
4.83 mm inner diameter, 3001788), as well as the power and signal cables are flexibly
connected. Padded backsquares prevents the OPC from larger displacements, which
might lead to damaging of the OPC or the components in its vicinity. To decouple the
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Figure 4.6: Purpose-made aluminum alloy frame with wire rope isolators (left) to decouple the KS-93

(right) from vibrations and shocks during the measurement flight.

OPC from vibrations, caused by the external vacuum pump or the engines of the
aircraft, the whole rack with the OPC unit is mounted on shock mounts (MEGI,
786214 60). The small compressor inside the OPC unit is also mounted on four
compact wire rope isolators (ENIDINE, CR1-300) to prevent vibration transmission to
the frame.

Most of the 150 W power consumption of the OPC unit is transformed into heat.
Therefore, five fans are used to generate a flow of fresh cool air through the OPC unit.
At the side panels, near the front plate, the fresh air is pulled into the unit (three fans,
Orion, OD6010-12HB) and at the back plate the heated air is blown out (two fans,
ebm-papst, 624HH). In that way about 2 m*/min are pulled through the OPC unit.
During the first year of operation in the CARIBIC aircraft, the observed air temperature
inside the OPC unit varied between 27°C and 45°C, depending on the cooling of the
aircraft cargo bay.

To get the aeronautic certification for implementation in the aircraft, the
CARIBIC container had to pass an EMC test (RTCA DO-160E). For every system
mode of the OPC unit, the energy of the emitted electromagnetic radiation has to be
below a well-defined threshold in the frequency spectrum between 150 kHz and 6 GHz.
This is particular important near the communication frequencies of the aircraft around
100 MHz. Consequently, all ventilation openings of the OPC unit are covered with
EMC screens. A preliminary EMC test was carried out in November 2009 at the GKSS
(Gesellschaft fiir Kernenergieverwertung in Schiffbau und Schiffahrt mbH, since 2011
Helmbholtz-Zentrum Geesthacht, HZG) in Geesthacht/Germany to ensure that the
emitted radiation of the OPC unit is continuously below the given threshold values.
Figure 4.7 shows the intensity of the emitted radiation from the OPC unit. The level H
threshold is the most limiting threshold given in the EMC norm DO-160E [RTCA/DO-
160E 2004] and is in the minimum peaks 10 dBuV/m lower than the threshold for the
certificated EMC test for the whole container (not shown in Fig. 4.7). For no frequency
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Figure 4.7: Intensity of the electromagnetic radiation emitted by the CARIBIC OPC unit when
measuring. The red line gives the DO 160E Level H threshold for comparison.

the energy of the radiation emitted by the OPC unit is above the level H threshold:
neither for the rapid scan (blue), nor for the more accurate 1 second average point
measurements (crosses).

4.3.2 Gas flow system

The original KS-93 has no internal gas flow control system. Therefore a gas flow
system was developed for the CARIBIC OPC unit, providing the optic with a well-
defined air sample volume flow.

First calibration measurements with the KS-93 showed the occurrence of
artificial noise particle signals in the size spectrum. Figure 4.8a shows the distribution
of the output signal for a measurement of 350 nm polystyrene latex particles. The
experimental set-up (cf. Sec. 5.2) provides a very narrow monomodal aerosol particle
distribution. The monomodal structure of generated particle distribution was verified by
a second OPC", operated in parallel. However, besides the main peak, the signal
spectrum of the KS-93 contained also many counts which had a lower signal intensity,
suggesting the existence of smaller particles. Compared to the integral number of counts

B Ultra-High Sensitivity Aerosol Spectrometer, Droplet Measurement Technologies, 0.06 pm <d, <1 pm
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Figure 4.8: Signal intensity distribution of KS-93 for 350 nm polystyrene latex particles, (a) for the
original KS-93 gas flow set-up, (b) with the sheath air technique inside the CARIBIC OPC unit.

within the main peak (96.7 V < signal < 436.5 V), the integral number of all counts
lower than the main peak (signal < 96.7 V) was about 57% of the main peak. The
additional small signals were observed only when measuring particle loaded air. For
filtered air measurements no signals were observed. Hence the additional small signals
were not caused by background noise. The reason for this signal intensity spread likely
is the set-up of the optics inside the KS-93. The intensity of the laser light from the edge
to the center of the beam follows a Gaussian curve with the maximum in the center.
When a latex particle passes the laser not in the center of the beam, but in the edge
region, the intensity of the scattered light and therefore the output signal is lower than
the signal for the same particle passing in the center. Moreover, in the original set-up
the laser beam illuminated only half of the air sample, which led to a limited counting
efficiency of the original KS-93 of maximum 50%.

To focus the aerosol particles to the center of the laser beam, the measurement
air is surrounded by particle free sheath air in the new flow system of the KS-93.
Unfortunately, the gas inlet of the KS-93 is a 1/4”’ tubing with a so called “VCR”
connection. This VCR connection may cause turbulence downstream which in turn
would ruin the focusing of the measurement air to the center of the optics.
Consequently, the laminar embedding of the measurement air into the center of the
sheath air takes place 30 mm behind the VCR connection. Different combinations of
Swagelok fittings, as well as 1/4°” and 1/16°” tubing were tested and the one finally used
is shown in Fig 4.9. The measurement air flows through the 1/16°’ tubing (inner
diameter 0.5 mm). The particle free sheath air flows through a Swagelok tee union with
the 1/16” tubing at the unions center line. To hold the 1/16”’ tubing in the center of the
surrounding 1/4’ tubing, the original gasket of the VCR connection was replaced by a
blind gasket in which seven holes were drilled. The hole in the center holds and aligns
the 1/16°° tubing. The other six holes are arranged symmetrically around the center,
supplying the sheath air. Around 30 mm behind the gasket the flow of the sheath air is
assumed to be laminar. Using this sheath air technique with a flow rate ratio of 1:9
(sample to sheath air; cf. Sec. 5.1), the distribution of the signal intensity for 350 nm
polystyrene latex particles is much less noisy compared to the one without sheath air
(Fig. 4.8b). Nearly all counts are in the main peak of the distribution, i.e., only a few
particles cause too small signals. The treatment of the remaining signals lower than the
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Figure 4.9: Sheath air implementation upstream the KS-93 optics. The construct is a combination of
different Swagelok fittings, 1/4’’, and 1/16’’ tubings, as well as a modified VCR blind gasket to center
the 1/16°” aerosol sampling air tube.

main peak will be discussed in Sec. 5.1. Additionally, the sample air focusing improves
the maximum counting efficiency of the OPC unit to 89%. The reason why the counting
efficiency did not reach 100 % unfortunately could not be clarified up to now.
Sensitivity studies indicated that the remaining small signals with the new sheath air
technique (Fig. 4.8b) are not caused by particles, passing the laser beam in the edge
region (cf. Sec. 5.1, 5.2.4). However, as this new counting efficiency proofed to be very
stable with time, the measured particle number concentrations can be corrected for.

During flight, the OPC unit can be set to three different operation modes (cf.
Sec. 4.4), namely Initialization (IN), Stand By (SB), and Measure (MS). This measure is
required by the CARIBIC system operation concept. For each of these modes the gas
flow inside the OPC unit is different. A gas flow system schematic is displayed in Fig.
4.10. IN is the initial operation mode of the unit after getting power and system boot-up.
In this mode only the computer has power, but no other component. This mode is used
during aircraft take-off and landing to save power for the aircraft systems. As the
external pump has no power either, there is no gas flow inside the OPC unit.

When the OPC unit is in SB mode, it is provided with the external vacuum. The
three-way valve (Biirkert, 6012 NC) is switched in direction 1-3 and the internal
membrane pump (KNF, NMP850KNDC B) blows ~ 3 I/min of filtered air into the
tubing system. About 1 I/min is pulled through the critical orifice to the vacuum exit at
the rear plate (OPC excess air). The vacuum is monitored by another aerosol rack unit
and is always below 35% of the operation pressure at the OPC unit inlet, thus ensuring
proper critical orifice operation. Because both Mass Flow Controllers (MFCs,
Bronkhorst, F-201D-ABD-00-V) are closed, the remaining 2 1/min are blown through
the flow splitter and the sample air inlet out of the unit toward the aerosol inlet. This
purging mechanism prevents contamination of all aerosol instruments by polluted air in
the vicinity of airports.

In MS mode the valve is switched in direction 1-2, MFC 1 is set to 0.150 1/min,
and MFC 2 to 0.135 1/min. Using the pressure and the temperature data from the sensors
in the gas flow, the MFCs are adjusted to a constant volume flow through the optics by
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Figure 4.10: Gas flow diagram of the CARIBIC OPC unit. When measuring (MS), the three-way valve
is switched in direction 1-2, the pump is working, MFC 1 is set to 0.150 I/min, and MFC 2 is set to
0.135 ml/min. In stand by (SB) mode, the valve is switched to 1-3, the pump is working, but both MFCs
are closed. For the init (IN) mode, also the pump is switched off and no external vacuum is available
(external pump is off).
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a 1 Hz LabVIEW proportional-integral-derivative (PID) controller algorithm. This
measure guarantees for each MFC a constant air volume flow with 1% accuracy despite
pressure changes during the flight. MFC 2 provides only 90% of the air (filtered sheath
air) pulled through the optics and MFC 1 to the vacuum exit of the OPC unit. The
residual sample air flow of 0.015 I/min is taken from the CARIBIC inlet, via flow
splitters and the sheath air device upstream the KS-93 optics. To reduce the residence
time of the sample air in the tubing between the inlet and the aerosol instruments
(Aerosol 1 and 2, OPC) and to minimize wall effects (e.g., particle losses), only the core
flow is use by the three units at the first flow splitter (Fig. 4.10 outside the OPC unit).
The depleted air near the tubing wall (~4.2 1/min, excess air) is pulled through the OPC
unit to the vacuum exit. The excess air flow is controlled by a critical orifice. From the
first flow splitter ~1 I/min of measurement air is pulled through a 1/4°’ tubing to the
second flow splitter inside the OPC unit. At the second flow splitter, which is located
about 10 cm in front of the sheath air implementation, again only the less influenced
core flow 1is taken for the measurement. The surrounding excess air
is transported through the critical orifice to the vacuum exit of the unit. Due to
the increased volume flow between the aerosol inlet and the second flow splitter,
the total residence time of the measurement air in the sampling line is minimized and
is less than 1 s.

The membrane pump inside the OPC unit (providing the sheath air) causes small
pressure fluctuations which disturb the flow control of MFC 2. Consequently, an
additional buffer volume upstream the pump was installed which reduces these



42 4 CARIBIC OPC

fluctuations. Unfortunately, the chosen three-way valve cannot be switched from
direction 1-2 to direction 1-3 (from mode MS to SB) when the pressure between pump
and MFC 2 is higher than 2000 hPa. Therefore, a pressure compensation tube open to
the ambient is mounted between the valve and the volume. To ensure high enough
pressure for running MFC 2 (about two times the pressure downstream the MFC), a
critical orifice is inserted in the pressure compensation tube.

4.4 Unit control and data acquisition

To control the OPC unit a Real-Time Embedded Controller (NI PXI-8106 RT) mounted
into a 4-Slot DC-powered PXI chassis from National Instruments is used (Www.ni.com,;
last access: 20.07.2014). For system control and recording the data from the sensors and
the KS-93, a relay card (NI PXI-6521), an M series multifunction data acquisition card
(NI PXI-6220M), and a high speed R series data acquisition card (NI PXI-7851R) are
mounted in the chassis, too. The above PXI components together are called “PXI
system”. The software controlling the OPC unit and recording the data was designed by
the author of this thesis and was mainly written by Thomas Conrath (TROPOS) in
LabVIEW. The unit control works as follows.

During flight all measurement instruments in the CARIBIC container are
controlled by the master computer, by providing the instruments with the measurement
status of the container every 20 s. Generally, the master can send one of the following
commands to the measurement instruments via an Ethernet network: ST (status), IN
(initialize), SB (stand by), or MS (measure). When a slave instrument (in the following
the OPC unit) receives a command from the master, it has to acknowledge its receipt,
sends its current status to the master, and executes the command of the master. If the
OPC unit receives no command from the master for three minutes, for safety reasons the
OPC unit sets itself to IN mode. The IN mode is the basis mode of all measurement
instruments, where only the computer has power to communicate with the master and
all other power is shut off.

About 40 seconds after the OPC unit gets power the boot-up is finished and it is
set to the IN mode. This status is send to the master, as response to the ST request the
master sends directly after booting to all slaves. When the master receives the status of
the OPC unit correctly, SB is send to the OPC unit thereafter. As described in Sec.
4.3.2, in SB mode the OPC unit is purged with filtered air to prevent contamination of
the optics. Because the laser diode of KS-93 needs up to 10 minutes to stabilize, the
KS-93 has already power in SB mode. When the CARIBIC aircraft reach a pressure
level allowing to start the measurements'®, the master sends the MS command. The
OPC unit responds by switching the three-way valve to position 1-2 and enabling the
flow control. Because both MFCs need about 40 seconds to adjust the volume flow to
the set values (0.150 I/min for MFC 1 and 0.135 I/min for MFC 2, respectively), the
OPC unit changes from SB first in the intermediate mode “begin measure” (BM). After
45 seconds the gas flow is stable and the unit mode changes to MS. When the pressure

16 currently 700 hPa, measured with a pressure sensor inside the master unit
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increases above 850 hPa during landing the measurement status of the container
changes to SB again. When the OPC unit receives the SB command from the master,
the measurement is stopped and the unit is purged with filtered air, again.

The actual measurement mode of the OPC unit is indicated by four LEDs at the
unit front plate as requested by the CARIBIC container concept. To track the
communication between master and OPC unit, it is stored in a log file. Moreover
internal error messages are logged in the same file to find possible reasons for errors in
the OPC unit due to instrument malfunctioning. When the OPC unit is operated in the
laboratory (e.g. for calibration measurements) the unit operation mode switch (Fig. 4.5,
(3)) is switched from “aircraft” to “laboratory”. In the laboratory mode no master
computer is needed to operate the unit.

In all modes (IN, SB, BM, MS) the data acquisition records the signals of the
pressure and temperature sensors with 10 Hz resolution. In BM and MS mode
additionally the current volume flow at the two MFCs are recorded with the same
resolution. The amplified signal of the scattered light at the three SMB connectors of
KS-93 (Sec. 4.2) can be recorded with a temporal resolution of up to 750 kHz for each
channel. As the signal pulses have an average duration of ~ 60 us (Sec. 5.1) the time
resolution was set to 333 kHz to save disc space and computational power. With this
resolution each signal pulse (roughly Gaussian shape) can be clearly resolved with 20
data points on average. When the signal intensity at the most sensitive channel 1 (Ch-1)
increases above 0.35 V (trigger level), the signal intensity of all three channels are
recorded until the voltage at Ch-1 decreases below the trigger level. The recording of
the pulse form enables the post flight data analysis (Sec. 5.3.1) with the determination
of the pulse maxima for each detected particle, the respective signal intensity and the
exact detection time. Using these single particle data, the temporal, as well as the size
channel resolution of the particle size distribution can be flexible set during later
analysis.

After a sequence of usually four measurement flights the CARIBIC container is
removed from the cargo bay of the aircraft and the raw data of all instruments are
uploaded on a data server at the MPI-C in Mainz for post-flight analysis. To aid the
transfer of the data from the OPC unit to the server, all data are stored on a Compact
Flash (CF) card, which can be easily removed from the backside of the OPC unit
without the need to boot the PXI system.






5 Characterization and calibration of
the new CARIBIC OPC unit

While the theory of light scattering by particles as well as the OPC unit general setup
and the data acquisition/unit control software is described in Ch. 4, this chapter deals
with the signal characterization and the calibration. The signal behavior of the modified
OPC is described in Sec. 5.1. Thereafter the laboratory calibration setup (Sec. 5.2.1) and
the particle size calibration is described (Sec. 5.2.2). The atmospheric aerosol particle
composition differs strongly for different atmospheric regions (cf. references in Sec.
5.2.3). A sensitivity study was carried out to analyze the influence of the chemical
composition on the refractive index and the particle density and thus on the OPC-
measured particle size distributions and derived particle mass concentrations. The
results of this sensitivity study are discussed in Sec. 5.2.3. While the counting efficiency
calibration is explained in Sec. 5.2.4, coincidence measurement results are discussed in
Sec. 5.2.5. The calibration of the temperature and pressure sensors, as well as the two
MFCs is summarized in Sec. 5.2.6. Finally, the data analysis procedure, including the
calculations for particle losses in the inlet system and an uncertainty estimate is given in
Sec. 5.3.

5.1 Characterization of the modified KS-93 with the new
data acquisition

To cover a large particle size range with high resolution, the KS-93 scattered light
signal is amplified by three different linear amplifiers. These amplifiers are connected to
the newly installed three SMB connectors (Sec. 4.2). The amplified signals have a
roughly Gaussian shape and an intensity of 0 to 10 VDC, depending on the measured
particle size. The signal of SMB connector 1 (Channel 1; Ch-1) is amplified most
strongly to resolve the signals of particles smaller than about 227 nm in diameter (with
respect to UT aerosol; cf. Sec. 5.2). Particles, larger than about 227 nm and smaller than
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Figure 5.1: Typical signal pulses for all three channels for 200 nm and 900 nm diameter polystyrene

latex particles. Figure (a) and (b) show the original signals at the SMB connectors of the KS-93 OPC.

The amplified response signals (factor of 30 for channel 2 and 125 for channel 3), used for data analysis,

are shown in (c) and (d), respectively.

about 598 nm (UT aerosol) are resolved best with the second amplifier and the
respective signal is available at SMB 2 output (Channel 2; Ch-2). All particles larger
than about 598 nm are resolved by the third amplifier, SMB output 3 (Channel 3; Ch-3).
The upper limit of Ch-3 and therefore the upper limit for size resolved measurements of
the OPC is given by the saturation of the third amplifier and was analyzed to be at about
1312 nm (10 VDC signal) for UT aerosol particles. The OPC counts also particles larger
than about 1312 nm (likely to the upper diameter limit determined by the inlet system),
but all these particles cause a 10 V signal and are thus attributed to the last diameter size
bin. Figure 5.1 shows two examples for a typical signal of a 200 nm and a 900 nm
diameter polystyrene latex particle with a complex refractive index of
m=1.59-0.0-i. The small 200 nm particles cause on average signal pulses with a
duration of about 60 ps and a maximum pulse height of 6.6 VDC in Ch-1 (Fig. 5.1a).
The maximum of Ch-2 and Ch-3 is on average 0.22 VDC and 0.05 VDC, respectively.
For large particles with 900 nm diameter, the amplifiers of Ch-1 and Ch-2 are saturated
and therefore the signal is truncated at 10 V (Fig. 5.1b). This particle size is resolved in
Ch-3 with a pulse width of about 90 us and a maximum value of 8.65 VDC on average.
Because Ch-1 is most sensitive, the signal increase first and decrease last.

For later analysis, the three channels are combined to one quantitative signal for
each particle (combined signal). If Ch-1 is not saturated (pulse maximum < 10 VDC),
its signal is taken as the combined signal. In case Ch-1 is saturated but not Ch-2, the
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signal of Ch-2 multiplied with 30 is used. If only Ch-3 resolves the particle pulse, this
signal multiplied with 125 is used. Consequently, the combined signal ranges between 0
and 1250, covering all three channels. The combination of the three channels using the
described amplification is shown in Fig. 5.1c and 5.1d for the 200 nm and 900 nm
diameter latex particles. The comparison of the three amplified signals shows that they
agree well and thus the amplification factors of Ch-2 and Ch-3 are correct.

To resolve the particle pulse form, the temporal resolution of the data acquisition
was set to 3 us. As the signal of one particle has duration of about 60 to 90 pus on
average, the pulse is resolved with 20 to 30 data points. When analyzing the pulse form
and properties, a delay of 9 us was found for Ch-1 compared to Ch-2 and Ch-3. For Fig.
5.1 this time shift was corrected by shifting Ch-2 and Ch-3 three data points to the right.
Because Ch-1 is the most sensitive, the signal recording of all three channels is
triggered by the intensity of Ch-1. The trigger level was set to 0.35 VDC as for particle
free air measurements with a trigger level of 0.30 VDC small signals were recorded.
The trigger level determines the lower detection limit of the OPC unit, which is
calculated to be 117 nm (UT aerosol; Sec. 5.2).

Onboard the aircraft the OPC unit has to measure at variable operating pressure
between 950 hPa during takeoff and landing and ~ 250 hPa at cruising altitude (both
ram pressures). Hence, the scattered light signal was analyzed as a function of pressure.
The signal for 350 nm diameter latex particles increases by less than 4% in peak
maximum when decreasing the pressure in the optical cell from 1000 to 200 hPa.
Hence, pressure changes do not influence the measurements strongly.

To determine the optimum ratio of measurement to sheath air (Sec. 4.3.2), two
criteria had to be considered. On the one hand the sampled air has to be focused in the
center of the air flow to prevent particles from passing the laser beam at the less
illuminated edge regions. This can be reached by a small sample air tubing (inner tubing
in Fig. 4.9). Moreover, to avoid turbulence, the Reynolds number has to be in the
laminar flow regime and the flow speed of the sample and sheath air has to be
approximately equal. On the other hand, as much sample air as possible should pass the
optics in order to get good statistics, which allows to increase the OPC time resolution
and the number of size channels. Therefore, several test measurements with 1/8°° and
1/16>’ measurement air tubes with different inner diameter and different flow ratios
were carried out. Using an acuminated 1/16°° tubing with an inner diameter of 0.5 mm,
an acceptable signal to noise behavior was found for a flow ratio of 1:9 (sample
air : sheath air, cf. Fig. 5.2a to 5.2¢). A further increase of the flow ratio in favor of the
sheath air does not significantly decrease the fraction of additional small counts (Fig.
5.2¢ vs. 5.2d). As this increase would worsen the OPC counting statistics and by this the
resolution of the size distribution, a ratio of 1:9 was taken and the sample and sheath air
flows were set to 150 cm’/min and 135 cm’/min, respectively (cf. Fig. 4.10). The
remaining 15 cm’/min of sample air are sucked through the center of the optics.
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Figure 5.2: Signal intensity distribution of KS-93 for 350 nm polystyrene latex particle measurement
with implemented sheath air technique. The measurement air to sheath air ratio was 1:3 (a), 1:5 (b), 1:9
(c), and 1:15 (d). Within each graph the bin values are normalized to the highest bin.

A small amount of small, artificial signals still remains (Fig. 5.2¢) when the flow ratio
is set to 1:9. The reason for these additional signals occurring only for particle
measurements larger than ~250 nm is unclear. They are connected to signals from real
particles, because they were not observed when measuring filtered particle free air. One
possible explanation would be recirculation inside the optics due to small turbulence at
the lens. In this case, some particles would be counted twice, likely as smaller ones
because of passing the laser beam in the edge region. However, according to the optics
geometry and the flow Reynolds number, the flow should be laminar. Another
explanation could be small reflections of the scattered light at the walls of the optical
cell. Nevertheless, the following sensitivity study shows that the influence of erroneous
particle counts on the particle concentration within a size bin of the size distribution
usually measured in the UT/LMS region is less than 1.5%. Figure 5.3a displays the
integral fraction of erroneous counts with respect to the integral number of “correct”
counts for different particle diameter. For instance, measuring particles with a diameter
of 259 nm (250 nm ammonium sulfate particle transferred to UT aerosol; cf. Sec. 5.2.2),
the fraction of additional small scale counts is about 10% compared to the real particle
number (main peak within the size distribution, not shown). These additional counts are
located in a size range between 117 nm and 182 nm (error bar in Fig. 5.3b). The average
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Figure 5.3: Estimation of the influence of erroneous counts on the measured particle size distribution in
the UT/LMS region. The fraction of error counts, obtained additionally to the “correct” counts at a
certain particle size (x-axis) is shown in (a). Figure (b) indicates the distribution (error bars) and averaged
size (squares) of erroneous counts, caused by real particle counts of a certain size (x-axis). The color of
the squares indicates the impact of the erroneous counts onto the real particle size distribution.
The calculation of the impact is based on an averaged particle size distribution, measured with the
OPC unit on 37 intercontinental CARIBIC flights between Germany, Canada, Venezuela, South Africa,
and Japan (c).

size of all erroneous counts caused by the 259 nm measurement is 157 nm (square in
Fig. 5.3b). For 702 nm particles (500 nm latex particles transferred to UT aerosol) the
fraction of false pulses is about 42% (Fig. 5.3a) and the averaged diameter of all false
pulses is 183 nm (Fig. 5.3b). To analyze the impact of this error on a typical particle
size distribution of the UT/LMS region, the fraction of potential erroneous counts
Error _ fraction(a) in a certain size channel of the particle size distribution is

calculated with Egs. 5.1 and 5.2.

C _error,,,, (dp,z)

Error(d )= (5.1
" Ccallib (dp,Z )
C(d,,) Error(d
Error _ fraction(d ) = @) @) (5.2)
cd,,)
Error(d,,) relative fraction of erroneous counts, caused by a certain

size channel (d, , ) (Fig. 5.3a) [1]
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C_error,,(d,,) integral number of all erroneous counts for a certain size
channel (d, , ) (obtained during calibration

measurements) [ 1]
Coarin(d, ) integral number of all “correct” counts for a certain size

channel (d, , ) (obtained during calibration

measurements) [ 1]
Error _ fraction(d ) relative fraction of potential erroneous counts in a certain

size channel (d,,) (Fig. 5.3b color code) [1]

cd,,) measured concentration at a certain size channel (e.g. at
d , inFig. 5.3c) [1/em’]

cd,,) measured particle concentration at the associated size

channel where the erroneous counts are located on
average (d,, in Fig. 5.3c) [1/cm’]

For this calculation the data of 37 intercontinental measurement flights between
Frankfurt, Vancouver, Bogota, Caracas, Cape Town, Johannesburg, and Osaka were
averaged to obtain a representative particle size distribution (Fig. 5.3c). As shown in
Fig. 5.3a and 5.3c, with increasing particle size Error(d,,) increases, C(d,,)

decreases, and C(d,,) is about a factor of 20 to 40 larger than C(d,,). Consequently
for all size channels the resulting Error _ fraction(d,,) is smaller than 1.5% (color

code in Fig. 5.3b). Unfortunately this analysis was only possible for particles smaller
than 702 nm (500 nm latex particles transferred to UT aerosol). The limitation is caused
by the used calibration setup (Sec. 5.2.1) with no pure latex particles larger than
500 nm. However, due to the rapid decrease of the UT/LMS particle number
concentration with increasing particle size, the influence of erroneous counts can be
neglected compared to the true concentration'’. As the uncertainties due to the
calibration, the used refractive index, and the used sample air volume are estimated to
be much larger (cf. Sec. 5.3.3) than the overall influence of erroneous counts on the true
particle size distribution, this effect can be neglected in the CARIBIC OPC data
analysis. In the calculation of the uncertainty, however, this error is included (Sec.
5.3.3). For applications, where the particle size distribution shows not the steep decrease
as it is seen in the UT/LMS (e.g. measurements in the boundary layer) the effect of the
erroneous particle counts cannot be neglected.

7 Using the equations obtained from the linear fits in Fig. 5.3a,b, for 1000 nm particles (dp,) the fraction
of erroneous counts is 65% and the corresponding dp, is 205 nm. With the averaged UT/LMS particle
number size distribution (Fig 5.3c) the resulting Error _ fraction(d,,) is only 0.2%.
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5.2 Calibration of the OPC unit

5.2.1 Calibration setup

To calibrate the CARIBIC OPC unit with respect to particle size and counting
efficiency, several measurements at different particle sizes were carried out. The
calibration setup is shown in Fig. 5.4. The particle material (polystyrene latex or
ammonium sulfate) was dissolved in deionized water (1). After atomizing this solution
in a TSI 3076 particle generator (atomizer) (2), the aerosol flew into a droplet trap (3).
While large droplets were removed by impaction, only the small ones followed the air
stream into a glass bottle dilution unit (4). In this glass bottle the calibration air was
mixed with dry particle free air to reduce the total particle concentration and to dry the
droplets, containing the desired particle material. By adjusting the dilution the particle
concentration of the measurement air was set between 20 and 1000 1/cm?® using a needle
valve. To obtain really dry aerosol particles, the aerosol passed a second drier (5). Inside
this 40 cm tall glass tube, the calibration air was dried with water absorbing silica gel.
Because commercial available polystyrene latex calibration standards (Duke
Scientific Corporation, Nanosphere Size Standards NIST Traceable Mean Diameter)
were used, the resulting particle size distribution after the drier was quasi monodisperse.
But some small particles were present due to the remaining impurity of the atomized
water (Fig. 5.5a water peaks). For ammonium sulfate (AS; (NH4),SO4) the generated
particle size distribution was polydisperse because the evaporated droplets of the
atomized salt solution released aerosol particles of various sizes. However, for the size
and counting efficiency calibrations, particles of the same size were needed. Therefore,
the particles carried by the calibration air were charged inside a bipolar diffusion
charger (Am**") (6) and separated using a Differential Mobility Analyzer (DMA, type
Vienna medium) (7). Inside the DMA, which is a cylindrical capacitor, particles are
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Figure 5.4: Calibration setup for the CARIBIC OPC with the glass bottle containing the particle material
in aqueous solution (1), particle generator (atomizer) (2), droplet trap (3), dilution unit (4), drier (5),
bipolar diffusion charger (6), and the Differential Mobility Analyzer (DMA) (7). A Condensation Particle
Counter (CPC) was operated in parallel to the CARIBIC OPC unit (8a and 8b) as reference for the
counting efficiency measurements.
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separated by their mobility in an electric field (electrical mobility) [Wiedensohler, 1989;
Winklmayr et al., 1991; Birmili et al., 1997, Baron and Willeke, 2001, p. 66, 78; Flagan,
2001, pp. 553-555]. The electrical mobility of a particle (Z,, Eq. 5.3) mainly depends on
the particle size and the number of charges on the particles. Operating the DMA at a
constant voltage, only particles having an particle electrical mobility equal to the DMA
electrical mobility (Zpma, Eq. 5.5) are transported to the DMA aerosol exit.

e-C
Zp _ et (5.3)
3-r-n-d,
C, =1+ -(15.60+7.00-¢ ") (5.4)
pd,
C. Cunningham slip correction factor [1]
n, number of charges of a aerosol particle [1]
e elementary charge [1.6022-10™"° C]
n air dynamic viscosity [kgrm™-s™']
d, particle diameter [m]
D air pressure [Pa]
Q + Q _ Qma + Qpa
* P 2 Tpyan
VAR -In ’ (5.5)
27 Appy - Upyy Fpya,
Oopins DMA sheath air volume flow [m?/s]
O st pa polydisperse aerosol volume flow at the DMA entrance [m?*/s]
Opritma quasi monodisperse aerosol volume flow at the DMA exit [m*/s]
[ length of the DMA electrode [m]
Fpvas radius of the inner DMA electrode [m]
Fora s radius of the outer DMA electrode [m]
Upua voltage at the electrodes [V]

From the DMA aerosol exit the calibration air was pulled directly to the OPC unit (8a)
and a reference instrument, in this set-up a Condensation Particle Counter (CPC, TSI
Model 3010) (8b). The OPC unit and the CPC pulled together about 2 l/min of
calibration air whereas the particle generator with the dilution unit provided about 3 to 6
I/min, depending on the dilution. To balance this air flow excess, a pressure
compensation was integrated directly downstream the drier. Particle losses due to
sedimentation, coagulation, and diffusion were minimized by a vertical arrangement of
the calibration setup, avoiding strong bendings, and keeping the tubing as short as
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Figure 5.5: Highly resolved signal distribution for 800 nm latex particles (a) and 200 nm ammonium
sulfate particles (b). For both measurements the calibration setup of Fig. 5.4 was used, but for the latex

measurement without bipolar diffusion charger and DMA.
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possible. Furthermore, the two tubes from the crossing to the OPC and the CPC,
respectively, had the same length.

When operated with latex calibration standards, the remaining water peaks were
removed by the DMA. The resulting monomodal particle size distribution with a known
particle diameter was directly used for calibration measurements. As seen in Fig. 5.5b, a
polydisperse particle size distribution was provided by the DMA when operated with
AS. This distribution is caused by the presence of larger multiple charged particles
having the same electrical mobility as the smaller particles having only a single charge
(cf. Eq. 5.3). Using a resolution of 256 size channels for data analysis, the single
charged (singlets), double charged (doublets), triple charged (triplets), as well as the
quadruple charged (quadruplets) particle peaks could be resolved (Fig. 5.5b). The
polydisperse size distribution of the AS particles had the great advantage that the
particle size could be variable set. When using latex particles, the size calibration was
limited to the available standard sizes (125, 200, 350, 500, 800, and 900 nm for this
work).

5.2.2 Size calibration

For the particle size calibration, the intensity of the amplified OPC output signal (Ch.
5.1) was averaged over several thousand counting events for each particle diameter.
Using the DMA theory [Wiedensohler, 1989, Winklmayr et al., 1991; Birmili et al.,
1997, Baron and Willeke, 2001, p. 66, 78; Flagan, 2001, pp. 553-555], the size of
multiple charged particles was calculated (Eq. 5.3 and 5.4). Thus the clearly identifiable
peaks of multiple charged AS particles could also used for the size calibration. For the
example shown in Fig. 5.5b also the doublets (324 nm) and the triplets (439 nm) were
used in addition to the singlets (200 nm). However, due to the flow setup of the DMA
only particles smaller than 620 nm could be selected for calibration. To extend the size
calibration to the upper detection limit of the OPC, latex particles were used. For the
latex calibration standards 800 nm and 900 nm, the calibration setup was used without
the DMA, which implied the measurement of the additional water peaks (cf. Fig. 5.5
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Table 5.1: Particle material, sizes, and charges used for the size calibration of the CARIBIC OPC. All
particle diameters were related to a internal mixture of mid-latitude UT aerosol particles (fourth column).
The amplified response signal of the KS-93 OPC is given in the last column.

material particle particle calculated new particle amplified
diameter charge diameter (nm) response
(nm) (e) M toral(r) = 1.48-0.0143-i signal
A =830 nm V)
latex 125 1 133 0.62
latex 200 1 215 6.94
latex 350 1 396 137.0
latex 500 1 702 429.6
latex 800 - 978 609.0
latex 900 - 1141 1092.9
(NH4)2SO4 125 1 128 0.69
(NH4)2S04 135 1 138 0.85
(NH4),SO4 150 1 154 1.40
(NH4)2SO4 152 2 156 1.35
(NH4),SO4 168 2 173 2.37
(NH4)2SO4 175 1 180 3.03
(NH4)2SO4 193 2 199 4.84
(NH4)2SO4 197 3 203 5.14
(NH4),SO4 200 1 206 6.16
(NH4)2SO4 210 2 216 7.60
(NH4),SO4 219 3 226 9.28
(NH4)2SO4 236 2 244 15.47
(NH4),SO4 250 1 259 22.53
(NH4)2SO4 254 3 263 22.01
(NH4),SO4 279 2 290 36.05
(NH4)2SO4 300 1 313 54.77
(NH4),SO4 324 2 339 72.12
(NH4)2SO4 400 1 427 164.4
(NH4),SO4 415 2 446 195.6
(NH4)2SO4 439 3 479 211.5
(NH4),SO4 500 1 582 286.0
(NH4)2SO4 508 2 598 273.2
(NH4),SO4 600 1 713 394.7

and its discussion). As the water peaks are clearly separated from the signal peak of the
latex particles, the latex particles peaks could be safely used for the size calibration. The
refractive index of polystyrene latex (m(4)=1.59-0.0-i (A= 830 nm); [Hinds, 1999],
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Figure 5.6: CARIBIC OPC size calibration curve for mid-latitude upper troposphere aerosol (UTA)
particles (Mg oi(A) =1.48-0.0143-1 (A =830 nm)). All calibration points were converted from latex
(blue) and ammonium sulfate (AS, red) to UTA using a Mie scattering program. The adjusted fit
function (green) is a combination of the two power functions. At the intersection point (amplified signal
127.98; d, = 374.4 nm) the adapted function is increased by 5%.

p. 351) and therefore the intensity of the scattered light differs from AS
(m(A)=1.52-1.41-10"-i (A= 830 nm); [Toon et al., 1976]). To take this difference

into account, the AS as well as the latex calibration points were related to a uniform
complex refractive index (m(4) =1.48—-0.0143-i (A= 830 nm)), using a light scattering

program written by Thomas Miiller (TROPOS) based on Mie theory [van de Hulst,
1981, p. 35, 124-126]. The adapted refractive index was calculated to be characteristic
for an internal mixture of mid-latitude upper tropospheric aerosol particles (UTA),
which will be discussed in connection with Tab. 5.2, Tab. 5.3, and Fig. 5.7. Using the
Mie scattering program and geometry parameters of the KS-93 optics, the theoretical
response of the OPC was calculated for different types of aerosol particles (cf. Sec. 4.1).
Comparing the response signal for AS and latex to the response signal for UTA, the AS
and latex particle sizes could be related to UTA sizes (e.g. a 350 nm latex particle cause
the same scattered light intensity as a 396 nm UTA particle). The equivalent particle
sizes are listed in Tab. 5.1 together with the corresponding amplified signal intensity of
the scattered light. Altogether 29 different particle sizes were used for the size
calibration of the OPC.

The particle size calibration curve resulting from the AS and latex calibration is
shown in Fig. 5.6. The converted calibration points can be described by two power
functions with a discontinuity between them (amplified signal 127.98; d, = 374.4 nm).
To create a smooth crossover in the overlap region around the intersection point, the
two curves were adjusted by an iterative developed correction function (green curve;
Eq. 5-6). At the intersection point, due to the correction function the particle diameter is
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larger by 5%, to the left and right this value gets lower. For signals smaller than 80.75 V
(=1010e1279802 ‘anq larger than 202.84 V (=101°¢!279970D) the correction becomes
zero. Between the lowermost and uppermost points and the intersection point the
correction functions were calculated using a linear approximation. The maximum
overestimation of 5% was chosen as a result of a sensitivity study (not shown here).

x<80.75 144.2896- x**
1) 80.75<x<127.98  144.2896-x"""* +(0.001059 - x —0.085486)-25.9255 - x"**
X)=
127.98<x<202.84 25.9255-x"*% +(—0.000668- x —0.135486)-144.2896 - x"'**
202.84<x 25.9255. 505503
(5.6)

5.2.3 Application to atmospheric aerosol particles

The CARIBIC system probes different atmospheric regions and hence different kinds of
aerosols are encountered. At mid-latitudes the aircraft flies quite often in lower
stratospheric air [van Velthoven, 2014]. For such air masses the aerosol composition is
dominated by sulfuric acid [Murphy et al., 2007; Deshler 2008]. In the mid-latitude UT
and tropical middle troposphere (MT) ammonium sulfate, different organics (organic
carbon, OC), and soot (elemental carbon, EC) must be considered too [Dibb et al., 1999;
Kojima et al.,2004; Schwarz et al., 2006; Lauer and Hendricks, 2006; Froyd et al.,2009;
Morgan et al.,2009; Pratt and Prather, 2010; Schwarz et al., 2010]. The different
chemical composition and hence the different optical properties of the aerosol particles
(Tab. 5.2) influence their detection by the OPC unit.

Because the CARIBIC system cannot measure the aerosol chemical composition
for single particles, an internally mixed aerosol was assumed. This assumption is valid
for the UT/LMS as aircraft emissions are the only direct particle source and all other
particles were already aged during their transport into the UT/LMS. Therefore the

complex refractive index (m . .(4); Eq. 5.7) of the internally mixed particles was

c.total

Table 5.2: Complex refractive index and density of the most important atmospheric aerosol particle
materials in the UT/LMS region.

particle material complex refractive index density reference
(A =830 nm) (g/cm?)
H,SOy4 (75% solution 1.4255-1.503E-71 £ =1.67 Hummel et al., 1988
with water)
organics (OC) 1.4551-0.0011 p =140 Jaenicke, 1993;
Dick et al., 2007
(NH4),SO4 1.52-1.41E-7i p=1.83 Toon et al., 1976
soot (EC) 1.85-0.711 p=1.80 Bond and

Bergstrom, 2006
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calculated, using a volume mixing rule [Seinfeld and Pandis, 1998; p. 1134].

mc,total (ﬂ“) = zj; ’ mc,i (/1) (57)
i=1

/i volume fraction of compound i [1]

m,; (1) complex refractive index of compound i [1]

A wavelength of the incident radiation [m]

Previous CARIBIC measurements of the aerosol elemental composition (impactor
probe samples; cf. Sec. 3.3) showed that sulfur (sulfuric acid or ammonium sulfate) is
more abundant than organic carbon at mid-latitudes [Nguyen et al., 2008]. The same
author showed, in tropical regions carbonaceous compounds (most likely OC) are as
frequent as sulfuric compounds. To analyze the influence of different refractive indices
on the derived particle size distribution and total particle volume or mass, a sensitivity
study was carried out. Three different calibration curves, representing three different
particle compositions, were applied to one dataset, obtained during the CARIBIC flight
LH317 on Nov. 15", 2010 between Frankfurt/Germany and Johannesburg/South Africa.
This flight sampled the three major atmospheric regions for CARIBIC measurements:
mid-latitude lowermost stratosphere, mid-latitude upper troposphere and tropical middle
troposphere. For each of the three calibration curves, the complex refractive index was
calculated for a characteristic internal aerosol mixture given in Tab. 5.3. The first
mixture is characteristic for aerosol particles in the mid-latitude lowermost stratosphere

Table 5.3: Complex refractive index and density for internally mixed (volume mixing rule) aerosol
particles. The given volume fractions are assumed “typical” aerosol compounds for the regions the
CARIBIC measurements take place most frequently.

region composition mixed complex refractive mixed
(volume fraction) index density
mA)=n-n"-i (g/cm?)
A =830 nm
mid-latitude H,S0y4: 9% m,,,.,(A)=143-0.0001-i p=1.64
lowermost Organics: 10%
stratosphere (NH4),SO4: 0%
Soot: 0%
mid-latitude upper  H,SOy4: 4% m,_,,.,(A4)=148-0.0143-i p=172
troposphere Organics: 10%
(NH4)2SO4Z 44%
Soot: 2%
tropical mid H,SO4: 19% m,,,,(1)=148-0.0075-i p=1.63

troposphere Organics: 40%
(NH4)st4Z 40%
Soot: 1%
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(LSA), where sulfuric acid is dominant. The second mixture characterizes aerosol from
the mid-latitude UT (UTA), where AS is assumed to be as important as sulfuric acid.
For this region the soot fraction is assumed to be 2%, because of considerable emissions
from aircraft and industry [Lauer and Hendricks 2006, Schwarz et al., 2006; 2010]. The
third mixture was chosen to be characteristic for tropical mid-tropospheric aerosol
(MTA). As ~ 94% of all CARIBIC measurements are above 8 km altitude, mineral dust
and sea salt were assumed to be encountered less frequent in all regions.

Figure 5.7 shows the influence of the different aerosol compositions (refractive
indices and density) on the particle size distribution (a) and the derived particle mass (b
and c). As this CARIBIC flight LH317 passed all three regions, it is assumed this
sensitivity study provide a realistic assessment of the influence of the refractive index.
The particle size distribution in Fig. 5.7a is averaged over the whole flight. The
refractive index real part of LSA and therefore the intensity of the scattered light of such
particles is lower than for UTA and MTA. Using the correct calibration for each type of
aerosol compensates the difference in the intensity of the scattering light. Considering a
particle with a certain diameter, in case the true real part of this particle is larger than
those of the used calibration, the measured scattering light intensity would be stronger
and therefore the particle would been seen larger than it is. Consequently, compared to
the UTA and MTA calibration, with the LSA calibration the measured particle size
distribution is somewhat shifted to larger particle diameters. As the real part for UTA
and MTA are equal, the difference in the comparison of those size distributions can be
explained by the different imaginary part. Because the UTA particles absorbs more light
than MTA vparticles (n',,, >n',,,), UTA particles have to be larger than the MTA

particles when both OPC signals are equal. While the upper detection limit of the OPC
(signal intensity at Ch-3 = 1250 V) is 1351 nm for the LSA calibration, it is 1312 nm for
UTA, and 1252 nm for MTA, respectively. The lower detection limit (signal intensity at
Ch-1=0.35V) is 121 nm for LSA, 117 nm for UTA, and 117 nm for MTA. For
polystyrene latex the lower and upper detection limit is calculated to be 111 nm and
972 nm, respectively.

Comparing the integral particle mass concentration along this flight (Fig. 5.7b
and 5.7c; three minutes average values), differences are not only caused by the
refractive index but also by the particle density. In case of UTA calibration the total
mass is in between the mass concentrations of the LSA and MTA calibration. To
visualize the differences more clearly, Fig. 5.7c shows the relative difference of the two
aerosol types from the UTA mass. For the whole flight the MTA and LSA masses are
on average 10.5% lower and 8.3% higher (medians), respectively, than the UTA mass.

To obtain a uniform data analysis for all flight regions and as the real particle
composition is not known, for this study all data were analyzed with respect to the
complex refractive index and particle density of the internal mixed UTA. The apparent
uncertainty, shown in Fig. 5.7 for the particle size distribution and particle mass
concentration, indicate the quantitative uncertainty of the measurements concerning
refractive index and particle density. For the presentation of the results, this uncertainty
was included in the uncertainty calculation (Sec. 5.3.3). In case the aerosol type is well
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Figure 5.7: Influence of the aerosol composition (complex refractive index, particle density) on the
particle size distribution (a) and the particle mass concentration (b), measured with the CARIBIC OPC
unit along a measurement flight between Frankfurt/Germany and Johannesburg/South Africa on
November 15", 2010. The analyzed data were related to an internal mixture of mid-latitude lowermost
stratospheric aerosol (LSA) (green), mid-latitude upper tropospheric aerosol (UTA) (blue), and tropical
mid tropospheric aerosol (MTA) (red), using a Mie scattering program. The relative difference from the
UTA mass concentration is displayed in (c).

known, of course the measured values can be related to the exact refractive index and

particle density, using the Mie scattering program and the geometry parameters of the
KS-93 optics.

5.2.4 OPC counting efficiency

As the intensity of the scattered light decreases with decreasing particle size, not all
small particles passing the optics are counted. The counting efficiency &(d,) for a
certain particle size d,, is the ratio of the number of particles the OPC unit counts to the

number of available particles. The latter one was measured with a reference instrument,
in this study a CPC, type “TSI 3010 (Fig. 5.4).
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e(d,)= % (5.8)
CPC

Nope particle concentration measured with OPC [1/cm’]

Nepe particle concentration measured with CPC [1/cm’]

The measured particle concentrations can be directly compared for each particle size
when using the monodisperse latex calibration standard. However, as described in the
discussion of Fig. 4.5 and Fig. 5.3, for particles larger than ~250 nm, erroneous counts
occur at the small end of the size distribution. Consequently only the counts of the main
peak were included in the calculation of the particle concentration.

To obtain more than four measurement points (latex calibration standards
125 nm, 200 nm, 350 nm, and 500 nm), AS was used too. Multiple charged particles
were resolved in size and number by setting the OPC size distribution to 256 channels.
In this way the counting efficiency of the OPC unit was calculated gradually from large
particle sizes to smaller ones. For each singlet maximum diameter the number of all

multiple charged particles was summed up (N,

). Thereby the counting efficiency
for the doublets, triplets and larger particle sizes was taken into account (Eq. 5.9). The
respective counting efficiencies were taken from the previous calibration steps. By

subtracting N, from the number of particles the CPC counted (N, ), the total

multiple
number of singly charged particles was calculated (N, ,; Eq. 5.10). Dividing the
number of singly charged particles the OPC unit counted (N, ; Eq. 5.11) by N,
the OPC counting efficiency (&(d,)) at the d, of the singlets was finally determined
(Eq. 5.12). The obtained &(d,) was used for the next smaller particle size calibration

step. For the first calibration step (largest particles, 500 nm AS, 582 nm UTA), particles
larger than the singlet size were not present in the OPC size distribution'®. The absence
of multiple charged particles is reasonable, because the used particle generator did not

generate such large particles [TSI, 2008], hence N, = 0.
nopc N.
multiple = — (59)
i=b+1 g[
N, CPCs — Nepe =N multiple (5.10)
b
NOPC,szzNi (5.11)

'8 For 500 nm AS singlets the doublets are calculated to be 889 nm and the triplets 1269 nm .
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Figure 5.8: OPC unit counting efficiency for mid-latitude UT aerosol particles
(Mg oral(A) = 1.48-0.0143-1 (A = 830 nm)). Black squares represent measurement, where only the main
peaks of the singlets were taken into account. Red triangles represent calculations where the erroneous
counts (cf. Sec. 5.1) were included. The x-axis error bars indicate the maximum uncertainty due to the
combination of the different aerosol type calibrations and the Gaussian width of the DMA distribution
(Sec. 5.3.3). The y-axis error bars indicate the maximum uncertainty concerning the measurement air
volume (Sec. 5.3.3). As the black and the red measurement points were obtained from the same dataset,
a potential shift of the true counting efficiency (within the error bars) would be in the same direction for
both curves. Hence, the overlap of the positive error bar (peak counts) with the negative error bar (all
counts) does not indicate that the counting efficiency might be equal.

N,

g =e(d,)=—"=" (5.12)
NCPC,S

N, number of counts in a certain size channel [1]

&, counting efficiency for a certain size channel [1]

Aope number of size channels in the OPC particle size

distribution [1]; (#,p-= 256 for calibration)
a first channel, in which the singlets were seen [1]
b last channel, in which the singlets were seen [1]

The resulting OPC counting efficiency curve is displayed in Fig. 5.8. Like for the size
calibration, all particle diameters were related to UTA. Above about 250 nm, the OPC
counting efficiency is more or less constant (maximum asymptotic counting efficiency).
For smaller particle diameters the counting efficiency decreases. The particle diameter
where the counting efficiency is 50% of the maximum asymptotic counting efficiency
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(d,s ), 1s a characteristic size for the lower detection limit of an optical aerosol

counting instrument. Using Eq. 5.13 as fitting function [Wiedensohler et al., 1997], the
UTA d, 5, was calculated to be 140.5 nm. For the LSA calibration d, 5, is 146 nm and

141 nm for the MTA, respectively.

A
eld,)=4,- dl — (5.13)
1+exp| 221
d,,
d, particle diameter [nm]
4 approximation parameter [1]
A, maximum asymptotic counting efficiency [1]
d,, approximation parameter [nm]
d, approximation parameter [nm]

In addition to the true counting efficiency (black squares), Fig. 5.8 illustrates the effect
of considering the erroneous counts too (red triangles). For particle sizes smaller than
~250 nm only few erroneous counts occurred, influencing &(d,) only slightly (cf. also

discussion to Fig. 5.3). For particle measurements larger than about 250 nm, &(d,)

increased significantly above 100%. Because for all measurements the used particle size
was much larger than the CPC d, (~10 nm), the CPC was assumed to count 100%

[TSI 2002]. Consequently, OPC counting efficiencies much higher than 100% are
unrealistic. Hence, the additional small pulses must be erroneous. As the black and the
red measurement points were derived from the same dataset, the overlap in the error
bars (positive for peak counts vs. negative for all counts) does not indicate that the two
counting efficiency curves might be equal. If the true counting efficiency is shifted
within the shown error bars, for both curves the shift is in the same direction. The
relative large error bars are mainly caused by subtracting the two roughly equal mass
flow controller readings in order to derive the sampling volume flow (Sec. 4.3.2 and
5.3.3 Eq. 5.32).

Because the water peak (Fig. 5.5a) would be also counted by the CPC, only
DMA selected particles were used for calibrating the OPC counting efficiency.
Consequently, the calibration could not be extended to particles larger than 500 nm
(latex, 702 nm UTA). However, the OPC unit already reached the maximum counting
efficiency of ~ 89% at a particle size of about 250 nm (UTA) and this asymptotic
maximum counting efficiency stayed constant with increasing particle diameter.
Therefore, the counting efficiency was assumed to be at 89% for particles larger than
702 nm, too.



5.2 Calibration of the OPC unit 63

8000

equation for fit function:

7000 4 y= a*(1 - exp(-b*x))

1 RA2 = 0.99945

6000 - P
a 21922.05269 +1815.67094
b 0.000041 +3.8558E-6 /

4000 /(//%/
3000 /%//
2000 (ﬁ/ﬁ(

] 1 ®  measured concentration

1000 ﬁ

0

5000

fit function

no coincidence
T I T I

. . . . — — .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

integral concentration at OPC [1/cm’]

particle concentration at CPC [1/cm3]

Figure 5.9: Coincidence behavior of the CARIBIC OPC. The integral particle concentration, measured
with the OPC is plotted against the particle concentration of a reference instrument (CPC, TSI model
3010). For the used particles (200 nm diameter latex equal to 215 nm diameter mid-latitude UT aerosol),
the OPC counting efficiency was determined to be 89%. The green line indicates the integral particle
concentration, the OPC would measure in case of no coincidence (not corrected for OPC counting
efficiency). While the x-axis error bars indicate the CPC statistical uncertainty (one sigma standard
deviation), the y-axis error bars indicate the uncertainty concerning the measurement air volume (Sec.
5.3.3).

5.2.5 Particle coincidence

Due to the aerodynamic focusing inside KS-93, usually aerosol particles pass the optics
separately. However, if the particle concentration increases, two or more particles might
pass the laser beam at the same time, which is called coincidence. Depending on the
intensity of the scattered light, these particles might be seen as one large particle.
Because the CARIBIC OPC unit is operated in the less polluted UT/LMS region
(compared to for instance the atmospheric boundary layer), coincidence is assumed to
be negligible for the later data analysis. However, to complete the OPC unit
characterization and to ensure to be below critical concentrations, coincidence
measurements were carried out. Therefore again the calibration setup described in Sec.
5.2.1 and 200 nm polystyrene latex particles (215 nm UTA) were used. For this particle
size the OPC unit already reached nearly the maximum counting efficiency and
uncertainties due to erroneous counts and multiple charged particles were avoided. In
Fig. 5.9 the particle concentration measured with the OPC unit is plotted against the
particle concentration measured with the CPC. The particle concentration was increased
stepwise from 400 to 8000 1/cm?. The CPC coincidence error was given to be 0.02% for
a particle concentration of 35 1/cm? and 6% for 10* 1/cm?, respectively [TSI 2002]. In
Fig. 5.9 the coincidence effect for the OPC is visible for particle concentration above
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about 2000 1/cm?® (2.5% coincidence). As the number concentration of accumulation-
and coarse mode particles in the UT/LMS region is typically inbetween 1 and 100 1/cm?
STP (cf. references, given in Tab. 6.1 and the overview plots 6.2, 6.9, 6.12, and
6.18), for the CARIBIC OPC size distributions the error by coincidence can be
neglected (< 1%)).

5.2.6 Other sensors

Besides the OPC counting properties, the mass flow controllers needed for adjusting the
gas flow, the temperature and the pressure sensors had also to be calibrated. Three
PT-100 temperature sensors were calibrated, using a 0.1K accurate digital thermometer
(Greisinger electronic, type 3750) as reference. The pressure sensor was calibrated
against a DRUCK (series PDCT 910) pressure sensor with an accuracy of 0.1 mbar. For
calibrating the two MFCs, a Dry-Cal DC-2 gas flow sensor (cell MC-1) was used. All
sensors follow linear calibration curves with a correlation of 0.99 (not shown).

5.3 Data analysis algorithm, sampling line losses and
uncertainty estimation

5.3.1 Regular post-flight data analysis

For the post-flight analysis of the CARIBIC OPC data a program was written in
FORTRAN which converts the obtained raw data of the OPC into a particle size
distribution and derived parameters (e.g. particle surface, volume, mass, average
particle diameter, etc.). The program first converts the amplified raw signal of a particle
pulse to a particle size using the size calibration curve (Cap. 5.2.2). The obtained
particle sizes are then sorted into a histogram with logarithmically equidistant size bins.
The number of channels as well as the analysis period for the histograms can be chosen
by the user. For regular analysis, the resolution was set to 180 s with 32 size channels
and 30 s with 5 size channels. The 30 s data are mainly used for intercomparison with
other highly resolved CARIBIC data and for quick looks. To obtain the particle size
distribution, i.e., the number concentration for each size bin (1/cm?), the program
calculates the exact volume flow through the KS-93 from the gas temperature (T),
pressure (p), and the MFC-derived mass flows. In addition to the particle size
distribution, the integral particle number concentration, surface concentration, volume
concentration, mass concentration, and the average particle diameter are calculated for
later analysis. The particle surface distribution, the particle volume distribution, and the
particle mass distribution can also be calculated. All concentration data are converted
from ambient conditions (7,,p,) to standard conditions (7;=273.15K,

p,= 1013.25 hPa) according to Eq. 5.14.
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d=d La B0 (5.14)
I, p.

4, measured parameter at ambient conditions [A,]

4, measured parameter at standard conditions [Ag, STP]

T, ambient gas temperature (inside OPC) [K]

T, standard condition temperature [273.15 K]

p. ambient gas pressure (inside OPC) [hPa]

Do standard condition pressure [1013.25 hPa]

The program also corrects the data for the counting efficiency of the OPC unit (Sec.
5.2.4) and for particle losses in the inlet and the sampling line between the inlet and the
OPC unit (Sec.5.3.2).

5.3.2 Particle losses in the CARIBIC aerosol inlet and the sampling line

The particle size dependent transmission efficiency of the aerosol inlet (¢

inlet

) was

estimated to be equal to the losses in the CARIBIC-1 inlet. For this inlet, particle losses
were determined by wind tunnel measurements [Hermann et al., 2001]. The results are
displayed in Fig. 5.10a. Particle losses inside the sampling line between the aerosol inlet
and the OPC unit (~4 m length) are caused mainly by sedimentation, diffusion, and
inertial deposition. As the exact CARIBIC aerosol sampling line geometry is known and
empirical equations for the above processes are available, the transport efficiency
through the sampling line could be calculated. All equations used for this calculation
were taken from Baron and Willeke [2001, p. 67, 74] and Brockmann [2001, p. 145,
172,174, 179].

The transport efficiency with respect to sedimentation due to the gravitational
force (¢,,, ) can be calculated by

Esu =1—£'(2'K1 4/1—1(1% —/(1% -\/1—/(1% +arcsin(1(1%)j (5.15)

V4
The dimensionless parameter x, is calculated by

3 ltb'v
44

K = i -cos(a,b,,) (5.16)

" vgas

NN
53

length of tubing [m]

d, inner diameter of tubing [m]
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Vs flow velocity of fluid inside tubing [m - 5]
a,, tilt angle of tubing referring to the horizontal direction
[rad]

The settling speed of a particle in a fluid (v, ,,,, ) is given by

.0 -d>-C
Y, sed SEAL AT (5.17)
" 18-7
g acceleration of gravity [9.81m- 7]
P, density of particle material [kg- m™]
d, particle diameter [m]

Cunningham-Slip correction (Eq. 5.4)
n dynamical viscosity of fluid [kg- m™ - s]

For the CARIBIC sampling line, sedimentation losses become important for particles
larger than 3 um (Fig.5.10b).

In a laminar flow system, where particle transport in turbulence eddies can be
neglected, Brownian motion is the responsible force for particle losses by diffusion.
The sampling line transport efficiency with respect to diffusion losses (&, ) is a

function of the dimensionless parameter «, :

D -l

K, =m-—L b (5.18)
thb
[, length of tubing [m]
D, volume flow of fluid inside tubing [m’- s™']
The diffusion coefficient of a particle (D, ) is calculated by
k,-T-C
D, = - (5.19)
3-7m-d,

k, Bolzmann constant [1.38- 107 J- K]
T temperature [K]
C, Cunningham-Slip correction (Eq. 5.4) [1]
n dynamical viscosity of fluid [kg- m™ - s]
d, particle diameter [m]
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Figure 5.10: Transmission efficiency of the CARIBIC aerosol inlet (a) and transport efficiency through
the CARIBIC sampling line to the OPC unit with respect to sedimentation (b), diffusion (c), and inertial
deposition (d). The red arrow indicates the size range, covered by the OPC unit.

K, <0.02:
e a
&y =1-2.56- K +1.2-1,+0.177 - &3 (5.20)
K, >0.02:
&4 =0.819-107%7 +0.097-107* +0.032-107"* (5.21)

This loss process increases with decreasing operating pressure and is particular relevant
for small particles (d, <30 nm) inside the sampling line (cf. Fig. 5.10c).

Inertial deposition by impaction on the walls occurs e.g., at tube bends. At
strong bending large particles cannot follow the streamlines of the fluid and therefore
impact on the tube wall. The transport efficiency with respect to impaction losses (¢&,,,)

can be calculated by:

. —
0.452 Stk+2'242 p

Ep = 1+(—0S1ﬂ;1j ! (5.22)

bend angle of tubing [rad]

th,b
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Figure 5.11: Total sampling efficiency of the CARIBIC aerosol inlet and the sampling lines to the OPC
unit. Calculations were performed for p = 260 hPa, p = 490 hPa, p = 1.1 g/em’, and p = 1.8 g/em’. The
grey area represents the range between the minimum and the maximum curves out of these four curves.
The red curve indicates the mean sampling efficiency.

Thereby the Stokes number ( Stk ) is given by:

2
pp'dp'vgas'c

Stk = < (5.23)
18- n- drh

P, density of particle material [kg- m™]

d, particle diameter [m]

C. Cunningham-Slip correction (Eq. 5.4)

n dynamical viscosity of fluid [kg- m™ - s™]

d, inner diameter of tubing [m]

Figure 5.10d shows for the CARIBIC sampling line significant losses for particles
larger than 3 pm.

To calculate the particle losses for each of the described processes, the sampling
line between the inlet and the OPC unit was separated into five sections for
sedimentation and diffusion losses and 9 sections (bends with different angles) for
impaction losses, respectively. The total sampling efficiency of the inlet system (aerosol
inlet + sampling line) (&, ) was obtained by multiplying all individual efficiencies:

gsampl = ginlet ) gsed ) gdif ) gimp (524)
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To investigate the influence of different flight conditions on the inlet system sampling
efficiency, calculations were performed for two typical cruise altitude pressure levels
(p, = 260 hPa, p, = 490 hPa), and two particle density extremes (p,= 1.1 g/em’,

p,=138 g/em’). The respective results are displayed in Fig. 5.11. As the four curves are

very similar, an average and a minimum and maximum sampling efficiency are
indicated. In the size range the OPC unit is measuring, with 97+ 1% the sampling
efficiency is relative high. This is reasonable, because particle loss processes mainly act
in the particle size ranges below or above the accumulation mode size range. Finally,
the averaged curve is used to correct all OPC data for particle losses in the inlet system.

5.3.3 Uncertainty estimation

The uncertainty concerning particle sizing by the OPC is dominated by two effects:
the uncertainty of the size calibration (Sec. 5.2.1) and the use of a constant complex
refractive index for the uniform analysis of data obtained in different atmospheric
measurement regions (Sec. 5.2.3). The uncertainty of the size calibration can be
estimated, using the width of the Gaussian signal distribution when measuring a (quasi)
monodisperse aerosol (cf. Fig. 5.5). Figure 5.12 shows the width of the transferred
calibration signal plotted against the particle diameter. The width of the signal follows a
power function best'. Using the fitted function, the absolute uncertainty of the size

calibration can be directly calculated for each size channel (unc,,,, ;, Eq. 5.25).
= UTA related latex
= UTA related ammonium sulfate
100 1 - - - power fit function (both datasets)
— ] u p [ <
E || ] e 7
.E. P |
= [ . .- [
S -7 " .
i Piid = 0.0342* 1.0917
® e - y=0u. X
&) s = o= R2=0.8059
S .7
© [ I | ™
() 10 ] ./ > u
] A L
1. e ‘ u |
100 1000

dp [nm]
Figure 5.12: Width of the signal distribution for different size calibration points. The size of the latex
and the ammonium sulfate particles was related to refractive index of mid-latitude UT aerosol particles
(Mg orar(M) = 1.48-0.0143-1 (A = 830 nm)) using a Mie scattering program.

9 OriginLab 9.0.0G (2012) Power fit function “Allometricl”
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unc

gauss,i

1.0917
=0.0342-d"" (5.25)

d,, mean particle diameter of a certain size channel (i) [nm]

Comparing the particle size distributions in Fig. 5.7a, the uncertainty concerning the use
of the UTA refractive index becomes obviously. The MTA would be seen larger,
whereas the LSA would be seen smaller. Subtracting the true UTA size from the true
LSA size and the true MTA size, for each size channel (i) the positive (+) and the
negative (-) OPC unit absolute uncertainty concerning the used refractive index is
defined here.

unc,,  =d (LSA)—d, ,(UTA)
e " (5.26)
unc,,,. =d, (MTA)—d , ,(UTA)
d,,(UTA) mean particle diameter of a certain size channel (i) using
the UTA calibration (Fig. 5.6; Eq. 5.6) [nm]
d, (LSA) calculated particle diameter for the same OPC signal

intensity as for d, ,(UTA), but with the LSA calibration

(not shown) [nm]
d,,(MTA) calculated particle diameter for the same OPC signal

intensity as for d,,(UTA), but with the MTA calibration
(not shown) [nm]

The overall absolute uncertainty concerning the particle size is the root of the sum of the
square of the individual uncertainties (Eq. 5.27). Figure 5.13 shows the overall absolute
particle size uncertainty for all 32 size channels.

unc_d,, = \/(uncfﬁ,ﬁ’i )2 + (uncgm_x,i )2 (5.27)

For calculating the particles concentration uncertainty, the erroneous counts
(discussion to Fig. 5.3), uncertainty in the gas flow, and counting efficiency uncertainty
due to different refractive indices have to be taken into account. To estimate the
influence of erroneous counts, a linear function was fitted through the measurement
points of Fig. 5.3a. Using this equation, the size dependent fraction of additional small
erroneous particle counts (o

error

at each size channel (i) (Eq. 5.28). The obtained formula (Fig. 5.3a) has to be divided by
100 to transfer the unit from percentage to fraction.

(d,,)) can be calculated from the particle concentration
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Figure 5.13: Positive (unc_d;) and negative (unc_d,) absolute uncertainty of the particle size as a
function of the particle size (UTA calibration).

0.0757-d,,~11.1449
B 100

5ermr (dp,i) (528)

d, . mean particle diameter of a certain size channel (i) [nm]

Fitting a linear function through the x-y distributed squares in Fig. 5.3b gave an

equation for the diameter (d ) and therefore the size channel (i) at which the

p.i.error

erroneous pulses are counted.

d

p.i,error

=0.0713-d

p.i,true

+133.86 (5.29)

d mean particle diameter causing erroneous counts [nm]

p.i,true

The absolute uncertainty of a certain particle size channel (i) due to erroneous counts
(UNC,yrome0us (A s o)) 18 Calculated by

U s (s omor ) = O (d,5) [ ] (5.30)

0o (d, ;) fraction of additional small erroneous particle counts at a

certain size channel with d; [1]
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[d ) i] measured particle concentration at a certain size channel

with d, [1/em’]

The uncertainty concerning the gas flow is composed of the uncertainty of the two
MFC (1% of reading, Bronkhorst 2009), the pressure sensor (0.2% of reading,
SensorTechnics 2008), and the temperature sensors (0.1% linearity uncertainty, LKM
electronic 2004). As the measurement air is obtained by the difference between the two
MECs (cf. Ch. 4.3) the relative uncertainty of the MFCs (rel _unc,,..) 1s calculated to

be 14%.

2
a (¢MFC_sample - ¢MFC_sheath )
) Z’lncMFc _sample oo

a¢MF C _sample

UNC e = ,
n a (¢MFC_sample B ¢MFC_sheath ) unc
8¢MFC7Sheath MFC _sheath (5 3 1 )
2 2
= \/(uncMFC;vample) + (_unCMFCfsheath ) = 000201 8%1’111’1
rel _unc, .= dladYize
MFC _sample ¢MFC_sheath
(5.32)
0.002018 7/ .
= 7 min =0.1345
0015/ .
UNC, absolute uncertainty of both MFCs [I/min]
Dt sampie gas volume flow at the MFC, controlling the sample air
flow [set to 0.150 1/min]
UNC e umpie absolute uncertainty of the MFC, controlling the sample

air flow at set point 0.150 I/min [0.0015 1/min]

Prirc_sheath gas volume flow at the MFC, controlling the sheath air
flow [set to 0.135 1/min]
UNCyec shoar absolute uncertainty of the MFC, controlling the sheath air

flow at set point 0.135 1/min [0.00135 I/min]
rel _unc,,,. relative uncertainty of both MFCs [1]
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The resulting relative uncertainty of the measurement air flow is

2

uncsample _ {M?’ICMFC

2
2 2
+ (rel _unc, ) + (rel _unc, ) + (rel _unc,, )
¢sample

¢sample

(5.33)

= \/0.13452 +0.002> +0.001° +0.001° =0.13452 =~ 0.14

UNC, 0 absolute uncertainty of sample air [I/min]
Drample sample air flow [0.0151/min]

UNC absolute uncertainty of both MFCs [I/min]
rel _unc, relative uncertainty of p-sensor [0.2%]

rel _unc;, relative uncertainty of T-sensor 1 [0.1%]
rel _unc;, relative uncertainty of T-sensor 2 [0.1%]

For different kinds of aerosol having different refractive indices, the counting efficiency
& of the OPC at a given diameter differs. Measuring LSA, the counting efficiency curve
(Fig. 5.8) is shifted somewhat to larger particle size compared to UTA. On the contrary
the calibration curve is shifted somewhat to smaller particles when measuring MTA.
The counting efficiency curve for UTA is used for all data to have a uniform data
analysis for all atmospheric measurement regions. To estimate the resulting positive and

+
&,0°

negative relative uncertainty (rel _unc,;, rel _unc,,), for each size channel the relative

difference in the counting efficiency was calculated by

g(dp’LSA (rsi )) B g(dP,UTA (rsi ))
g(dpﬂm (rsi))

+ —
rel _unc,, =

(5.34)
g(dp’MTA (rs[ )) - g(dp’UTA (rsi ))
5(dp,um (rsi))

rel _unc,, =

g(d D UTA (rs, )) counting efficiency for a particle diameter, calculated

from a certain response signal (s, ) using the UTA

calibration curve (Fig. 5.6; Eq. 5.6); the used response
signal is related to a mean particle diameter of a size
certain channel (i), using the UTA calibration [1]

6‘(d o (75; )) counting efficiency for a particle diameter, calculated

from the same response signal (rs,) as for d, (rsi), but

using the LSA calibration curve [1]
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Figure 5.14: Ratio of the MTA and LSA counting efficiency calibration to the UTA counting efficiency
calibration. The data points were calculated for the particle size of each size channel, used regularly for
data analysis. Particle sizes were transferred from latex and ammonium sulfate calibration using a Mie
scattering program.

6‘(d oz (75, )) counting efficiency for a particle diameter, calculated

from the same response signal (rs,) as for d, (rsi), but

using the MTA calibration curve [1]

The resulting relative uncertainty (el _uncji) is displayed for each size channel in Fig.

5.14. Because the counting efficiency of the OPC increases for all particle compositions
with increasing particle diameter to the asymptotic maximum value of ~89% (Ch.
5.2.4), the uncertainty ratios quickly converge to zero.

The overall absolute particle number concentration uncertainty for each size

channel (uncii) is the sum of the uncertainty due to erroneous counts plus the root of

the sum of the square of the sample air flow uncertainty and the counting efficiency
uncertainty multiplied with the measured concentration.

2
uncmmpleJ +(rel_un6‘:ﬂi )2 _[dp’i] (5.35)

+ _
uncc,i - uncerroneous (dp,i,error ) +
¢mmple

unc, absolute uncertainty of a certain size channel (i)

“: +

concerning particle number concentration [1/cm’]

absolute uncertainty of a certain particle size channel (i)

with d

erroneous ( p,i,error)

unc

due to erroneous counts [1/cm’]

p.ierror
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unc

sample relative uncertainty of sample air flow [1]
Prampie
rel _uncgi’i relative uncertainty of a certain size channel (i) due to the
use of the UTA calibration for all measurement regions [1]
[d p’i] measured particle concentration at a certain size channel

. 3
with d,; [1/cm’]

The absolute uncertainty concerning the derived particle surface area concentration

(unci ;) is composed of the uncertainty concerning particle size and concentration. The

particle surface concentration for each size channel (i) is calculated by
[s]=7-d;,[d,,] (5.36)

[si] particle surface area concentration of a certain size
channel (i) [pum%/cm’]
d,, mean particle diameter of a certain size channel (i) [um]

pii

[d » l.] measured particle concentration at a certain size channel

with d , [1/em’]

From Eq. 5.36 the absolute uncertainty (unci ;) is calculated by

2 2
unc;, = (ngilunc_d;,iJ + 6[51.] -uncii

old,.]

Dl

(5.37)
+ )’ 2
= \/(2-7r-dp,l. -[dp’i]-unc_d;’i) +(7r-d;,l. -unci[)
unci ; absolute uncertainty of the particle surface concentration
of a certain size channel (i) [um®*/cm’]
[si] particle surface concentration of a certain size channel (i)
[um?*/cm’]
d,, mean particle diameter of a certain size channel (i) [um]
unc _ d;,i absolute uncertainty concerning particle size [um]
[d ). l.] measured particle concentration at a certain size channel

with d,, [1/em’]
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unc: absolute uncertainty of a certain size channel (i)

concerning particle number concentration [1/cm’]

The absolute uncertainty concerning the derived particle mass concentration (unc:j;,i)

is composed of the uncertainty concerning particle size, density, and concentration. The
calculation of the uncertainties for particle size and concentration are described above.
The absolute uncertainty of the particle density (unc,) is estimated to be 0.09 g/em’,
which is the difference between LSA and MTA (Tab. 5.3). The density of the used UTA
calibration is in between the LSA and MTA density. The particle mass concentration for
each size channel (1) is calculated by

1

[mi]:g'”'d;,i'pUrA'[dp,i:l (5.38)

[mi] particle mass concentration of a certain size channel (i)
[ng/m’]

d,, mean particle diameter of a certain size channel (i) [nm]

Pur particle density (UTA) [1.64- 107" pg/nm’]

[d p’i] measured particle concentration at a certain size channel

. 3
with d,; [pt/m’]

From Eq. 5.38 the absolute uncertainty (unci,l.) is calculated by

2 2 2
unc, , = a[mi]-unc_dji +{—a[mi]-uncp] + —8[ml.] -unc.
’ od . ’ OPyrs old,,] °

pii

2
(%-md;i “ Pura -[dp,i]-unc_d;[j (5.39)
1 ’
= -~-+(g'”'dp,; -[dp,i]-uncpj
1 2
\ ...+(g-7z-dii  Pura -unciij
””sz,i absolute uncertainty of the particle mass concentration of a
certain size channel (1) [pg/m3]

[ml.] particle mass concentration of a certain size channel (i)

[ng/m’]
d,, mean particle diameter of a certain size channel (i) [nm]
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unc_d,, absolute uncertainty concerning particle size [nm]
Purs particle density (UTA) [1.64- 10" pg/nm’]
unc absolute uncertainty of particle density

P

[4,.]

[0.09- 107" pug/nm’]

measured particle concentration at a certain size channel
: 3
with d,; [1/m’]

+ . . . .
unc, absolute uncertainty of a certain size channel (i)

concerning particle number concentration [1/m’]

The integral particle number-, particle surface-, and particle mass concentration is
obtained by summing up the concentration of all OPC size channels. As the individual
size channel absolute uncertainties are not independent (e.g. the flow uncertainty points
to the same direction for all size channels), a Gaussian summation of the channel
individual absolute uncertainties would be wrong. Consequently, the absolute
uncertainty of the integral concentrations is the (linear) sum of the channel individual
absolute uncertainties (linear uncertainty propagation).

+ = +
i=1
n
£ +
Unc,, = z uncg
i=1

+ _ - +
Z’”/lcm,im - z uncm,i
i=1

(5.40)

(5.41)

(5.42)

absolute uncertainty of the integral particle number
concentration [1/cm’]

absolute uncertainty of a certain size channel (i)
concerning particle number concentration [1/cm’]
absolute uncertainty of the integral particle surface area
concentration [pm?*/cm’]

absolute uncertainty of a certain size channel (i)
concerning particle surface concentration [pm?/cm’]
absolute uncertainty of the integral particle mass
concentration [pg/m’]

absolute uncertainty of a certain size channel (i)

concerning particle mass concentration [pg/m’]
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Implementing Eq. 5.25 to 5.42 in a FORTRAN algorithm, the uncertainties are
individually calculated for all measurements. On average, the relative uncertainty is
about 40% for the integral particle number concentration, 31% for the integral particle
surface concentration, and 33% for the integral particle mass concentration. The relative
uncertainty for the number concentration is largest, because of the large uncertainty of
the counting efficiency due to the use of the UTA calibration for all measurement

+
&£,0°

regions (rel _unc, ., Fig. 5.14). At the OPC lower detection limit re/ _uncj’i is largest

and the particle concentration is highest, resulting in a high absolute uncertainty. While
the UT/LMS integral number concentration is dominated by Aitken mode particles, the
integral particle surface and mass concentration is dominated by accumulation and
coarse mode particles (cf. Sec. 2.3). With increasing particle size the OPC reaches the

maximum asymptotic counting efficiency of 89% and rel _unc;, converge to zero.



6 Results

For this work CARIBIC data obtained between April 2010 and May 2011 were
considered. The respective flights include three volcanic ash flights (VAF, April and
May 2010, Sec. 6.2.1), as well as 48 intercontinental flights (IF, first year of regular
measurements from June 2010 until May 2011). As usual for brand new instruments,
also the OPC unit had some teething problems and did not work on one VAF and eight
IF. Additionally during two IF the whole CARIBIC container got no power from the
aircraft and hence did not measure. Excluding the power failure, the OPC unit
availability was 81 % with most failures occurring during the first flights. After
improving the data acquisition and unit control software in December 2010, the OPC
unit ran much more stable with only two failures during the last 24 flights of the
investigated period.

The flight tracks of all CARIBIC flights with successful OPC measurements are
shown in Fig. 6.1. All these flights either started or ended in Frankfurt (Germany). The
other destination or departure airports were Vancouver (Canada; North American route,
4 flights), Caracas (Venezuela) or Bogota (Columbia) (South American route, 14
flights), Johannesburg or Cape Town (both South Africa; South African route, 9 flights)
and Osaka (Japan, Asian route, 10 flights). The two successful VAF above the Baltic
Sea and the Norwegian Sea are also shown in Fig. 6.1. Summarizing all flights until
May 2011, data from ~381 flight hours (~ 343 000 km or ~ 8 2 times around the globe)
were available for this thesis.

Section 6.1 describes with an example the routine data analysis developed in this
work, also identifying potential measurement artifacts when flying through clouds. This
section also compares the measured particle size distributions with literature data and
discusses the occurrence of an unexpected particle mode. Case study analyses including
the VAF, the observation of a strong pollution plume, and a first attempt of a mass
closure study along a stratospheric measurement flight are discussed in Sec. 6.2. The
vertical profile of the particle size distribution from the UT into the LMS, a comparison
of the mid-latitude tropospheric to stratospheric accumulation mode, a stratospheric
seasonality analysis, as well as a latitudinal gradient is given in Sec. 6.3. Section 6.4
shows results, which indicate that stratospheric aerosol particles are a sink for gaseous
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Figure 6.1: CARIBIC flights with OPC data between April 2010 and May 2011. All together data from
39 flights were obtained. The dashed lines mark the borders of the analyzed climatologically regions,
namely the tropics and subtropics (-35°N to 35°N), as well as the northern hemispheric mid-latitudes
(north of 40°N).

mercury. As an example of model validation application, in Sec. 6.5 the measured
CARIBIC particle size distributions are compared to model data from the GLObal
Model of Aerosol Processes (GLOMAP). Finally Sec. 6.6 compares OPC derived
stratospheric aerosol parameters to climatological data from the Stratospheric Aerosol
and Gas Experiment (SAGE II). The analyses in section 6.3 to 6.6 might be statistically
not well constrained, because the dataset is limited to only one year. As a much longer
dataset is needed for conclusions on higher significance level, however, the presented
analyses are intended to exemplify different applications for the growing unique
CARIBIC OPC dataset.

6.1 Regular data analysis and evaluation

6.1.1 Flight overview

As a part of the OPC data evaluation routine, the data of each flight are visualized in
two overview plots as described below for the flight LH319. This 11 hour long flight
was carried out on 16™ of November 2010 between Frankfurt and Bogota.
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Figure 6.2: OPC data evaluation overview plot for the CARIBIC flight LH319 from Frankfurt
(Germany) to Bogota (Columbia). Particle number and mass concentration are normalized to standard
conditions (p = 1013.25 hPa, T =273.15 K). The flight level is given as pressure altitude at the right hand
scale.

As described in Sec. 5.3.1, the raw data are processed using a FORTRAN algorithm.
The 180 s average values of the integral particle number and mass concentration
(I125nm < d, < 1312 nm) are plotted as time series (Fig. 6.2 green and blue,
respectively). The air pressure (black) indicates the flight altitude of the aircraft. Carbon
monoxide (CO, magenta) and ozone (O3, orange) as tracers for boundary layer air and
stratospheric air, respectively [Seinfeld and Pandis, 1998, p. 86; Zahn and
Brenninkmeijer, 2003], are also shown. As expected, the CO and O3 concentrations are
anti-correlated nearly during the whole flight. To check whether the measurements are
influenced by clouds, the in situ measured cloud water content (CWC; Sec. 3.3,
Brenninkmeijer et al., 2007) is used to determine inside cloud measurements. If the
CWC was at least 20 seconds above 4% of the measured gaseous water content®’, the
180 s OPC measurement was marked to be (partly) obtained inside a cloud (red
triangles). As the water instrument did not work on some flights, the modeled cloud
data from KNMI (Sec. 3.3) were alternatively used and are shown as brown squares.
Fig. 6.2 shows that the modeled and observed clouds mostly coincide. However,
because of the coarse resolution of the model input data®', the modeled clouds have a

2% The numbers were set to account for the CWC uncertainties.
>l ECMWF data have a temporal resolution of 6h and a spatial resolution of 1° in latitude and longitude
(/Www.knmi.nl/samenw/campaign_support/CARIBIC/plotexplanation.html; last access 20.07.2014).
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Figure 6.3: Particle size distribution (32 channels) along the CARIBIC flight LH319 from Frankfurt to
Bogota. The color code indicates the particle concentration (dN/dlog(d,)) for the particle size, given at
the left y-axis. The pressure altitude of the aircraft is indicated as red line. Particle concentrations are
normalized to standard conditions (p = 1013.25 hPa, T =273.15 K).

much larger extent than the observed ones. Nevertheless, the modeled clouds give
a good idea, which measurements might be influenced by clouds if the CWC data are
not available.

In Fig. 6.2 some short peaks in particle number and mass concentration correlate
well with the occurrence of clouds. This finding might be an evidence for artifacts when
measuring inside a cloud and will be discussed in section 6.1.2.

In a second OPC data evaluation plot, the particle size distribution is plotted as
contour plot for every flight (Fig. 6.3). While the left y-axis scale indicates the particle
size, the color gives the particle number concentration for each of the 32 size channels.
Please note the given concentrations are dN/dlog(d,) values. This kind of plot indicates
the variation of the particle size distribution along the flight track. The most obvious
variation on flight LH319 is caused by different air masses (UT air vs. LMS air; cf. Fig.
6.5a) and inside cloud measurements (marked with red arrows). The difference between
the UT and LMS particle size distribution will be discussed in section 6.3.1.

The two overview plots introduced above, allow quick identification of
interesting measurement sequences (e.g. pollution plumes, change of air mass), and
some of these are discussed in Sec. 6.2.
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Figure 6.4: Comparison of the particle size distributions inside and outside clouds. Tropospheric data
(PV <1 PVU) were averaged for all CARIBIC flights from June 2010 to May 2011. Squares give the
mean concentration and the error bars indicate the 10% and 90% percentiles. Particle concentrations are
normalized to standard conditions (p = 1013.25 hPa, T =273.15 K).

6.1.2 Artifact measurements inside clouds

As already indicated in the discussion to Fig. 6.2, high short-time peaks of the OPC
particle number and mass concentration do correlate well with the occurrence of clouds.
Following the Kohler theory, the accumulation and the coarse mode particle
concentration and thus the total particle mass inside a cloud should decrease due to the
activation of those particles to cloud droplets [Seinfeld and Pandis, 1998, p. 809-812;
Ditas et al., 2012]. Fig. 6.3 shows on the contrary that particle concentrations increase
for all measurements inside clouds on flight LH319 (marked with red arrows). This
applies in particular for large particles. To illustrate the difference of the size
distributions inside and outside a cloud more clearly, Fig. 6.4 compares the average of
all cloud samples (black) to the average of all samples in cloud-free air (red) for all
flights. The measurements inside clouds were identified using the CWC measurements
and the modeled cloud data (cf. Sec. 6.1.1). Only tropospheric data (PV < 1 PVU; cf.
Sec. 2.1 and Tab. 6.2) were used. While the squares give the mean concentration, the
error bars indicate the 10% and 90% percentiles. Please note, if no percentile is given, it
was zero. The larger the particle size, the higher the inside cloud concentrations
increased above the outside cloud concentration. Only for particles smaller than
~ 200 nm the cloud seems to lower the particle number concentration slightly. This
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finding is confirmed by a cloud contact analysis for the CPC data, which shows nearly
always a lower Aitken mode® particle concentration when measuring inside clouds.

As no physical explanation can be given for the increased particle concentration
inside the cloud, it is presumed that the OPC measures not only interstitial aerosol
particles (the not-activated aerosol particles), but also artificial cloud particles. These
artificial cloud or break-up particles may be generated when cloud droplets or ice
crystals hit the inlet tip, but also when cloud droplets or ice crystals enter the aerosol
inlet and break-up during the slowdown inside the inlet tube [Korolev et al., 2011].
Compared to the interstitial aerosol particles, these artificial particles might be large
(a few micrometer). As they dry by evaporation or sublimation during transport from
the inlet to the OPC unit (temperature increase ~90 K, Sec. 3.2), their residuals could be
measured by the OPC as increased particle concentrations.

The occurrence of cloud artifacts was observed for all in-cloud measurements in
the CARIBIC flights. As the number and size of newly formed particles by the above
described processes cannot be quantified, in-cloud measurements were excluded from
further analysis. As CWC data are available only for 27 of the 39 flights, the ECMWF
were used for the flights without CWC data. The ECMWF vertical cloud structure along
flight LH319 is shown in Fig. 6.5a. The fraction of the area of the model grid cells
covered by clouds (0 to 1) is indicated by the color code. This plot shows also PV iso-
lines, typical for the tropopause (1.5 - 3.5 PVU, purple dotted). The cruising altitude of
the aircraft (pressure level) is given as thick purple line (other data visualized in the
graph will not be discussed). During that flight the aircraft passed the first cloud near
the cloud top and flew through the tropopause into LMS air. After flying back through
the tropopause, the aircraft passed the second cloud near its top. When the aircraft left

** In the free and upper troposphere the number concentration of particles larger than 12 nm is dominated
by Aitken mode particles (see Fig. 2.3).
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the cloud due to a flight level change, the LMS was entered once again. At about
23:00 UTC the aircraft flew back into UT air and entered the third cloud (extended up
to a pressure altitude of about 125 hPa) before descent. The occurrence of all three
clouds was confirmed by the CWC measurements (cf. Fig. 6.2). To decide whether a
measurement was obtained inside a cloud, KNMI provide a cloud cover fraction model
output with a temporal resolution of one minute along the flight route (Fig. 6.5b). These
data were averaged for the same three minute bins the particle size distributions were
integrated for. If the cloud cover fraction was found to be above 0.1 and the model
relative humidity was above 90 % for an individual bin, the measurement was marked
as “obtained inside cloud” and was excluded for further analyses.

6.1.3 Comparison to literature data

As already mentioned in Chapter 1, only few measurements of the particle size
distribution were carried out in the UT/LMS region up to 2011. The data published in
the last 20 years are summarized in Tab. 6.1. Most of the data were obtained in
geographical regions where the OPC unit did not measure up to May 2011. Thus all
CARIBIC OPC data (obtained until flight LH344) were divided into three different
major air mass data subsets: the mid-latitude UT, the mid-latitude LMS, and the tropical
and subtropical mid- and upper troposphere (MUT). Due to the relatively long life time
of accumulation mode particles in the UT/LMS (several weeks; cf. Sec. 2.3),

Table 6.1: Summary of previous measurements of the particle size distribution in the UT/LMS region
(until 2010).

location and altitude time campaign published in
west of Tenerife July 1997 Second Aerosol de Reus et al.
(9-11 km) Characterization [2000]
Experiment (ACE 2)
south of Male February-  Indian Ocean Experiment de Reus et al.
(8-12.5 km) March 1999 (INDOEX) [2001]
Berlin July-August Lindenberg Aerosol Schréder et al.
(10-12 km) 1998 Characterization [2002], Petzold
Experiment (LACE 98) et al. [2002]
Surinam March 1998  Large-Scale Biosphere- Krejci et al.
(10-12.6 km) Atmosphere Experiment [2003]
(LBA)
northwestern Pacific February Pacific Atmospheric Zaizen et al.,
Ocean (south of Japan) 2000 Chemistry Experiment [2004]
(11 km) (PACE-7)
central USA December  Stratosphere Troposphere  Young et al.
(7-10 km) 2005 Analyses of Regional [2007]

Transport (START)
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Table 6.2: Classification of the CARIBIC measurement regions for data comparison. To differ between
UT and LMS the ECMWF PV along the flight track was used. (1 PVU=10°K-m?- kg™ -s™)

region latitude longitude UT/LMS
separation

mid-latitude UT >40° N averaged over all PV <1PVU

longitudes
mid-latitude LMS >40° N averaged over all PV>35 PVU

longitudes

tropical and 35°S <lat <35°N averaged over all PV <1 PVU
subtropical MUT longitudes

measurements in the same air mass at different locations can be compared. As in the UT
the longitudinal mixing is faster than the meridional one, the compared regions have to
be within the same latitudes.

The air mass classification is given in Tab. 6.2. Before averaging the OPC data
for each class, cloud measurements, as well as data obtained during ascend and descend
were excluded. Because O3 data were not available for all measurement flights, the PV
was used to distinguish between tropospheric and stratospheric air masses. The
measurement was attributed to the troposphere if the PV was lower than 1 PVU
(1PVU=10° K-m?-kg"-s™") and to LMS if PV was larger than 3.5 PVU. Data with
PV 1 PVU to 3.5 PVU were not used to have a clear separation.

Because the measurements (CARIBIC and literature) were obtained at different
flight levels, a quantitative comparison is reasonable only by normalizing all data to
standard pressure and temperature (STP: p=1013.25 hPa; T=273.15 K). Unfortunately
only de Reus et al., [2001] and Krejci et al., [2003] presented their data at STP
conditions. All other data were assumed to be given at ambient conditions and were
converted to STP by using the US standard atmosphere [Seinfeld and Pandis 1998, p. 7,
1293] and the given altitude. The mean height was used if an altitude range was given.
Uncertainties caused by the difference of the true measurement conditions compared
to the US standard atmosphere values were estimated to be smaller than 20% (based
on a pressure and temperature variation of +30hPa and +15K at a pressure
altitude of 250 hPa).

Another uncertainty in the data comparison arises from the different
measurement instruments and platforms. The published data were measured onboard
research aircraft with usually relatively short sampling lines whereas the CARIBIC
sampling line is quite long with 4 m length. Between inlet and the OPC unit the sample
air is warmed by about 90 K from -55°C to +35°C and an initial relative humidity (rH)
of 70% decrease to nearly 0% at +35°C. Consequently, nearly all water evaporates from
the aerosol particles. Simulations performed by Jens Voigtlinder (IfT/TROPOS) with
the Computational Fluent Dynamics (CFD) program “FLUENT” showed that
H,SO4 — HyO particles with a wet diameter of dp wet = 1000 nm and a corresponding dry
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Table 6.3: Modeled drying of H,SO4 — H,O particles at the CARIBIC aerosol inlet system (inlet +
sampling line). At the aerosol inlet the temperature and relative humidity was set to -55°C and 70%,
respectively. At the sample line exit the temperature was set to +35°C. The residence time of the
measurement air from the inlet towards the OPC unit was calculated to be 0.65 seconds. The dry diameter
(dp.ary) corresponding to a certain wet diameter (d,.) gives the particle size if only the H,O would
evaporate and the H,SO, would remain. The simulations were performed by Jens Voigtlinder
(IfT/TROPOS) with the Computational Fluent Dynamics (CFD) program “FLUENT”.

dp,wet — at inlet dp.ary — at inlet dp,wet — at OPC dp,ary — at OPC
[nm] [nm] [nm] [nm]
150 102.3 118.1 99.8
300 204.6 240.5 203.2
500 341.1 402.5 340.2
700 477.5 564.3 476.8
1000 682.1 806.8 681.7

diameter of d,gy =682.1 nm shrink during the sampling to a wet diameter of
dpwet = 806.8 nm (dpary = 681.7 nm)>. For other particle diameters the results of the
CFD simulations are listed in Tab. 6.3.

The size distributions given in the literature were mostly measured using (much)
shorter aerosol sampling lines with (much) shorter measurement air transport times.
Unfortunately, the relative humidity at which the measurements took place was not
given in the literature. However, the CFD simulations for the CARIBIC inlet system
showed that the water evaporates instantaneously from the particles after entering the
inlet, because of the strong temperature increase. Therefore it is assumed the particle
size distributions given in the literature were measured at comparable humidity.

Figure 6.6 shows the averaged CARIBIC OPC size distributions as well as the
literature data for the mid-latitude UT (a), the mid-latitude LMS (b), and the tropical
and subtropical MUT (c). Within each graph red squares represent the CARIBIC mean
value and the gray area indicates the 10 % and 90 % percentile. The OPC integration
time was set to 900 s (cf. Sec. 5.3.1) for this comparison. Sometimes no particles were
counted within 15 min in certain size channels (especially those counting particles
larger than 800 nm), leading to a jump of the 10 % percentile to zero. For the routinely
used 180 s resolution the 10% percentile drops to zero at much smaller particle
diameters (cf. Fig. 6.4). However, the 180 s resolution was chosen for the routine
analysis to detect also small scale changes of the particle size distribution. The size
distributions taken from the literature are displayed as lines. While dashed lines in the
same color indicate the range of the measured concentration from a study, solid lines
represent data, already averaged by the authors. The general shape of the CARIBIC size
distribution and its variation within the regions will be discussed in detail within the
statistical analysis in Sec. 6.3. Within this section the focus lays on the comparison to
other in situ measurements.

3 The particle wet diameter (dp.wer) describes the size of a certain aerosol particle at ambient humidity.
The corresponding dry diameter (d,qr) gives the residual particle size if all H,O evaporates from the
particle.
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Figure 6.6: Comparison of particle size distributions measured in the mid-latitude UT (a), the mid-
latitude LMS (b), and the tropical and subtropical MUT(c). The borders of the regions are given in Fig.
6.1 and Tab. 6.2. Gray areas indicate the CARIBIC 10- and 90% percentile (15 min average). The
CARIBIC mean with the same averaging time is indicated with red squares. If not given, published data
(solid and dashed lines) were normalized to standard conditions (p = 1013.25 hPa, T =273.15 K) using
the US standard atmosphere.
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The CARIBIC mid-latitude tropospheric data in Fig. 6.6a are mostly within the
concentration range published by Schroder et al.,, [2002]. The Schréoder minimum
concentration curve is similar to the CARIBIC 10% percentiles. Only for particles
450 nm < d, < 900 nm the CARIBIC mean concentration is somewhat larger than the
maximum concentration line of Schroder et al. [2002]. The slope of the two curves of
Schoder et al. [2002] is similar to the CARIBIC data. The slope of the size distribution
published by Young et al.,, [2007] is similar, too. However, the total particle
concentration is much lower than the CARIBIC mean, reaching only the CARIBIC
10 % percentile and the lower limit curve of Schroder et al., respectively. As stated
above, the atmospheric life time of UT accumulation mode particles is relatively long.
Consequently, the different measurement locations (Young et al.: central USA,
Schrdder et al.: Germany, CARIBIC 120°W < 0 < 140°E) can be not the only reason for
this huge difference (up to one order of magnitude). Because all data were corrected for
aerosol inlet efficiency, the data from different research aircraft with different aerosol
inlets should be comparable. The normalization of concentrations to STP would explain



6.1 Regular data analysis and evaluation 89

a difference of 20%, but not 500% to 1000%. Possible reasons for the much lower
concentrations from Young et al. might be the measurement statistics and the season at
which the measurements were carried out. The CARIBIC dataset is based on 39
measurement flights carried out over one year and Schroder et al. [2002] report
averages over ten measurement flights in July and August. On the contrary, Young et al.
reported a singular measurement on one measurement flight in December 2005
(region 1 in Young et al., [2007]). Thus the low concentration of accumulation mode
particles measured by Young et al. might occur locally but might be not representative
for the yearly average in the mid-latitude UT.

Schroder et al. [2002] attributed their measurement to the tropopause region and
thus the data are shown in the mid-latitude LMS comparison, too. Young et al. [2007]
differed between UT and LMS measurements by using the PV and the thermal
tropopause definition. The UT measurement at 10 km altitude (PV < 2 PVU) was used
for Fig. 6.6a, while the measurement above the thermal tropopause (07.12.2005
region 2, altitude also 10 km) is shown in Fig. 6.6b. In the LMS for particles smaller
than ~300 nm, the CARIBIC concentrations are within the range given by Schoder et al.
[2002]. Above 300 nm the slope of the maximum curve of Schroder et al. [2002]
changes and the CARIBIC data are significantly higher. The stratospheric particle size
distribution published by Young et al. [2007] is mostly within the range of data by
Schroder et al. [2002] but lower than the CARIBIC data. The slope of all three data sets
is similar. The higher CARIBIC concentration might be caused by the PV limit of
3.5PVU for separating stratospheric air when compared to 2 PVU of Young et al.
[2007] and tropopause of Schroder et al. [2002]. Therefore the latter two data sets might
be more influenced by tropospheric air than the CARIBIC measurements. The
occurrence of the peak (mode) in the CARIBIC size distribution at ~700 nm will be
discussed in detail in Sec. 6.1.4

Most of the data were published for the tropics and subtropics (Fig. 6.6¢). The
particle size distributions measured west of Tenerife [de Reus et al., 2000] and the data
from Surinam [Krejci et al., 2003] are comparable with the CARIBIC means. While the
average concentration, given by de Reus et al. [2001] is higher for dp < 600 nm, the
max-min range covers the CARIBIC 10- and 90% percentile. The data published by
Zaizen et al., [2004] are generally somewhat lower than the CARIBIC data but higher
than the CARIBIC the 10% percentile.

Considering that the measurements were obtained in different locations
(longitude), on different times scales (number of flights, measurement season), and with
different research aircrafts (aerosol inlets, measurement instruments), the CARIBIC
data are generally in reasonable agreement with the published data. For all compared
regions the published data are within the same range of the CARIBIC OPC and the size
distribution slopes are similar. The best agreement is observed for the tropical and
subtropical MUT. Consequently, it is concluded that the CARIBIC OPC data are
comparable with other data sets and representative for the observation locations.
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Figure 6.7: Particle size distribution for the tropical and subtropical MUT (same as Fig. 6.6¢). The
discontinuity of the calibration curve (green dashed line) is calculated to be at 400 nm (mid-latitude UTA
calibration). The crossovers between the three amplifiers are calculated to be 227 nm and 600 nm,
respectively (orange dashed lines).

6.1.4 Occurrence of secondary mode at ~700 nm

The comparison of the CARIBIC OPC data with published data in Sec. 6.1.3 shows the
occurrence of a peak (mode) in the CARIBIC OPC particle size distribution at about
600 nm < d, < 900 nm (Fig. 6.6). As this mode is observed within every region
analyzed above, it raises the question whether it might be an artifact in the OPC data.

A discontinuity within the size calibration curve (Fig. 5.6 and the respective
discussion) cannot be the reason for the 700 nm mode. The intersection of the two
calibration curves is at ~400 nm (using the adapted fit function for UTA, Eq. 5.6).
Figure 6.7 shows that the crossover between the two curves is located at a much smaller
particle size (green dashed line) than the size of the mode. Moreover, the smooth
crossover between the two power functions cannot cause any discontinuity.

As already described in Sec. 4.1 and 5.1, the scattering signal of KS-93 is
amplified by three different linear amplifiers. The crossovers between the amplifiers
(yellow dashed lines in Fig. 6.7) are calculated to be at 227 nm and 600 nm for the same
calibration used to derive the ambient particles size distributions. The crossover
between amplifier 1 and 2 seems not to affect the slope of the particle size distribution.
However, the crossover of amplifier 2 to 3 is located at the lower end of the 700 nm
mode. The third amplifier could cause the 700 nm mode due to a lower amplification of
the scattering signal of large particles (d, > 900 nm) compared to the amplification of
smaller particles (600 nm < d, <900 nm). The larger particles would then be seen
smaller and thus added to the size channels 600 nm < d, <900 nm. During
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Figure 6.8: Comparison of an ambient (laboratory) air particle size distribution (a) measured with the
CARIBIC OPC unit (red) and the Ultra High Sensitive Aerosol Spectrometer (UHSAS, black), both
OPCs were calibrated for polystyrene latex (m=1.59 — 0.0 - i). The CARIBIC OPC crossover between
the second and the third amplifier was calculated to be 530 nm. The KS-93 theoretical response function
for mid-latitude UTA (m = 1.48 —0.0143 - i) and latex is indicated in (b).

characterization experiments in the laboratory the CARIBIC OPC unit was compared
with an Ultra High Sensitive Aerosol Spectrometer (UHSAS, Droplet Measurement
Technologies DMT) operated in parallel. For the comparison both OPC units measured
ambient air and used a polystyrene latex calibration. Figure 6.8a shows the particle size
distribution for the crossover size range between the second and the third amplifier of
the CARIBIC OPC unit. From the latex calibration the crossover was calculated to be at
530 nm. Obviously, neither the CARIBIC OPC, nor the UHSAS OPC shows a peak
(mode) within the displayed size range. Consequently, the observed mode in the
UT/LMS particle size distributions is most likely no artifact caused by the crossover
between the second and the third amplifier.

The KS-93 theoretical response function (Sec. 4.1) for UTA and polystyrene
latex shows a small dip in the size range 600 nm < d, < 900 nm for both materials (Fig.
6.8b). If this dip were responsible for the 700 nm mode in the UT/LMS size
distributions (Fig. 6.6), this mode should also be present in the ambient air
measurements (Fig. 6.8a). But the CARIBIC OPC data follow the UHSAS data without
any additional mode. With the UTA calibration for the ambient air measurement the
CARIBIC particle size distribution was slightly shifted to larger particle size but no
additional mode was seen (not shown). Thus it is concluded that the dip in the
theoretical response function also does not produce the additional mode in the UT/LMS
size distributions. Nevertheless, future size calibrations should include more
measurement points in the size range 500 nm < dp < 1000 nm (cf. Fig. 5.6).

The use of a uniform complex refractive index for all size channels might also
cause an additional mode®*. But then the mode should also be apparent in the published

2 If the large particles (dp > upper limit of discussed mode) would have a smaller real part or a larger
imaginary part compared to smaller particles (d, < upper limit of discussed mode), the intensity of the
scattered light would be reduced. If so, those large particles would be seen somewhat smaller when using
the UTA calibration for the whole size distribution. Therefore the underestimated particles would be
counted additionally at smaller OPC size channels, causing the secondary mode at
~600 nm < d, <900 nm.
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data, since these data were determined with optical methods and uniform refractive
indices too. As the mode was not observed in the presented data, the use of a uniform
refractive index for all size channels also cannot explain the occurrence of the mode.

So far several possible instrumental reasons were eliminated as the cause of the
mode at ~ 600 nm < d, < 900 nm, observed in all analyzed atmospheric regions. At the
moment it is not clear whether this mode is real or an artifact caused by the OPC optics,
data acquisition, or data analysis. As no reference is available for the in-flight
measurements, it cannot be corrected. Consequently, this mode will be not discussed
later in this work and is left over for future calibration work.

6.2 Case study results

6.2.1 CARIBIC volcanic ash flights (VAF)

In April 2010, Lufthansa approached the CARIBIC team with the request of conducting
dedicated measurement flights to investigate the Eyjafjallajokull volcano plume, which
was responsible for closing parts of the European airspace at that time. The results of
these flights are presented in this section and are published [Rauthe-Schoch et al.,
2012]. While the leading author of this publication is Dr. Armin Rauthe-Schoch from
MPI-Chemistry, Mainz, the author of this thesis is first co-author, responsible for the
OPC data and related sections. Hence, the following text is partly taken from that paper.

On April 14, 2010 the south Icelandic volcano Eyjafjallajokull erupted first since
1823 and the explosive phase lasted until May 22, 2010 [Sigmundsson et al., 2010].
Due to the contact of the melt water from the overlying glacier with the hot magma, the
strength and explosivity of the eruption was strongly increased (phreatomagmatic
explosions). The high explosive force caused the production of unusually fine particles:
about 50% — 70% of them were smaller than 100 pm [Sanderson, 2010], 20% smaller
than 10 pm, and 7% smaller than 2.6 um [Gislason and Alfredsson, 2010] in ash
samples collected close to the volcano. Because of their slow gravitational settling, the
smallest ash particles (< ~20 um) were transported over long distances. Larger particles
fell out closer to the volcano [Ginoux, 2003; Schumann et al., 2011]. Due to the
prevailing weather situation™, the ash plume was transported rapidly to Central Europe,
strongly affecting aviation. Over Europe the ash plume was trapped by re-circulation
processes and hence caused numerous flight cancellations [Gertisser, 2010; Flentje et
al., 2010].

There was hardly any information about the ash plume after the airspace above
Germany was closed for the first time. Thus Lufthansa approached the CARIBIC team
for a dedicated volcano cloud measurement flight. With only two days of preparation,
the first CARIBIC volcano flight took place on April 20, 2010 over northern Germany,
the Baltic Sea and southern Sweden. This was the first deployment of the new OPC unit
and the unit worked well producing good data. Two further VAFs were requested and
carried out: on May, 16 over Ireland and the Irish Sea and on May, 19 over the

% A vertical extended high pressure system was located south of Iceland (Petersen, 2010).
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Norwegian Sea. The OPC unit did not work during the second flight because of an error
in the communication with the master computer. The error was quickly corrected and
the OPC unit worked well again during the third VAF.

As the size resolving OPC detection range (125 nm < d, < 1.06 um; volcanic ash
calibration) did not cover the volcanic ash particle size distribution (d, < 20 nm to
100 pm; Ginoux, 2003; Sanderson, 2010; Schumann et al., 2011), quantitative data for
the total particle mass concentration were not expected. The objective was to document
the location and spatial extent of the ash plume and to compare it with the results from
the forecast models.

Several ash dispersion forecast models were used when planning the flight track:
from a) the Volcanic Ash Advisory Centre (VAAC) London, b) the UK MetOffice
(VAAC model with finer concentration steps), ¢) the University of Cologne (EURAD),
d) the Finnish Meteorological Institute (SILAM), and e) the Norwegian Institute for Air
Research (web interface for FLEXPART dispersion model). In addition, satellite data
for SO, were taken from GOME?2 (http://sacs.aeronomie.be/nrt/index.php; last access
20.07.2014). Aerosol vertical profiles were obtained from the space LIDAR CALIPSO
(http://www-calipso.larc.nasa.gov/products/; last access 20.07.2014). A more detailed
description of the flight planning can be found in Rauthe-Schoch et al., [2012].

During the first VAF on April 19 2010, volcanic ash particles were encountered
at ~3 km altitude over northern Germany and the Baltic Sea. LIDAR measurements
indicate a mixing of the volcanic ash into the continental boundary layer for this altitude
[Ansmann et al., 2011] and thus the observed increase at the OPC derived particle mass
was characterized by a mixture of volcanic ash and boundary layer aerosol. Increased
particle mass concentrations along the third VAF were also attributed to volcanic ash
particles. Within this thesis only data of this most interesting third VAF are presented.

Figure 6.9a shows the flight track of that flight lasting ~7 h. The altitude of the
aircraft is color-coded along the flight track. The aircraft flew over the Norwegian Sea
to the region around 75 °N, 10 °E for which the dispersion models had forecast a
volcanic ash plume with concentrations exceeding 4 mg/m?® of ash. The aircraft flew at
normal cruise altitude (~12 km) during the transfer flight to the region of interest in
order to save fuel. At 75 °N, 10 °E, the aircraft turned east, descended rapidly to 5200
m, and flew to 75 °N, 15 °E. During the eastward flight, the altitude was stepwise
reduced from 5200 m to 3700 m. From there the aircraft turned south and climbed back
to cruise altitude after leaving the forecasted area of the ash plume at 72 °N, 14 °E.

The OPC overview plots for this VAF are shown in Fig. 6.9b and c¢. Within the
destination area strongly increased accumulation mode particle number and mass
concentration were observed between 11:00 and 11:39 UTC (marked in yellow). The
maximum values are 220 1/cm® STP and 60 pg/m* STP, respectively. At the same time
two very short time CO peaks of up to 179 ppbv were observed (background
~120 ppbv). The O3 concentration indicates no significant change along the whole low
altitude flight between 10:21 UTC and 11:45 UTC. The aerosol elemental composition
analysis (cf. Sec. 3.3) indicated strong volcanic influence for the particle probe taken
between 11:12 UTC and 12:01 UTC. The elemental mass fractions were analyzed to be
2.3% iron (Fe), 9.7% silicon (Si), 0.9% calcium (Ca), and 0.27% titanium (Ti), whereas
the non-volcanic samples during the three VAF consist of on average 0.4% Fe, 0.5% Si,
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CARIBIC volcanic ash flight LH296 (May 19, 2010)
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Figure 6.9: Overview of the third CARIBIC volcanic ash flight on May 19, 2010. The color code along
the flight track (a) indicates the cruising altitude of the aircraft. Aerosol particle mass and accumulation
mode particle number concentration, as well as CO and O; concentration along the flight track are shown
in (b). The particle size distribution is shown in (c¢). The volcanic ash plume was encountered at
11:00 — 11:39 UTC and is highlighted in yellow.

0.15% Ca, and 0.03% Ti. Unfortunately the H,O instrument did not work on the third
VAF. However, the ECMWF data analysis suggests, the strong OPC signals were not
caused by inside cloud measurements (cf. Sec. 6.1.2). The size resolving contour plot
(Fig. 6.9¢) indicates significant increased particle concentrations for all size channels
between 11:00 and 11:39 UTC. As the dispersions models predicted the volcanic ash
plume over the Norwegian Sea, the aerosol elemental analysis indicated volcanic ash,
and other sources for accumulation mode particle plumes outside the boundary layer are
rare in this region, it is very likely that the measured particle size distribution is
dominated by volcanic ash particles. The high aerosol concentration during the holding
pattern near Frankfurt (from 14:27 UTC until landing) was caused by the polluted air
around the airport and inside cloud measurements.

To account for optical properties of the aerosol particles inside and outside the
observed plume, for the VAF the OPC calibration was based on volcanic ash and
ammonium sulfate (AS) optical properties, respectively (cf. Sec. 5.2.3). As the particle
shape is unknown, the particles were assumed to be spherical. Data measured most
likely inside the ash plume were processed using a complex refractive index of
m =1.54-0.003-i and a particle density of p = 2.65 g/cm?, values within the range

given by Schumann et al. [2011] for flights with the DLR Falcon. The AS calibration
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Figure 6.10: Particle mass size distribution inside (red) and outside (blue) the volcanic ash plume. The
error bars indicate the one sigma standard deviation of the particle mass concentration within each size
channel. This graph was also published in Rauthe-Schoch et al. [2012].

(m=152-1.41-10"-i, p =1.83 g/lem?®) was used for all other data, because the

outside plume data (used as reference) were obtained at altitudes much lower than the
normal CARIBIC cruise altitudes. Data from the transfer flights are not analyzed here.
For the volcanic ash and the AS calibration, the upper detection limit of the OPC unit
was calculated to be 1006 nm and 1009 nm, respectively.

Figure 6.10 shows the averaged particle mass size distribution obtained inside
the ash plume (red). The averaged distribution obtained between 10:36 and 11:00 UTC
is plotted as reference in blue. The error bars indicate the one sigma standard deviation
from the averaged 13 three minute measurement intervals inside the plume and 8
outside the plume, respectively. Compared to the background air, the particle mass was
substantially enhanced inside the ash plume for all particle size channels. The difference
becomes more pronounced for particles larger than 450 nm. While in background air the
mass distribution remains constant with increasing particle size, for the volcanic ash it
increases strongly until the OPC upper detection limit. As already mentioned above, the
Eyjafjallajokull plume was reported to contain even larger particles. Consequently, the
true particle number and mass size distributions (Fig. 6.9¢ and 6.10) extend to much
larger particle sizes. Particles larger than the upper OPC detection limit can pass the
CARIBIC inlet system® and will be counted in the OPC uppermost size channel (cf.
Fig. 6.10). Attributing these counts to larger “virtual” size channels, an “extended” total
particle mass was estimated by A. Rauthe-Schoch (MPI-Chemistry, Mainz) as described
in Rauthe-Schoch et al. [2012]. The “extended” particle mass calculation is used for a
model intercomparison (see below).

*% The justified estimate of the 50% inlet system sampling efficiency is ~5 um in particle diameter.
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FLEXPART aerosol height distribution for CARIBIC flight LH296
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Figure 6.11: Comparison of the modeled and measured Eyjafjallajokull volcanic ash particle mass
concentration along the third CARIBIC volcanic ash flight track. Modeled mass concentrations were
calculated with the FLEXPART dispersion model, measured mass concentrations were obtained using
the CARIBIC OPC data (upper graph). The lower graph shows vertical distribution of the FLEXPART
total aerosol mass concentration along the flight track (solid magenta line). Concentrations are given at
ambient conditions. This graph was taken from Rauthe-Schoch et al. [2012].

The integral particle mass was calculated along the flight track using the Lagrangian
dispersion model FLEXPART  (http:/transport.nilu.no/flexpart; last access:
20.07.2014). The model itself, as well as the special model setup for the Eyjafjallajokull
plume dispersion is described in detail in Stohl et al., [2005; 2011] and Rauthe-Schoch
et al., [2012]. The particle density within the FLEXPART model was set to 3.0 g/cm?.
To compare the particle mass directly to the OPC derived mass, the FLEXPART mass
was decreased by 12 % to 2.65 g/cm’. The lower graph in Fig. 6.11 shows the
FLEXPART volcanic ash concentration along the CARIBIC flight track between 10:00
UTC and 12:00 UTC (purple line). The color code indicates the total particle mass
concentration originating from the Eyjafjallajokull eruption. The upper graph in Fig.
6.11 directly compares the “extended” OPC particle mass concentration (red) to the
total FLEXPART particle mass concentration (blue) along the flight track. Please note
that in Fig. 6.11 all concentrations are given at ambient conditions. While FLEXPART
predicted huge amounts of volcanic ash between 10:35 and 10:45 UTC (up to
379 ng/m?), the OPC derived mass was only slightly increased to 3.2 pg/m?. Probably
the plume was located somewhat differently from model predictions and the CARIBIC
aircraft passed the plume only in the edge region. As such a plume causes a strong
vertical gradient in the particle mass concentration, e.g. a slightly different emission
height in the model initialization can lead to the observed huge difference. A strongly
increased mass concentration was measured at 11:13 UTC and 11:28 UTC. For the peak
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Figure 6.12: Overview plots for the CARIBIC flights LH299 from Frankfurt to Osaka on June, 23, 2010
(left) and LH300 back to Frankfurt on June, 24, 2010 (right).

at 11:13 UTC the FLEXPART mass was increased at the same time. For the later peak
at 11:28 UTC the FLEXPART peak has a delay of 5 minutes or ~60 km (aircraft
cruising speed ~190 m/s). Obviously, for these later plume crossings the modeled plume
location was correct. The OPC “extended” mass concentration was calculated to be
35 ug/m® for the first peak and 84 pg/m* for the later one. The corresponding
FLEXPART total mass concentrations are 54 ug/m* and 104 ug/m?, providing a
reasonable agreement to the measurements.

6.2.2 Pollution plume observed near Osaka

The trace gas data analysis presented in this section has been done by Dr. Tanja Schuck
from MPI-Chemistry, Mainz. All analyses of aerosol data, trajectories, and satellite data
have been done by the author of this thesis.

On June 23, 2010 the CARIBIC aircraft flew from Frankfurt to Osaka/Japan
(flight LH299) and after three hours stay in Osaka back to Frankfurt (LH300). The
highest OPC particle number and mass concentrations were observed before the landing
(LH299) and after the takeoff (LH300) near Osaka (Fig. 6.12), accompanied by
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CARIBIC flight LH299 (23.06.2010) Frankfurt-Osaka  CARIBIC flight LH300 (24.06.2010) Osaka-Frankfurt
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Figure 6.13: Averaged particle size distribution inside (red) and outside (blue) the pollution plume on
flight LH299 (a) from Frankfurt to Osaka and LH300 (b) back to Frankfurt.

enhanced CO concentrations. The observed particle number and mass concentrations of
up to 886 1/cm?* STP and 16.4 ng/m* STP belong to the highest ones, recorded until
LH344 with the CARIBIC OPC on all flight routes (except the CARIBIC VAF).
Unfortunately for both flights no CWC and O; data are available. However, the
ECMWEF cloud data indicate that the strongly increased concentration between 22:07
and 22:43 UTC (LH299) was not caused by cloud artifacts. On flight LH300 the
ECMWEF data indicate cloud contacts between 13:15 and 13:51 UTC. Because the CO
concentration was also significantly increased (up to 331 ppbv), it is assumed the strong
OPC signals from 13:00 to 14:00 UTC were caused mainly by polluted air. Outside the
Osaka region, the measured particle concentrations were at the atmospheric background
concentration.

Figure 6.13 compares the particle size distribution inside the plume to reference
periods just before or after the plume encountered. For flight LH299 (Fig. a), the inside
plume measurements (red) were averaged between 22:10 and 22:43 UTC. Data obtained
between 21:37 and 22:10 UTC were used as reference (blue). On flight LH300 the
measurements obtained 30 minutes before and after the observed plume (02:30 to
03:00 UTC and 04:00 to 04:30 UTC) were averaged as reference (Fig. b). The error bars
indicate the one sigma standard deviation. For both flights, the particle number
concentration inside the plume was for nearly all size ranges about five to six times
increased compared to the reference periods.

To illustrate the measurement locations Fig. 6.14 shows the integral OPC
particle number concentration along the flight track of the aircraft. Red and blue arrows
(plume/reference) indicate the measurement locations for the comparison in Fig. 6.13.
On flight LH299 the plume was observed north-east of Osaka. On the flight back to
Frankfurt (LH300) increased concentrations were observed west of Osaka at about
130°E. However, on LH300 a much wider plume with much higher particle
concentrations was observed over the Yellow Sea, west of the Korean peninsula. To
check whether the plume air, observed on flight LH299 has the same origin as the air
analyzed four hours later over the Yellow Sea (LH300), KNMI backward trajectories
are plotted in Fig. 6.14 too. The backward trajectories belonging to high concentration
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Figure 6.14: Particle concentration along flights LH299 and LH300 from Frankfurt to Osaka and back.
The flight tracks around Osaka are indicated as dotted lines where the colour code gives the integral OPC
particle number concentration. Red arrows indicate the location of the “inside plume” measurements,
used for the comparison in Fig. 6.13. Blue arrows indicate the location of the “outside plume”
measurements used as reference. Backward trajectories for the inside- and outside plume samples are
indicated as magenta and olive dashed lines, respectively.

measurements (plume; red distributions in Fig. 6.13) are indicated as magenta dashed
lines. The trajectories from the reference air (blue distributions) are plotted as olive
dashed lines. Plume and reference air trajectories are shown only every 9 minutes along
the aircraft flight track to maintain the readability of the figure. It is obvious that the
polluted air passed eastern China during both flights whereas the reference air masses
came from south-eastern Russia.

The concentration of CO, SF¢, and the CPC derived N, particle number
concentration (12 nm < d,) were also significantly increased inside the plume (Fig.
6.15). The CO concentrations inside the plume (upper panel) were 285 ppb on average
and 500 ppb in maximum for flight LH299. For flight LH300 the numbers are 242 ppb
and 331 ppb, respectively. The tropospheric background concentrations for the two
regions were 114 ppb and 103 ppb during all previous CARIBIC measurements. Thus
the CO concentration was increased by 150% and 135% in the plume. The NOy
concentration was on average increased by about 273% (LH299) and 166% (LH300)
from 1.5 ppb to 5.6 and 4.0 ppb, respectively (not shown). One of the two air samples
taken inside the plume on LH299, does indicate a strongly increased SF¢ (sulfur
hexafluoride) concentration of 7.99 ppt, compared to the background of 7.11 ppt (Fig.
6.15). On flight LH300 all air samples inside the plume indicated significantly enhanced
SF¢ concentrations of up to 7.62 ppt. Because SF¢ is produced mainly by industry, it is a
very good tracer for industrial pollution. As the CO and the SF¢ concentrations are
strongly increased, the plume probably originates from a mixture of combustion and
non-combustion (industrial) sources.
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Figure 6.15: Overview of the CARIBIC measurements during the plume event on flight LH299 and
LH300 from Frankfurt to Osaka/Japan and back. Figure by courtesy of T. Schuck, MPI-Chemistry,
Mainz, Germany.

On June 23 2010, nearly no nucleation mode particles were observed (N4 12, lower
panel of Fig. 6.15). This indicates no recent particle formation has taken place inside the
plume. The strongly increased OPC derived total particle surface (S125) suggests that
particle precursor gases preferentially condensed on existing particle surface instead of
forming new particles. On the contrary to N4 12, the concentration of particles larger
than 12 nm (N12) was strongly increased, indicating again strongly polluted air.
However, on flight LH300 also N4 12 was somewhat increased, indicating weak
particle formation inside the plume. This difference is remarkable, because on flight
LH299 the averaged particle surface concentration inside the plume was only 11 %
higher compared to LH300 (27.86 pm*cm? vs. 25.06 pum?/cm?®). Higher precursor gas
concentrations leading to an increased particle formation rate during LH300 might be a
possible explanation for the occurrence of nucleation mode particles. Unfortunately, this
assumption can be not proved because the CARIBIC system does not measure any
particle precursor gas concentration.

The total gaseous mercury concentration (TGM, not shown) was also significantly
increased inside the plumes. On both flights the averaged inside plume concentration
was enhanced by about 70%°’ to 2.4 ng/m* STP. Inside the plumes the concentrations
are comparable to the mean concentration of 2.6 ng/m*> STP, found in the marine
boundary layer over the Yellow Sea [Ci et al., 2011]. This might be an indication for
convective uplifting of polluted air in coastal areas. The emission ratio AHg/ACO of
5.0 pg/m’/ppb (or 5.6-107 ppb/ppb) is higher than reported by Ebinghaus et al. [2007
and references therein] for pure biomass burning plumes but is similar to emission ratios
found in mixed Asian outflow [Slemr et al., 2009 and references therein].

> TGM free tropospheric background: 1.4 ng/m* STP
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Figure 6.16: MODIS fire counts from June 20 to 24, 2010 in eastern Asia (red dots). The aircraft flight
tracks for flight LH299 and LH300 from Frankfurt to Osaka and back are indicated as solid blue lines.
Backward trajectories are indicated as dashed lines in magenta (plume) and olive (background). The
position of the trajectories 24 and 48 hours back in time are illustrated as violet and light blue stars,

respectively.

The CO concentration correlates in the plumes with methyl chloride (CH3Cl, not
shown), which is a good tracer for biomass burning. The simultaneous enhancement of
SFe and non-methane hydrocarbons®® (NMHCs, not shown), suggests that the polluted
air masses originate from a region with a variety of pollution sources or that already
polluted air from an industrial region passed a region with biomass burning activity.

Figure 6.16 shows the East Asian burning activity for June 20 to 24, 2011 as
detected by the MODIS Rapid Response System [Davies et al., 2009; Justice et al.,
2002] (FIRMS web fire archive http://firefly.geog.umd.edu/firms/ access 15.11.2012).
Intensive burning activity was found south of Beijing and north of Shanghai. Streets et
al. [2003] and Ohara et al., [2007] showed that eastern China - a highly industrialized
and densely populated area - is a region with high anthropogenic emissions of CO, NOx
and NMHC. Hence the increased SFs, and NMHC concentration originates most likely
from local industry. The trajectory analysis indicates, the plume air passed the above
described region about one to two days before measurement (Fig. 6.16). Because the air
passed in about 350 hPa (~ 8.2 km), probably small scale convection (not captured by
the trajectory model) lifted the pollutants to the trajectory level (see discussion to Fig.
6.17). The KNMI meteorological analyses indicate a small low pressure system in the
region of interest (www.knmi.nl/samenw/campaign_support/CARIBIC/240610
/mapZ10062406L.250.gif last access 20.07.2014).

* Tracer for biomass- and biofuel burning
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Figure 6.17: CALIPSO space LIDAR CALIOP level 1 data analysis product
(http://www-calipso.larc.nasa.gov/products/ last access 20.07.2014) for June 22, 2010. Between 18:20:43
and 18:34:12 UTC the satellite passed east China from north-east to south-west (a; magenta marked
track). The “532 nm Total Attenuated Backscatter” signal (b) indicates different vertical layers along the
flight track. The “Vertical Feature Mask” analysis product (c) further provides an aerosol- cloud
differentiation (explanation of colors given below the time line).

On June, 22 between 18:20 and 18:34 UTC the CALIPSO satellite (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation; http://www-calipso.larc.nasa.gov/
last access 20.07.2014) with the space LIDAR CALIOP (Cloud-Aerosol Lidar with
Orthogonal Polarization) on board passed eastern China from north to south
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(Fig. 6.17a), at nearly the same time as the air mass of interest (backward trajectories)
were at this position. At 116°E, 37°N a strong deep convective cloud was observed by
CALIOP (Fig. 6.17b). The CALIPSO “Vertical Feature Mask” product (Fig. 6.17¢c)
indicates this cloud system to lift aerosol from the surface layer up to the cloud top
(orange layer). All these observations strongly support the assumption that biomass
burning and the industry in the region south of Beijing and north of Shanghai were the
source for the observed plume.

In general, this finding emphasizes that deep convection of pollutants from the
boundary layer into the UT region is an important transport process. However, the
global contribution of such extreme events to the UT/LS aerosol budget is unknown and
needs better statistics to be well addressed. Similar pollution events were observed over
eastern Asia in May 2009 with the CARIBIC aircraft and in spring and early summer
2003 with MOZAIC measurements [Nedelec et al., 2005]. In future, CARIBIC will help
to estimate the frequency and thus the global relevance of such extreme events.

6.2.3 Mass closure study

Besides in situ particle number concentration measurements, aerosol particles are
collected on impactor foils during the CARIBIC flights for post-flight elemental
analysis by Bengt Martinssons group at Lund University, Sweden [Nguyen et al., 2006;
Breninkmeijer et al., 2007]. As the used methods (PIXE and PESA, cf. Sec. 3.3) can
detect the majority of relevant elements, the sum of all elemental masses should yield
the total particle mass concentration. This mass can be compared to the particle mass
concentration derived from the OPC measured particle size distribution. It should be
noted already at the beginning that because of the different measurement techniques and
the associated uncertainties an agreement within a factor of two or three must already be
considered reasonable. This work thus reports only a first attempt for a mass closure
along one measurement flight with less variable conditions. Recently (August 2014), a
more detailed mass closure study was published by Martinsson, et al., [2014]. The
results of this later study are not part of this thesis.

For the comparison in this work the data from measurement flight LH312 are
used. During this flight from Osaka to Frankfurt on September 24, 2010, the aircraft
flew in stratospheric air for the whole flight (Fig. 6.18). The O3 concentration was
above 200 ppbv for nearly all the time (average 286 ppbv), clearly indicating
stratospheric air [Zahn and Brenninkmeijer, 2003]. The CO concentration was mostly
below 50 ppbv (average 39 ppbv). Only after takeoff and before landing the aircraft
passed cloudy air. Inside the stratospheric air the OPC integral particle number
concentration, the particle mass, as well as the shape of the particle size distribution
were nearly constant. Even flight level changes (at 08:22 and 09:49 UTC) lead only to
minor changes (cf. Fig. 6.18).

Six particle samples were taken consecutively between 01:22 UTC and 11:25
UTC along this flight (numbered red line sections in Fig. 6.18, 100 min each). As the
samples were collected inside stratospheric air, for the presented analysis the LSA
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Figure 6.18: Overview plots for CARIBIC flight LH312 from Osaka to Frankfurt on September 24,
2010. The sampling times of the six particle samples (100 min each) are marked as red line and
numbered from one to six.

calibration was used (cf. 5.2.3; m_,,, =1.43-0.0001-7, p=1.72 g/cm?). The impactor

collects particles smaller than 2 um diameter [Nguyen and Martinsson, 2007] but no
information about size of the collected particles can be given. The resulting total
impactor particle mass thus cannot be corrected for particle losses inside the inlet
system. Consequently, the OPC data were also not corrected for inlet system particle
losses. The upper cut-off diameter of the impactor samples is about 2 um, i.e ~0.65 um
above the OPC upper detection limit (1.35 um for LSA calibration). The OPC can count
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Figure 6.19: Ratio of the particle mass concentrations from the OPC analysis to the impactor masses
along flight LH312 from Osaka to Frankfurt on September 24, 2010. The impactor sample particle mass
concentration was derived by summing up the individual masses of all analyzed elemental materials from
the PIXE and PESA analysis.

even larger particles than the particle sample cut-off”’ in uppermost size channel.
During LH312 the contribution of the uppermost size channel to the total particle mass
was about 12%°. The OPC dataset was averaged for the impactor sampling intervals.
As the first particle sample was collected partly inside clouds (red triangles in Fig.
6.18), those data were not analyzed.

Figure 6.19 shows the ratio of the OPC-derived particle mass to the
PESA-+PIXE-derived particle mass. The mass ratio is between 2.9 and 3.4. On average
(mean) the OPC derived particle mass is about 220% larger than the impactor mass”".
However, one would expect a mass ratio below one because the OPC upper particle size
detection limit is below the impactor limit. Even if the PIXE+PESA analysis is assumed
to detect all important elements contributing to the total particle mass, this result does
not automatically suggest that the OPC overestimates atmospheric particle mass. While
the OPC based method is an online analysis’, the impactor samples are analyzed in
vacuum several weeks after the measurement flight. Thus volatile compounds (e.g.
organics) may evaporate from the samples during the storage and analysis. The OPC
might thus see larger particles with higher particle mass. As the stratospheric aerosol

* Justified estimate of the 50% inlet system sampling efficiency is ~5 pm particle diameter. RION gives
2 pum as the OPC upper detection limit for polystyrene latex

3% For all counts in the uppermost size channel the particle mass was calculated, using the channel middle
d, (1301 nm).

31 A ratio of 1 means the derived mass concentrations are equal. Therefore a ratio of 3.2 indicates the
OPC derived particle mass is 220% larger than the impactor derived particle mass.

32 The particle scattering signal is measured directly after sampling, having only the sampling line delay
of ~0.65 s.
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particles usually do not contain much organics (cf. Tab. 5.3 and related discussion), it is
assumed that the evaporation of volatile compounds from the impactor samples would
cause not more than 10% difference.

Table 6.3 and the associated discussion showed that at the end of the sampling
line not all water has evaporated from the particles and the OPC measurements do
represent dpwet — at OPC. Due to the long storage and the vacuum analysis it is assumed
the impactor samples do represent dry aerosol (d, 4y — at OPC). The 18% difference in
d, would cause another ~66% difference in the particle mass.

Spherical particles with a uniform complex refractive index and a uniform
particle density are assumed in the estimation of the particle mass from OPC data. The
uncertainty from this assumption, including uncertainties for particle sizing, the gas
flow, and the OPC counting efficiency (Sec. 5.3.3) would explain a maximum OPC
mass overestimation of about 33%. In addition, the detection limits of the two
measurement methods are based on different physical principles. Whereas the impactor
samples particles by their aerodynamic size™, the particle sizing by the OPC is based on
light scattering. Aerodynamic and optical particle diameters are difficult to convert to
each other and thus the related uncertainties cannot be estimated here. The influence of
the assumed calibration material (calibration curve and density of LSA vs. UTA and
MTA) causes an uncertainty of about 20 % for LSA vs. UTA and 35 % for LSA vs.
MTA. The values are calculated, using the same OPC response signal for the different
calibration curves and particle densities. Both numbers indicate that the given OPC
particle mass would be 20 % and 35 % higher if the true aerosol were not LSA, but
UTA or MTA.

The biggest source of uncertainty for the OPC is the assumption of spherical
particles. If a non-spherical particle passes the laser beam, the OPC measured particle
diameter could be smaller or larger than the true (effective) particle diameter. The OPC
detected size for a certain, non-spherical particle depends on the particle orientation
inside the laser beam. For example, if a particle two times longer than wide passes the
laser beam with the long side perpendicular to the beam, the effective particle diameter
would be 50 % larger than the measured one. Because the particle volume and thus the
particle mass depend on the diameter to the power of 3, the resulting mass would be
237 % higher than the analyzed one. However, by averaging for long periods, the shape
error should be cancelled. Only if not spherical particles becomes systematically
orientated inside the OPC optics (e.g. due to the aerodynamic focusing), the error would
be still present. On the other hand, due to their long lifetime, stratospheric aerosol
particles are assumed to be more or less spherical. Hence, also the shape error cannot
explain the discrepancy between the OPC and the impactor derived particle mass
concentration.

Finally, it is not clear which detection method give the correct mass
concentration. As more assumptions are necessary for the OPC method, its uncertainty
is higher. A combination of all above discussed uncertainties might explain a

33 The aerodynamic particle size is based on the principle of the particle inertia in an air stream.
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discrepancy of 94%* (except the not quantified disagreement between optical and
aerodynamic particle diameter and the assumption of spherical particles). Consequently,
further analyses are necessary to understand the 220% difference.

6.3 Size distribution statistics

CARIBIC measurements are carried out regularly, usually once per month along four
intercontinental flights, making statistical analyses of temporal and spatial distributions
possible. As within this work only OPC data from the first year of regular operation
until LH344 (May 2011) are used, here only a limited analysis of the accumulation
mode particle size distribution can be made. These analyses include vertical profiles
relative to the tropopause, a comparison between the mid-latitude UT and LMS, a
stratospheric seasonality analysis, as well as the meridional distribution over Africa.
The results presented below do not claim to be statistically perfectly constrained. Rather
the given examples shall provide an impression, what unique kind of analysis will
become possible after a few years of measurement. Only CARIBIC measures the
particle size distribution plus additional tracers in the UT/LMS region regularly and
therefore provides the opportunity for detailed statistical analyses.

The CARIBIC aircraft is flying at a rather constant altitude between 9 and
12 km. Therefore vertical profiles relative to the TP are derived by the up and down
moving air masses, i.e. the different TP altitudes relative to the flight altitude. For this
analysis all mid-latitude outside-cloud measurements® were sorted into 1.0 wide PVU
bins and the bin data were averaged. Measurements above 8 PVU are not considered
because they are too rare for statistical purposes.

Figure 6.20a shows how the mid-latitude particle size distribution changes from
the UT through the TP into the LMS. Different to the “flight overview” contour plot
(e.g. Fig. 6.3) the particle size is displayed at the x-axis. The color code indicates again
the number concentration in each particle size bin. The y-axis indicates the PV. The TP
1s located at PVU values between 1.6 and 3.5 (Sec. 2.2). Due to the increasing fraction
of stratospheric air with increasing PV, the CO concentration (blue squares) decrease
while the ozone concentration (brown squares) increase. At the PV bin 7-8 PVU the
average potential temperature ® is 345 K, which is still inside the mid-latitude LMS
(cf. Fig. 2.2).

The contour plot shows that for nearly all size channels the particle
concentration increased with increasing PV. Only for particles larger than 900 nm no
vertical gradient seems to be apparent for the whole altitude range. The bin averaged
integral particle number and mass concentrations emphasize this behavior (Fig. 6.20b).

** PIXE/PESA: 10%, evaporation of volatile compounds: 10%, difference dp,wet t0 dp g, at the end of the
sampling line: 60%, OPC maximum mass uncertainty: 33%, refractive index and density LSA vs. MTA:
35%; total uncertainty =/10% +10% + 66> + 33> +35% = 94%

333189 of the 5681 outside cloud measurements were obtained north of 40°N.
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Figure 6.20: Vertical variation of the particle size distribution from the UT through the tropopause into
the LMS (a). While the color code indicates the particle number concentration, CO and ozone
concentrations are given as blue and brown squares. The OPC derived integral particle number and
particle mass concentration is plotted against the PV in (b). All measurements were averaged for 1.0
PVU bins. In both figures the error bars indicate the one sigma standard deviation. The tropopause (1.6 <
PV <3.5) is indicated between the dashed lines.

The number concentration increased with increasing PV from 52 1/cm?® STP at 0.5 PVU
to 121 1/cm?® STP at 7.5 PVU. The mass concentration increased from 0.8 to 1.7 ug/m?
STP.

The observed particle (and trace gas) gradients can be explained with the
increasing fraction of stratospheric air with increasing PV and the longer life time of
stratospheric particles compared to UT particles [Menzies and Tratt, 1995; Rasch et al.,
2008]. Inside the UT accumulation mode particles are effectively removed by activation
to cloud droplets and following wet deposition. In absence of clouds, which are less
frequent in the LMS, the most important particle sink process is sedimentation and
downwelling STE (Sec. 2.2 and 2.3; SPARC report N°4, [2006]). The sedimentation
velocity depends on the particle weight and therefore on the particle size. Due to the
low sedimentation velocity inside the LMS, accumulation mode particles have the
longest lifetime (half a year or even longer; Sec. 2.3). In addition, new accumulation
mode particles are formed by injection of Aitken mode particles into the tropical
stratosphere [Brock et al., 1995], followed by condensational growth of these particles
during transport from the tropics to mid-latitudes via the Brewer-Dobson circulation.

To better visualize the difference in the particle size distribution of mid-latitude
UT air compared to mid-latitude LMS air, in Fig. 6.21 the averaged mid-latitude
tropospheric measurements (latitude > 40°N, PV < 1 PVU, n=461) and the mid-
latitude stratospheric measurements (latitude > 40°N, PV > 3.5 PVU, n=2155) are
compared. As indicated in Fig. 6.20, for all size channels smaller than 900 nm the LMS
particle concentration was up to 250% higher (average 120%) than in the UT. This
finding was already suggested by the contour overview plot (Fig. 6.3) in the
introduction to this chapter. The homogeneous structure inside the LMS (Fig. 6.3) is
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Figure 6.21: Comparison of the averaged particle size distribution of mid-latitude UT and mid-latitude
LMS air. The air masses were classified by latitude and potential vorticity (both given in Tab. 6.2). Error
bars indicate the one sigma standard deviation.

representative for all CARIBIC LMS measurements. Nearly all OPC derived LMS
integral particle number concentrations and particle size distributions are similar to
those shown in Fig. 6.2 and 6.3.

The error bars in Fig. 6.21 again represent one sigma standard deviation and are
a measure for the variability of the concentration. For the UT particle size distribution
the variability is about twice the variability in the LMS. This higher variability was
probably caused by the stronger seasonality and the cloud sink in the UT. From June
2010 to May 2011 CARIBIC measurement flights were carried out along four
intercontinental flight routes (cf. Fig. 6.1). The flight routes cross different regions with
seasonal depending upwelling and downwelling STE (Skerlak et al., 2014).
Unfortunately the CARIBIC aircraft did not fly year around on all four routes, making a
seasonality analysis for the reduced data set difficult. In fact, with the one year dataset
only for the mid-latitude LMS a first approach for a seasonal analysis is reasonable. As
already described in Sec. 2.2, the upwelling air motion from the troposphere into the
stratosphere in the northern hemisphere is most effective in late summer, fall, and early
winter and smallest in late winter, spring, and early summer [Seo and Bowman, 2001;
Skerlak et al., 2014]. Therefore the northern hemispheric mid-latitude stratospheric
dataset was further split into measurements periods from March to July (“spring”,
n = 1051) and from September to January (“fall”, n = 537).

Nearly no seasonal difference was observed for particles smaller than 230 nm
(Fig. 6.22). On the contrary, for larger particles (d, > 230 nm), the spring time
concentrations were up to 190% higher than the fall time concentrations (average
120%). This seasonality reflects the troposphere to stratosphere air transport. In fall the
transport of UT air into the LMS is most effective and therefore the fraction of UT air in
the LMS is (much) higher than in spring [Seo and Bowman, 2001; Skerlak et al., 2014].
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Figure 6.22: Seasonal variability of the particle size distribution in the mid-latitude LMS (latitude >
40°N, PV > 3.5 PVU). The spring/summer measurements were conducted from April to August and the
fall/winter measurements from October to February. Error bars indicate one sigma standard deviation.

Accordingly in fall the CARIBIC measured mid-latitude LMS O3 concentration was
only half the spring concentration (214 ppbv vs. 466 ppbv). The mid-latitude LMS CO
concentration was increased by 19% to 46 ppbv in fall. In Fig. 6.21 and also in the data
from Young et al. [2007] (displayed in Fig. 6.6a, b) it was shown, inside the mid-
latitude UT the concentration of accumulation mode particles is lower than in the LMS.
Therefore, it is reasonable that in fall the LMS accumulation mode particle
concentration was found to be only half the spring concentration. The variability (error
bars in Fig. 6.22) was only slightly increased by 18% (average) in fall.

In order to derive information about the meridional distribution of the
accumulation mode data, in Fig. 6.23 the median integral particle number and mass
concentrations from the nine South Africa flights between November 2010 and March
2011 are plotted as a function of latitude. The measurements were sorted into 10°
latitude bins and classified as tropospheric (PV < 1 PVU) and stratospheric
(PV>3.5PVU) measurements. Data obtained in the tropopause region
(1 <PV <3.5 PVU) were not considered. The median was chosen here instead of the
mean as it is less influenced by few extremely high or low concentrations. Hatched
areas of the same color show the data range between the 25% and 75% percentiles. Note
that the interpretation of the meridional gradients is ambiguous because the tropopause
altitude increases from pole to equator (Fig.2.2) while the CARIBIC aircraft flies at
nearly constant altitude (pressure level).

For the Africa route, neither for the particle number nor for the particle mass a
significant meridional gradient was apparent in the free- and upper troposphere (Fig.
6.23, blue). The observed minimum in the particle number concentration at -15°N is
probably caused by the scavenging of accumulation mode particles in convective clouds
in the Intertropical Convergence Zone (ITCZ). During boreal winter the ITCZ 1s located
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Figure 6.23: Meridional distribution of the integral particle number concentration
(125nm <d, <13 pm) (a) and the derived particle mass concentrations (b), measured along the
CARIBIC South Africa flights between November 2010 and March 2011. Tropospheric (blue) and
stratospheric (red) data were divided by the potential vorticity at the measurement location. The data
were sorted into 10° latitude bins and averaged. While the solid lines indicate the median, the hatched
areas give the data range between the 25% and 75% percentiles. Dashed lines give the corresponding bin
averaged median ozone concentration.

over Africa at about 5°N to 15°S [Liljequist and Cehak 1984, p. 292-293], acting as a
sink for accumulation mode particles. The maximum at 25°N is probably caused by a
strong pollution plume, observed during flight LH333 on March 21, 2011. On that flight
the highest accumulation mode particle number- and mass concentrations of up to
310 1/cm?® STP and 3.1 pg/m® STP were measured in the latitude bin 20°N to 30°N.
Beside accumulation mode particles, also the concentration of Aitken mode particles
(Ni2), as well as CO and NO, were strongly enhanced. Excluding the data of LH333
would reduce the particle number concentration median and percentiles from 60 to
52 1/em?® STP (median), from 46 to 39 1/cm?* STP (25% percentile), and from 109 to
66 1/cm* STP (75% percentile). For the particle mass concentration the median and
percentiles would reduce from 0.63 to 0.52 pg/m®* STP (median), from 0.47 to
0.42 pg/m?* STP (25% percentile), and from 1.11 to 0.67 pg/m* STP (75% percentile),
respectively. The nearly constant O3 concentrations (Fig. 6.23b, dashed cyan line)
suggest that the higher particle concentrations cannot be caused by mixing of
stratospheric air into the UT.

Because of the high tropopause altitude in the tropics and subtropics no
stratospheric measurements were available south of 28°N. The observed increasing
meridional particle number- and mass gradient for the LMS is caused mainly by the
vertical gradient above the tropopause (Fig. 6.20) as documented by the similar ozone
meridional gradient (Fig. 6.23b, dashed purple line). Although ozone and accumulation
mode particles are formed by different processes, both have their origin deep in the
stratosphere, hence the good correlation.

In general at mid-latitudes the accumulation mode particle concentration was
found to be higher in the LMS compared to the UT. The temporal variation inside the
LMS does reflect the STE transport patterns. Over Africa the UT meridional variation
of the accumulation mode particle number- and mass concentration is low. In the
LMS the meridional gradient is induced by the relative height of the measurements
toward the TP.
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6.4 Increased particle surface as a sink for mercury inside
the lowermost stratosphere

Mercury and its compounds are very toxic and therefore hazardous for human health
and the environment. Therefore it is on the priority list of all international agreements
and conventions dealing with environmental protection and human health, including the
UNEP*® Minamata convention on mercury (signed by 112 nations,
www.mercuryconvention.org; last access: 20.07.2014). Gaseous elemental mercury
(GEM) is relatively inert and has consequently a relatively long atmospheric lifetime of
about one year [e.g. Selin et al., 2008]. Because of this long lifetime, GEM is well
mixed inside the free troposphere, showing no vertical gradient [Swatzendruber et al.,
2009]. The tropospheric GEM background concentration was found to vary between 1
and 2 ng/m* STP [Swatzendruber et al., 2009]. Above the tropopause, the mercury
concentration decreases strongly [Ebinghaus et al., 2007; Radke et al., 2007; Talbot et
al., 2007; Slemr et al., 2009, Lyman and Jaffe, 2011, this study: Fig. 6.24a]. It is
assumed, inside the LS GEM becomes effectively oxidized to gaseous oxidized mercury
(GOM), which deposits onto existing aerosol particles [Lyman and Jaffe, 2011]. This
assumption is supported by observations of high mercury concentrations on aerosol
particles in the LMS but not in the UT [Murphy et al., 1998, 2006]. So far three GEM
oxidation mechanisms have been proposed: reaction with Os;, OH, and Br [Lin et al.,
2006; Lindberg et al., 2007, Hynes et al., 2009, p. 427-457]. However, their relative
contribution is still not well known and the link between the gaseous and particulate
mercury has not been unequivocally documented. The CARIBIC aerosol and mercury
measurements provide the first insight into the correlation between gaseous mercury
and the available particle surface area.

The CARIBIC mercury instrument was shown to measure the sum of GEM and
GOM [Slemr et al., 2009], called total gaseous mercury (TGM). Figure 6.24a shows
TGM concentrations and the OPC derived particle surface area concentration as a
function of the potential vorticity. As in Fig. 6.20, the data up to 8 PVU were binned to
1.0 PVU bins. The squares represent the median concentrations and the error bars
indicate again the 25% and the 75 % percentiles. Each bin represents at least 25
different flights and more than 170 data points. The area between 1.6 PVU and 3.5 PVU
is marked as tropopause region. From the lower tropopause upward the particle surface
area increased with increasing PV from 5.4 um?/cm?® STP (0.5 PVU) to 17.0 pm*cm?
STP (7.5 PVU). On the contrary the TGM concentration decreased with increasing PV
from 1.30 ng/m* STP (0.5 PVU) to 0.53 ng/m* STP (7.5 PVU). This negative
correlation suggests a direct link between the particle surface and the TGM
concentration. Figure 6.24b shows for all measurements the TGM concentration as a
function of the particle surface area concentration. To increase the readability for this
graph, the scale for the particle surface area concentration was limited to 40 um?*/cm?
STP or 97.2 % of the individual measurement points (black squares). With only a few
exceptions (e.g. caused by pollution plumes), the measurements indicate a clear

36 United Nations Environment Program



6.4 Increased particle surface as a sink for mercury inside the LMS 113

total gaseous mercury [ng/m3 STP]

03 05 07 09 1.1 1.3 1.5 1.7
8 - 4.0
} = | = particle ; = o = alldata

7 surface E 3.5 " = binned data (from Fig. a)
_ . = TGM . w = " - — linear fit (binned data)
) e . y =-0.0575x + 1.5618
> 6 . . > 3.0 . R®=0.97
=5 > 25— . .
€ 3] .
[e] 4 qh) 2.0
2 I - il Rl M E i :..I- b
23 2 154 - %
< - | ' N ..I g ] »
o - ; + | tropopause S e e
8'2—————l——=—————'r'—=¢——*—“——— §1.0< '-. . ]

1 T 05

= L
0 0.0 t }
0 3 6 9 12 15 18 21 0 5 10 15 20 25 30 35 40
particle surface area concentration () particle surface area concentration  (p,)
[um*/cm® STP] [um?/cm® STP]

Figure 6.24: OPC derived particle surface area concentration and total gaseous mercury (TGM)
concentration as a function of potential vorticity (a). The data were sorted into 1.0 PVU bins. While the
squares give the median concentration, the error bars indicate the 25 % and 75 % percentiles for each bin.
Figure (b) shows a scatter plot of all TGM measurements as a function of the particle surface area
concentration. Because the x-axis is limited to 40 pm?/cm?, only 97.2 % of the measurement points are
displayed here. The linear fit (red line) was adapted to the bin averaged data from (a) (red squares).

negative correlation with lower TGM concentrations at higher particle surface area. The
data bins from Fig. 6.24a are shown in Fig. 6.24b as red squares. The adapted linear
equation quantifies the relationship between the available stratospheric particle surface
area and TGM. However, this finding is not a proof for the assumption of stratospheric
aerosol particles do act as a sink for mercury. Therefore, the particle samples taken
onboard CARIBIC should contain a distinct amount of Hg. Unfortunately, the PIXE
measurements did not detect any Hg so far, despite the sufficient sensitivity of the
PIXE technique. It is assumed that the particle bound mercury evaporates during the
PIXE analysis in vacuum. Because of the missing evidence of particle bound mercury,
the relation between TGM and particle surface area shown in Fig. 6.24 is still to
interpret. Nevertheless, it presents the first statistical indication for the role of aerosols
as sink for stratospheric gaseous mercury.

6.5 Comparison with the GLObal Model of Aerosol
Processes (GLOMAP)

The, compared to research aircraft, high measurement frequency of CARIBIC leads to a
unique dataset which is suitable for comparison with global aerosol models. The dataset
used within this work (June 2010 to May 2011) is too small for a statistically well
constrained comparison. But the variability in the concentration of accumulation mode
particles in the UT/LMS is much smaller than the variability of e.g nucleation mode
particles. Thus, even a “small” number of 37 flights provide enough data for a
meaningful comparison which is presented in this section.
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The GLObal Model of Aerosol Processes (GLOMAP) was developed by Ken Carslaw’s
working group at Leeds University. It is a global atmospheric model, including aerosol
microphysics and chemical processes. In GLOMAP, the Toulouse Off-line Model of
Chemistry And Transport (TOMCAT; http://homepages.see.leeds.ac.uk/~lecme/
tomcat.html; last access 20.07.2014) and the United Kingdom Chemistry and Aerosol
climate model (UKCA; http://www.ukca.ac.uk/wiki/index.php/Main_Page; last access
20.07.2014) are combined [Mann et al., 2010]. The particle size distribution is
simulated with a sectional two-momentum scheme with seven aerosol modes. The
Aitken, accumulation, and coarse modes are further divided into soluble and insoluble
modes. Only the nucleation mode is considered soluble and is thus not further divided.
The model aerosol physics includes nucleation, condensational growth, coagulation, wet
and dry deposition, as well as cloud processing. The GLOMAP horizontal resolution for
this comparison was 2.8 ° in longitude and latitude. The vertical geometric resolution of
the 31 layers varied between 60 m at the boundary layer and 1 km at the tropopause.
The model is described in detail by Spracklen et al., [2005a, b] and Mann et al., [2010].
Unfortunately the GLOMAP data, provided by the Leeds group, were not
available for the period of the OPC measurements. Nevertheless, the particle size
distribution modeled for January 2001 to December 2005 could be compared to the
CARIBIC measurements from June 2010 to May 2011. Of course this comparison
cannot be exact but provides a first insight whether the modeled UT particle size
distribution is similar to the measured one. To distinguish climatic regions, the
GLOMAP data were zonally averaged for the mid-latitudes (40 °N < ¢ < 55 °N) and

the tropics (1 °N < ¢ <21 °N). Only data from altitude range 8 to 12 km were used. As

the model data were restricted to the troposphere, only tropospheric OPC data
(PV < 1.0 PVU) were averaged for the same regions. In Fig. 6.25 the OPC mean and
median concentrations are shown both regions as dashed and solid blue line. The grey
areas indicate the 25 % and 75 % percentiles. The OPC integration time was set to 900 s
(cf. Sec. 5.3.1) to avoid the 25% percentile being zero (cf. introduction to Fig. 6.4 and
6.6), but for particle diameters larger than 850 nm this was still not enough.

The seven GLOMAP aerosol modes were summed up for each OPC size
channel range, giving the final comparable model particle size distributions (magenta
solid line). Since the model data were reported at ambient conditions, the CARIBIC
data are given at ambient pressure and temperature, too.

At mid-latitudes the modelled and measured number concentrations for particles
smaller 300nm (Fig. 6.25a) are in good agreement. For particles with
300 nm < d, < 500 nm the modeled particle size distribution has a slightly steeper slope
than the measured one and therefore fits only the OPC 25% percentile at 400 nm. From
500 nm to 900 nm the measured particle concentration is significantly higher than the
modeled, because of the unknown peak (mode) in the OPC particle size distribution (cf.
Sec. 6.1.4). Above 900 nm the measured and the modeled concentration still have a
significant offset (about a factor of three for the mean), but the slope is similar.

In the tropics the results are similar. For d, <250 nm the modeled concentration
is at the OPC 75% percentile. From 250 nm to 400 nm the modeled slope is steeper and
the number concentration decrease to the OPC 25% percentile. For particles larger than
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Figure 6.25: Comparison of the modeled (GLOMAP) and the measured (CARIBIC-OPC) particle size
distributions for mid-latitudes (a) and tropics (b). The modeled and measured tropospheric data
(PV <1 PVU) from the altitude range 8-12 km were averaged for the latitude regions 40 °N < ¢ <55 °N
(mid-latitudes) and 1 °N < ¢ <21 °N (tropics). While the modeled data represent 2001 to 2005 (monthly
average), the CARIBIC data were obtained between June 2010 and May 2011 (averaged of 900 s). Both
the modeled and CARIBIC data are given at ambient conditions.

350 nm the modeled particle size distribution follows the OPC 25% percentile with
exception of the OPC peak (mode) between 600 nm and 900 nm.

Evaluating the differences between modeled and measured particle size
distribution one has to take into account the difference in time and measurement
location. While the GLOMAP data (2001-2005) were zonally averaged, representing
data from all longitudes, the CARIBIC data (2010-2011) were measured on specific
flight routes with varying longitudinal coverage (e.g. eastern vs. western longitude;
continental vs. oceanic measurement region). The limitation to tropospheric
measurements (PV < 1 PVU) further reduces the dataset. For the mid-latitudes the
average in Fig. 6.25a is based on six flights on the Asian route, three flights on the
Africa route, eight flights on the South America route, and two flights on the North
America route (cf. Fig. 6.1). Thus, in this climatic region the measurements were
distributed relatively uniformly over longitude’” and over continent and ocean™. In
the tropics the measurements are based on nine flights on the Africa route, as well
as 13 flights on the South America route. Consequently, the measured tropical
average is based on a relatively uniform number of over the ocean (13) and over
the continent (9) measurements, but might be more representative for central-
and western longitude air*’.

An additional reason for the modeled steeper slope and lower concentration of
particles with d, >250 nm in both regions might be the exclusion of all in cloud
measurements (cf. Sec. 6.1.2). While the model included inside cloud values and

37 6 flights to the east (Asian route); 3 fights in the center (Africa route); 10 flights to the west (North-
and South America route)

3% 10 flights over ocean; 9 flights over continent

%% 9 flights in the center (Africa route); 13 flights to the west (South America route)
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particle sink by cloud scavenging, the inside cloud CARIBIC measurements were not
considered here.

Nevertheless, the measured and the modeled particle size distributions were
found generally in reasonably good agreement for the mid-latitudes and the tropics. For
most parts of the analyzed size range the modeled concentrations are within or close-by
the OPC 25%- and 75%-percentiles. Only for the unknown OPC peak (mode) at
500 nm <d, <900 nm a significant difference is present. The presented analysis
demonstrates the potential of the growing OPC dataset. Therefore, further studies with a
much longer CARIBIC OPC dataset, covering larger areas and temporally matched with
the GLOMAP dataset should be carried out in future to address the uncertainties and to
compare seasonal variation.

6.6 Comparison of aerosol optical parameters from in situ
CARIBIC measurements and satellite remote sensing

Satellite-borne measurements provide datasets with a global coverage. However, those
data have to be evaluated with in situ measured data. This section compares data from
satellites with the OPC data to illustrate a further possible application. As here data
from two very different measurement techniques (remote sensing wide area scan vs. in
situ single point measurement) are compared, the focus lies on qualitative rather than on
quantitative comparison.

Several aerosol optical parameters were measured with a seven channel sun
photometer onboard the Earth Radiation Budget Satellite (ERBS) within the
Stratospheric Aerosol and Gas Experiment (SAGE II; www-sage2.larc.nasa.gov; last
access 20.07.2014). The pole orbiting ERBS provided data from October 1984 to
August 2005. Bauman et al.,, [2003a, b] published climatologies for the particle
extinction coefficient at different wavelength, the particle surface area concentration,
and the effective particle radius. The data are presented as function of latitude,
geometric altitude and time between October 1984 and August 1999. On request the
raw data for all figures in Bauman et al [2003b] were courtesy provided by lJill J.
Bauman (NASA). Within this section the above mentioned aerosol parameters are
compared to the corresponding parameters derived from the CARIBIC measurements.
The extinction coefficient for 4 = 525 nm was calculated from the particle number size
distribution using a custom Mie-scattering program [Schladitz et al., 2011], which is
based on a Mie-code by Bohren and Huffman [1983]. The particle surface area
concentration was directly obtained from the OPC analysis algorithm (Sec. 5.3). The
effective particle radius was calculated from the integrals of particle volume and the
particle surface according to Eq. 6.1:
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T effective particle radius [pum]
Nope number of size channels in the OPC particle size
distribution [1]
d,, mean particle diameter of a certain size channel (i) [um]
[d p,i] measured particle concentration at a certain size channel

with d [1/cm’]

As the SAGE II data were provided only for altitudes 2 km above the tropopause or
higher, only stratospheric CARIBIC measurements with potential vorticity >5 PVU
were used for this comparison. 2036 measurement points in the northern hemisphere
(north of 30°N) and none in the southern hemisphere fulfill this requirement.

Since the datasets originate from different periods, only a comparison of long-
term averages of background values is expedient. To obtain representative background
values, the SAGE II data were averaged over time from January 1989 to May 1991 and
January 1996 to August 1999. Between June 1991 and December 1995 the Pinatubo
eruption”’ strongly increased the particle extinction, surface, and effective radius.
Before January 1989 the background concentrations were influenced by the Nevado del
Ruiz eruption in November 1985 (cf. Fig. 2 to 5, 9, and 16 in Bauman et al., [2003b]).
Comparing data from different periods is difficult, because Solomon et al [2011]
showed that from 1996 to 2010 the global stratospheric aerosol optical depth increased
by about 34%. On the contrary SAGE II data were measured at ambient conditions i.e.
ambient humidity, whereas the CARIBIC data are representative for dried aerosol. With
Tab. 6.3 and the associated discussion it was shown that the particles shrink inside the
CARIBIC aerosol inlet system by about 25%. These effects of increasing stratospheric
optical depth (i.e. increasing aerosol loading) on the one hand and the comparison of
aerosol optical parameters from ambient and dry measurements on the other hand are
opposed and therefore should compensate. Hence, the SATGE II and the CARIBIC data
should be on the same order of magnitude.

Figure 6.26 shows the meridionally, zonally, and temporally averaged vertical
profiles of the particle extinction coefficient at a wavelength of A= 525 nm, the
ambient particle surface area concentration, and the effective particle radius. The
stratospheric CARIBIC data were measured up to 12.5 km and were sorted into 0.5 km
altitude bins. SAGE II data start at 11 km*' and have a vertical resolution of 1 km. For
both datasets the solid line give the median value and the dashed lines in the same color

% The explosive phase of the Pinatubo eruption started in June 1991.

1 As the given altitude is the middle of the individual altitude layer, the lines in Fig. 6.26 start in the
middle (e.g. at 11.5 km). However, the given value is representative for the whole layer (i.e. from 11 km
to 12 km).
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Figure 6.26: Vertical gradients of the particle extinction coefficient at A = 525 nm (a), particle surface
area concentration (b), and effective particle radius (c). The stratospheric CARIBIC measurements
(PV > 5 PVU) were sorted into 0.5 km altitude bins. SAGE II data have a vertical resolution of 1 km.
Both data sets were meridionally and zonally averaged. CARIBIC data were measured between June
2010 and February 2011, SAGE II data were averaged from 1989 to May 1991 and January 1996 to
August 1999. While solid lines represent the median concentrations, dashed lines indicate the 25% and
75% percentiles. The CARIBIC particle surface area concentrations are given at ambient conditions to be
comparable to SAGE II data.

indicate the 25% and 75% percentiles, respectively. Considering the above mentioned
uncertainties, the good agreement of the two datasets within the crossover area (11 km
to 12.5 km) for particle extinction coefficient (Fig. 6.26a) and particle surface area
concentration (Fig. 6.26b) is remarkable. With 1.273- 10° 1/m the median SAGE II
particle extinction coefficient is only 8.6% higher than the CARIBIC median®. The
averaged SAGE II median for the particle surface area concentration of 3.64 pm*cm? is
only 4.6% lower than the CARIBIC median (3.82 pm?cm?®). In addition, both
techniques show the same slope with decreasing values for increasing altitude.

* For both datasets the median was averaged between 11.0 km and 12.5 km, giving a value of
1.273-10° 1/m for SAGE Il and 1.173- 10" 1/m for CARIBIC.
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On the contrary, hardly any vertical gradient but a significant offset between the
datasets was found for the effective particle radius (Fig. 6.26c). With 0.259 pm the
averaged SAGE II median is 74% higher than the averaged CARIBIC median
(0.149 pum). This is surprising after good agreements for particle extinction coefficient
and surface area were found. The different measurement conditions (ambient humidity
vs. dried aerosol) would explain the difference only partly. According to Eq. 6.1, the
effective particle radius is calculated from the particle surface area and the particle
volume concentration. Increasing the OPC measured particle size by 25% to match the
ambient humidity particle size (cf. Tab. 6.3) would increase the particle surface by 56%
and the particle volume by 95%. The resulting effective radius would be 25% larger. A
methodical error explaining the remaining discrepancy of 50% is not apparent. As the
particle surface area concentration was found to be in good agreement, the difference
might be caused by an even higher SAGE II particle volume concentration.

Figure 6.26 shows that the CARIBIC observations have generally a much higher
variability than the SAGE II measurements”. This is probably caused by the much
shorter CARIBIC measurement period of one year compared to nearly six years for
SAGE II. Please note, the different slopes in the vertical representation of the CARIBIC
OPC data in figures 6.20b, 6.24a and 6.26b arise by the use of the different vertical
coordinates (geometric altitude vs. PV) and different conditions (ambient vs. STP).

In summary, considering that large scale remote sensing data are compared with
averages of in situ single particle measurements recorded several years later, the
agreement is better than expected. As the increase of the stratospheric aerosol loading
from 1996 to 2010 [Solomon et al., 2011] is compensated by the comparison of
measurements at ambient humidity (SAGE II) with dry conditions (CARIBIC), the
good agreement for the particle extinction coefficient and the particle surface area
concentration is reasonable. However, the reason for the discrepancy of the effective
particle radius was not found yet, but should be a focus of further studies. Nevertheless,
this comparison clearly demonstrates that the increasing CARIBIC OPC dataset can be
used to validate data from satellite and ground based remote sensing (e.g. LIDARS).

* The CARIBIC 25% and 75% percentiles were found to be about + 40% (particle extinction), * 30%
(surface area), and * 11% (effective radius) around the medians. The corresponding SAGE II variability
was calculated to be * 13% (particle extinction), = 10% (surface area), and * 5% (effective radius),
respectively.
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To improve the knowledge of the particle size distribution in the upper troposphere and
lowermost stratosphere (UT/LMS) and to create a reference dataset for modelling and
remote sensing validation, in this thesis an optical particle counter (OPC) was modified
for regular measurements onboard an Airbus A340-600 passenger aircraft (Civil
Aircraft for the Regular Investigation of the atmosphere Based on an Instrument
Container (CARIBIC) project). The basic instrument is a RION KS-93 OPC with
originally five size channels. This OPC is placed together with a new data acquisition
and a flow control system in a 19” rack unit. From the original instrument only the
optics and the electronic scattering signal amplification are still used for the new
CARIBIC OPC unit. This new OPC unit had to be certified for aviation application,
including documentation and Electro Magnetic Compatibly (EMC) tests. The new data
acquisition and unit controller program is operated on a National Instruments PXI real
time system. For every detected particle, the shape of the scattering signal intensity is
recorded with three channels with a temporal resolution of 3 ps. The recording of the
scattering raw signal allows a detailed post flight data analysis. So the temporal
resolution and the number of the size channels can be set flexibly. Furthermore it is
possible to recalculate all data in case the calibration changes. For the analysis of the
data presented in this work, the resolution was set to 180 s and 32 size channels
(exceptions are marked). The gas flow system was added to

a) focus the measurement air to the center of the KS-93 optics

(sheath air technique).
b) reduce the transport time between aerosol inlet and OPC unit to 0.65 s.
c) flush the OPC and the sampling lines with filtered air during take-off and
landing to prevent contamination with polluted air around the airport.

The necessary implementation of the sheath air technique reduces the sample air flow to
0.015 I/min. However, with the sheath air technique the maximum counting efficiency
is increased from 50% to 89%. The reason, why the counting efficiency does not reach
100% is not clear yet.
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The new OPC unit was calibrated in laboratory with ammonium sulfate
(AS, m(1)=1.52-1.14-10"-i, A =830nm) and polystyrene latex particles
(m(4)=1.59-0.0-i, 4 =830nm). With a Mie scattering program the calibration

points were related to characteristic internal mixtures of mid-latitude upper tropospheric
aerosol (UTA)*, mid-latitude lowermost stratosphere aerosol (LSA)*, and tropical mid
tropospheric aerosol (MTA)*. A sensitivity study along a measurement flight from
Frankfurt to Cape Town/South Africa indicates an uncertainty of only -10.5% to +8.3%
in the particle mass concentration when using the UTA calibration for all measurement
regions. As most of the CARIBIC flights are located in the northern hemispheric upper
tropospheric mid-latitudes and the UTA calibration is the one in the middle, the data
analyzed within this work are based on the UTA calibration (except the volcanic ash
flights and the stratospheric mass closure study). The overall relative uncertainty with
respect to the integral particle number-, surface-, and mass concentration is calculated to
be 40%, 31%, and 33%, respectively (including uncertainties due to sample air flow,
counting efficiency, erroneous counts, particle sizing, and particle density). The overall
relative uncertainty for the number concentration is largest, because of the large
uncertainty of the counting efficiency due to the use of the UTA calibration for all
measurement regions. At the OPC lower detection limit this uncertainty is largest and
the particle concentration is highest, resulting in a high overall uncertainty. While the
UT/LMS integral number concentration is dominated by Aitken mode particles
[de Reus et al., 2001, this study], the integral particle surface and mass concentration is
dominated by accumulation and small coarse mode particles [de Reus et al., 2001, this
study]. With increasing particle size the OPC reaches the maximum asymptotic
counting efficiency and the uncertainty of the counting efficiency converge to zero. All
data are corrected for sampling line losses, OPC counting properties, and are
normalized to standard conditions (STP, p=1013.25 hPa, T=0 °C).

Within the CARIBIC project (www.caribic-atmospheric.com; last accessed:
20.07.2014), this OPC unit is mounted into a modified standard air fright container.
Besides the OPC 20 trace gases and aerosol instruments as well as a 112 camber air
sampler and a 16 channel aerosol sampler are installed in the container. Usually ones a
month the container is installed into the forward cargo bay of an Airbus A340-600
passenger aircraft from Lufthansa. When installed, the container pipes are connected to
a permanent mounted gas- and aerosol inlet system at the aircraft fuselage. After a flight
sequence of usually four to six intercontinental flights the container is removed from the
aircraft and the data are downloaded and analyzed.

The OPC dataset is evaluated by comparison to published previous measurement
data in the UT/LMS and by a CARIBIC internal mass closure study. Generally the
CARIBIC particle size distributions are in reasonable agreement with previous
measurements in different climatic regions. The compared data are within the same
range and the size distribution slopes are similar. Consequently, it is concluded that the
CARIBIC OPC data are representative for the investigated regions. A stratospheric

* 44% H,S0,, 44% (NH,),SO4, 10% organics, 2% soot; m = 1.48-0.0143 - i, p=1.72 g/cm’
*90% H,S04, 10% organics; m = 1.43-0.0001 -1, p = 1.64 g/cm?
% 40% organics, 40% (NH4),SO,, 19% H,SO,, 1% soot; m = 1.48-0.0075- i, p = 1.63 g/cm’
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mass closure study of the impactor samples to the OPC derived particle mass yield an
offset of 220%. This difference is outside the -calculated individual method
uncertainties, which would explain a discrepancy of 94%. For this value the not
quantifiable uncertainties of optical particle diameter (OPC) vs. aerodynamic particle
diameter (impactor) and the difference of the particle shape from an assumed sphere
(OPC) are not considered. Currently the reason for the offset is not known. Therefore,
further studies have to be carried out to identify and minimize the reason for the offset.
Recently (August 2014), a more detailed mass closure study (not part of this thesis) was
published by Martinsson, et al., [2014]. In this study the OPC and impactor data from
48 flights were processed with a slightly different analysis method, resulting in a much
better agreement.

Most of the CARIBIC measured particle size distributions show a secondary
peak (mode) in the size range 600 nm < d, <900 nm. Currently, the question whether
this mode is real or a measurement artifact cannot be conclusively answered. Several
possible instrumental reasons were eliminated and therefore this mode is not corrected
in the dataset. Furthermore, artificial particle measurements were observed on all
CARIBIC flights when flying inside clouds. The integral particle number and mass
concentration was enhanced by a factor of 3 on average. It is assumed the OPC
measures residuals of cloud droplets, which evaporate in the aerosol inlet system.
Consequently, all inside cloud measurements were excluded from the dataset.

The CARIBIC volcanic ash flights (VAF) in spring 2010 were the first mission
for the new OPC unit. Between April 14 and May 22, 2010 the south Icelandic volcano
Eyjafjallajokull erupted first since 1823. The volcano ash cloud strongly affected the
aviation over central Europe. Lufthansa asked the CARIBIC team for dedicated volcano
cloud measurement flights to document the location and spatial extent of the ash plume
and to compare the data with the results from the forecast models. The size resolving
OPC detection range (125 nm <d, <1.06 pm; volcanic ash calibration®”) did not cover
the volcanic ash particle size distribution (20 nm <d, <100 pm; Ginoux, 2003;
Sanderson, 2010; Schumann et al., 2011) and therefore quantitative data for the total
particle mass concentration were not expected. The most interesting results were
obtained on the third VAF on May 19, 2010 and were published in Rauthe-Schoch et
al., [2012]. The volcano plume was found at 75°N, 15°E in altitude ~4000 m with
maximum particle number and mass concentrations of 220 1/cm?® STP and 60 ug/m?
STP, respectively. The supplementary information from the trace gas measurements, the
aerosol elemental composition, and the trajectory analysis identified the measurement
air as volcanic plume. The comparison of an “extended” OPC particle mass
concentration (84 pg/m* ambient) to results from a FLEXPART model run (104 pg/m?
ambient) gave good agreements for the plume location and mass concentration.

During the CARIBIC flights on June 23 and 24, 2010 a very strong plume was
observed over eastern Asia near Osaka with accumulation mode particle number and
mass concentrations of up to 886 1/cm* STP and 16.4 pg/m* STP. Inside the plume the
concentration of CO, SFs, NO, NOy, CH3Cl, NMHCs, total gaseous mercury, and the
CPC derived Ny, particle number concentration (d, <12 nm) were also significantly

" m=1.54-0.003 -1, p =2.65 g/cm?® (values within the range given by Schumann et al. [2011])
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increased. A detailed analysis of all CARIBIC measurements, backward trajectories,
MODIS* fire maps, and CALIPSO* space LIDAR™ data indicated that probably
biomass burning and the industry in the region south of Beijing and north of Shanghai
were the source for the observed plume. About one day before measured, the plume air
was lifted with a deep convective cloud from the boundary layer to the UT and moved
to the measurement location. In general, this finding emphasizes that deep convection of
pollutants from the boundary layer into the UT region is an important transport process.
However, the global contribution of such extreme events to the UT/LS aerosol budget is
unknown. Future CARIBIC measurements will help to estimate the frequency and thus
to constrain the global relevance of such events.

Within this work the OPC data from the first year of regular operation until May
2011 were used for statistical analysis. These are 37 intercontinental flights along four
different flight routes with a total measurement time of 381 hours or ~ 343 000 km.
Plotting the average CARIBIC particle size distribution and therefrom derived aerosol
parameter as function of potential vorticity (PV) indicates a stratospheric vertical
increasing gradient for the mid-latitude particle number- and mass concentration. On
average in the mid-latitude LMS the concentration of accumulation mode particles
(dp <900 mn) was about 120% higher than in the mid-latitude UT. Only for particles
larger 900 nm nearly no vertical gradient was observed. The increased particle number
and mass concentration in the LMS is in agreement with CARIBIC measurements of the
particulate sulfate mass [Papaspiropoulos et al., 2002]. The vertical increasing gradient
can be explained with the longer life time for stratospheric particles compared to UT
particles [Menzies and Tratt, 1995; Rasch et al., 2008].

The mid-latitude LMS particle size distribution show a seasonal variation for
larger particles (d,>230 nm) with on average 120% higher concentrations during
spring compared to fall. The observed seasonality was caused by the differences in the
atmospheric dynamics. The upwelling air motion from the troposphere into the
stratosphere in the northern hemisphere is most effective in late summer, fall, and early
winter and smallest in late winter, spring, and early summer [Seo and Bowman, 2001;
Skerlak et al.,, 2014]. On the contrary the downwelling stratosphere-troposphere air
exchange (STE) is maximum in winter and spring and minimum in summer and fall
[Seo and Bowman, 2001; Jordan et al., 2003; Skerlak et al., 2014]. As at mid-latitudes
the accumulation mode aerosol loading in the stratosphere is higher than in the upper
free troposphere [Hofmann 1990, Minikin et al., 2003; Young et al., 2007; this work
Fig. 6.20, 6.21], the observed UT/LMS particle size distribution seasonality reflects the
seasonality of the STE. This is confirmed by the CARIBIC measured O3 concentration,
which was during the analyzed period and region in fall only half the spring
concentration.

Along the South Africa flights (boreal winter) neither for the accumulation mode
particle number, nor for the particle mass concentration a significant meridional
gradient was apparent in the free- and upper troposphere. Only in the Intertropical
Convergence Zone (ITCZ) the concentrations were slightly decreased, probably due to

* MODerate-resolution Imaging Spectroradiometer
* Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
*0 LIght Detection and Ranging
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cloud scavenging. An observed meridional gradient for the stratospheric accumulation
mode particle number- and mass concentration was caused mainly by the vertical
gradient above the tropopause.

Comparing the stratospheric concentration of Total Gaseous Mercury (TGM)
with the OPC derived particle surface area concentration, a significant negative
correlation (R*=0.97) becomes apparent. It is assumed that inside the lower
stratosphere gaseous elemental mercury becomes effectively oxidized and deposits onto
existing aerosol particles [Lyman and Jaffe, 2011]. The CARIBIC OPC and mercury
measurements provide the first insights into the correlation between gaseous mercury
and the available particle surface area. However, the found negative correlation is not a
proof for the assumption of stratospheric aerosol particles acting as a sink for gaseous
mercury, because no Hg was found on the PIXE’! analyzed particle samples. Currently
it is assume that the particle bound mercury evaporates during the PIXE analysis in
vacuum.

To demonstrate the benefit of the growing CARIBIC OPC dataset as a reference
for modelling, the averaged particle size distribution was compared to results from the
GLObal Model of Aerosol Processes (GLOMAP; Mann et al., [2010]). In general, a
reasonably good agreement between measurements and model results is apparent for the
compared regions (mid-latitude- and tropical troposphere). For most parts of the
analyzed size range the modeled concentrations are within or close-by the OPC 25%-
and 75%-percentiles. Only between 250 nm and 500 nm the modeled particle size
distribution in both regions has a slightly steeper slope than the measured one and
therefore the modeled particle concentration decrease to the OPC 25% percentile for
d, > 400 nm. As only for the OPC dataset all inside cloud measurements were excluded,
particle scavenging inside clouds might cause the modelled lower concentration.

As another example for the value of CARIBIC data for validating efforts, the
OPC derived aerosol optical parameters extinction coefficient, surface area, and
effective particle radius were compared to data from satellite remote sensing
(Stratospheric Aerosol and Gas Experiment; SAGE II). For this comparison SAGE II
derived climatologies from October 1984 to August 1999 were used (published by
Bauman et al., [2003b]). Before January 1989 and between June 1991 and December
1995 the LS aerosol optical parameters were strongly influenced by volcanic aerosols.
Hence, only data from January 1989 to May 1991 and January 1996 to August 1999
were averaged over time and compared to the stratospheric CARIBIC dataset. The
vertical gradients of the particle extinction coefficient and the particle surface area
concentration match very well with only 8.6% and 4.6% difference and similar slopes in
the crossover region. This agreement is better than expected, because Solomon et al
[2011] showed that from 1996 to 2010 the global stratospheric aerosol optical depth
increased by about 34%. On the contrary SAGE II data were measured at ambient
relative humidity, whereas the OPC measured dried aerosol particles (particle shrinking
by about 25%). Obviously these two effects compensate each other. Comparing the
effective particle radius, in the crossover region the SAGE II median was found to be
74% higher than the CARIBIC median. This is surprising after good agreements for the

>! Particle-Induced X-ray Emission
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other parameter were found. The measurement at different humidity can explain only a
difference of 25%. A methodical error, responsible for the remaining discrepancy of
50% is not apparent. The effective particle radius is obtained from the particle volume
concentration divided by the particle surface area concentration. As the later one was
found to be in good agreement, the difference might be caused by an even higher
SAGE II particle volume concentration. However, considering that large scale remote
sensing data are compared with averages of in situ single particle measurements
recorded several years later, the agreement is still quite satisfying.

The results from the two case studies do address to the third scientific question™,
raised in the introduction of this work. The statistical analyses of the particle size
distribution vertical and meridional variability and the seasonal variation in the LMS is
related to the first, second, and fourth question. The negative correlation of TGM with
the particle surface area concentration is linked to the fifth question. Finally, the
comparisons of the CARIBIC OPC dataset to data from the GLOMAP model and the
SAGE 1I satellite are examples for the sixth question. Please consider that all above
summarized statistical analyses and comparisons are based on the first year of regular
measurements. Therefore, the results do not claim to be statistically well constrained.
The given examples do provide an impression, what unique kind of analysis will
become possible after a few years of measurement. Only CARIBIC provides such a
regular, in situ, and detailed picture of the UT/LMS region and therefore provides the
opportunity for detailed statistical analyses.

Future technical work on the OPC unit should be conducted to figure out why
the OPC maximum counting efficiency is 89%, but not 100%. As already shown with
Fig. 5.3 and 5.8, the observed additional erroneous particle counts can be not the reason.
Although it is possible to correct for the time-stable maximum counting efficiency of
89%, a higher counting efficiency would provide better statistics and thus allow to
increase the temporal resolution. Moreover, a continuative work should examine
whether the observed additional mode in the particle size distribution (about 600 to
900 nm) is real or an instrumental artifact.

For the particle sizing, currently (2014), the scattering signal pulse maximum is
used. In future the data analysis could make use of the pulse shape and pulse area, too.
The use of those additional information could allow a better size channel resolution and
would probably reduce the uncertainty of the Gaussian signal distribution (Fig. 5.12).
As the scattering signal pulse shape is routinely recorded for all measurements, all flight
data since 2010 can be recalculated with this potential new data analysis method.

The OPC upper detection limit for size resolved measurements is 1312 nm
(UTA calibration). As shown with Fig. 6.10 and 6.13, even larger particles can occur in

32 Scientific questions raised in Sec. 1:

e  What is the average UT/LMS particle size distribution in different climatic regions?

e I[s there a trend in the UT/LMS particle size distribution?

e  What are the source and sink processes for accumulation mode particles in the UT/LMS and how
effective are they?

e How does the air mass exchange between UT and LS influence the particle size distribution in
the tropopause region?

e How does the particle surface area concentration influence the concentration of trace gases?

e How well do remote sensing measurements and global models represent the UT/LMS aerosol?
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polluted air in the UT/LMS. Therefore an expanded particle size range up to the
CARIBIC aerosol inlet cut off (about 5 um) is desirable. For the next modification of
the CARIBIC container (planned for end 2016) one should aspire to install an additional
particle sizing instrument with an upper detection limit of at least 5 um (e.g. Met One
OPC “GT-526"; www.metone.com; last access: 20.07.2014). Furthermore the
installation of an in situ SO, instrument would be very helpful for a better identification
of combustion- and volcanic plumes on the one hand and for a better understanding of
free tropospheric/stratospheric particle nucleation on the other hand [SPARC report
N°4, 2006]. Currently SO, is measured with the Differential Optical Absorption
Spectrometer (DOAS), providing only an integral SO, concentration in a column
between aircraft and the ground, and this only for high SO, concentration situations.
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