Taylor & Francis
Taylor & Francis Group

Aerosol Science and Technology

ISSN: 0278-6826 (Print) 1521-7388 (Online) Journal homepage: http://www.tandfonline.com/loi/uast20

Airborne and laboratory studies of an IAGOS
instrumentation package containing a modified
CAPS particle extinction monitor

Julia Perim de Faria, Ulrich Bundke, Marcel Berg, Andrew Freedman,
Timothy B. Onasch & Andreas Petzold

To cite this article: Julia Perim de Faria, Ulrich Bundke, Marcel Berg, Andrew Freedman, Timothy
B. Onasch & Andreas Petzold (2017) Airborne and laboratory studies of an IAGOS instrumentation
package containing a modified CAPS particle extinction monitor, Aerosol Science and Technology,
51:11, 1240-1253, DOI: 10.1080/02786826.2017.1355547

To link to this article: https://doi.org/10.1080/02786826.2017.1355547

8 © 2017 The Author(s). Published with
license by American Association for Aerosol
Research®© Julia Perim de Faria, Ulrich
Bundke, Marcel Berg, Andrew Freedman,
Timothy B. Onasch, and Andreas Petzold

@ Accepted author version posted online: 17
Aug 2017.
Published online: 17 Aug 2017.

N
CJ/ Submit your article to this journal

||I| Article views: 172

A
& View related articles '

RN

View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=uast20

(Download by: [Forschungszentrum Julich Gmbh] Date: 01 December 2017, At: 00:47>



http://www.tandfonline.com/action/journalInformation?journalCode=uast20
http://www.tandfonline.com/loi/uast20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786826.2017.1355547
https://doi.org/10.1080/02786826.2017.1355547
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/02786826.2017.1355547
http://www.tandfonline.com/doi/mlt/10.1080/02786826.2017.1355547
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2017.1355547&domain=pdf&date_stamp=2017-08-17
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2017.1355547&domain=pdf&date_stamp=2017-08-17

Downloaded by [Forschungszentrum Julich Gmbh] at 00:47 01 December 2017

AEROSOL SCIENCE AND TECHNOLOGY
2017, VOL. 51, NO. 11, 1240-1253
https://doi.org/10.1080/02786826.2017.1355547

jjh ﬁ Taylor & Francis
Taylor & Francis Group

@ OPEN ACCESS | cteckiorspasies|

Airborne and laboratory studies of an IAGOS instrumentation package containing
a modified CAPS particle extinction monitor

b

Julia Perim de Faria (22, Ulrich Bundke ® Timothy B. Onasch (",

and Andreas Petzold (2°

2, Marcel Berg?®, Andrew Freedman

Forschungszentrum Jiilich GmbH, Institute of Energy and Climate Research, Jiilich, Germany; bAerodyne Research Inc., Billerica, Massachusetts,
USA

ABSTRACT

An evaluation of the operation and performance of a Cavity Attenuated Phase-Shift Particle
Extinction Monitor (CAPS PM,) was performed for use on board commercial aircraft as part of the
research infrastructure IAGOS (In-service Aircraft for a Global Observing System, www.iagos.org).
After extensive laboratory testing, a new flow system, using mass flow controllers, was installed to
maintain constant purge and sample flows under low and varying pressure conditions. The instru-
ment was then tested for pressures as low as 200 hPa and evaluated against particle-free com-
pressed air and CO,. Extinction coefficients for the studied gases were in close agreement with
literature values with differences between 2.2% and 8%, proving that the CAPS technology works at
low pressures. The instrument’s limit of detection, with respect to 3 times the variability of the back-
ground signal for the full pressure range, was 0.2 Mm~' for 60s integration time. During its first
research aircraft operations, the IAGOS instrument prototype, composed of one CAPS PMex and
one OPC, showed excellent results regarding the stability of the instruments and the potential for
characterizing different aerosol types and for estimating the contribution of sub- and super-um
sized particles to aerosol light extinction.
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Introduction depth (AOD) - a measure of the extinction of the solar light

The impact of atmospheric aerosol particles (hereafter
called “aerosols”) on atmospheric radiation properties and
climate has been a topic of extensive research for many
years (Boucher et al. 2013). They affect the radiation bal-
ance of the Earth through scattering and absorbing the
incoming solar radiation, also called the aerosol direct
effect. Compared to greenhouse gases, aerosols are charac-
terized by a shorter residence time in the atmosphere and
have highly variable chemical compositions and sizes. Their
distribution is heterogeneous both spatially and seasonally
in most cases. Therefore, understanding the impacts of
aerosols on the atmosphere and climate on a global scale
requires knowledge on both the small-scale microphysical
processes and the large-scale dynamical processes (Boucher
et al. 2013). According to Haywood and Shine (1995) and
McComiskey et al. (2008), the aerosol driven radiative forc-
ing depends on three main parameters: aerosol optical

by aerosols integrated over a certain column; single-scatter-
ing albedo (SSA) - the relation between the scattering and
the extinction of light by aerosols; and the hemispheric
upscatter fraction - the fraction of radiation scattered in
the upward direction by aerosols. Thus, for quantifying the
change of the Earth’s energy balance caused by aerosols, the
continuous global-scale monitoring of AOD and vertical
profiles of the extinction coefficient are of high priority, but
still represent a challenge.

Many initiatives such as the Aerosols, Clouds, and
Trace gases Research Infrastructure Network (ACTRIS)
(Pappalardo et al. 2014) and the Aerosol Robotic Network
(AERONET) (Holben et al. 1998; Holben et al. 2001) have
been launched in the past to measure the AOD and
aerosol vertical profiles by using remote-sensing technol-
ogies, enabling the quantification of the direct impact of
aerosols on climate. These very successful projects operate
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remote-sensing ground-based techniques, such as Light
Detection and Ranging (LIDAR) and Sun Photometers.
However, the measurement errors depend on weather
conditions (optimum operation condition with clear sky)
and may fail in the retrievals of aerosol intensive proper-
ties when found in lower concentrations (Petzold et al.
2013a; Sheridan et al. 2012). In addition, the aerosol
optical depth is measured globally by satellite-based
remote sensing instruments using specialized technolo-
gies, e.g,, MODIS (Moderate-resolution Imaging Spec-
troradiometer), which complement the previously
mentioned ground-based methods (Anderson et al
2005). This well-established network provides a very
good global-scale mapping of the AOD, but it encounters
several problems: (a) lack of standardized calibration
method for the different satellite-based instruments; (b)
different sampling and cloud screening algorithms; (c)
variable treatment of the surface reflectivity; and (d) low
accuracy of derived aerosol microphysical properties
(Myhre et al. 2013). The major limitation of this inte-
grated AOD observing system, composed of the space
component and ground-based networks such as ACTRIS
and AERONET, is the lack of an in situ measurement
component for column-based measurement validation.

To validate both forecast models and remote sensing
methods, vertical profiles of in situ aerosol optical prop-
erties have been measured extensively by research air-
craft (Petzold et al. 2002; Schmid et al. 2006; Sheridan
et al. 2012; Weinzierl et al. 2009). Schmid et al. (2006)
have evaluated the state of the art technologies for the in
situ measurement of aerosol extinction coefficients
onboard research aircraft: the airborne sun photometer
(AATS-14), an airborne nephelometer plus particle soot
absorption photometer combination, and an airborne
cavity ring-down system (CRD). The study shows that
the CRD and the nephelometer plus absorption photom-
eter agree well, with about 5% difference for in situ
extinction coefficient values. In comparison to the
derived extinction coefficient from AATS-14, the extinc-
tion coefficient measured by CRD and the nephelometer
plus absorption photometer express lower values, with a
difference of 7-14% for visible light and 40% in the near
infrared spectrum. According to the authors, this low
bias of the in situ measurement with respect to AATS-14
is due to a combination of uncorrected effects of the
evaporation of water, organics or nitrates, and sampling
losses to the in situ data. Of these methods, the CRD
technique is the only one that provides in situ aerosol
extinction coefficient measurements. It has provided
very good results in previous studies (Moosmiller et al.
2005; Strawa et al. 2003); however, the instrument is cus-
tom built which implies complexities using the system
on airborne platforms.
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An alternative technology, the Cavity Attenuated
Phase Shift Particle Extinction Monitor (CAPS PM,,),
was commercially introduced in 2007 to directly measure
the extinction of particles (Kebabian et al. 2007; Massoli
et al. 2010). The instrument is available at several opera-
tion wavelengths in the visible range. In contrast to the
deployment of a laser in the CDR, it uses light emitting
diodes (LED) as a light source. The CAPS PMex can be
readily applied in mobile sampling systems since it is
compact and robust (Kebabian et al. 2007), with a rela-
tively low-cost set up. The CAPS PM,, operational prin-
ciple has been successfully assessed in optical closure
studies and deployed at ground pressure conditions with
artificially generated and ambient aerosols (Massoli et al.
2010; Petzold et al. 2013b) and high concentration
exhaust aerosols (Yu et al. 2011).

Our study aims to define the necessary modifications
of the CAPS PM,, system required for conditions rele-
vant to operation on board passenger aircraft. This is the
first step towards incorporating a CAPS PM,, system
into the instrumentation operated in the framework of
the European Research Infrastructure IAGOS. This
infrastructure aims at the in situ monitoring of atmo-
spheric chemical composition, aerosols, and clouds
through the installation of a high-technology measure-
ment instrumentation system on board a globally operat-
ing fleet of commercial aircraft (Petzold et al. 2015). The
CAPS PM,, system is intended to be part of a new
TAGOS instrument package focusing on the characteriza-
tion and quantification of aerosol light extinction as one
of the essential climate variables (Bojinski et al. 2014).

Instruments and methods

Throughout our study, we refer to extinction, scattering
and absorption coefficients of gases and particles by o,
Osg Oag aNd by Op, O, O4p, respectively, to the Angstrom
exponent by «, and to optical cross sections by C.

CAPS PM,, system

The CAPS PM,, system uses a form of cavity enhanced
spectroscopy to produce the long path length (2-3 km)
needed to measure low values of particle extinction coef-
ficients. Briefly, light from a square-wave modulated
LED is focused into an optical cavity formed by two high
reflectivity mirrors; the light that leaks out of the cell,
passes through a 10 nm wide interference filter to reject
light from wavelengths outside the reflectivity band of
the mirrors, and is detected by a vacuum photodiode.
The waveform that is measured is characterized by its
phase shift with respect to the initial square wave which
in turn is used to calculate the optical loss in the system.
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The optical extinction coefficient of a sample of aerosol
particles is determined by measuring the optical loss
with and without particles in the sample cell.

The sample flow, controlled by a critical orifice at
0.85 Ipm, continuously enters the sample cell, which con-
sists of a 26 cm long near-confocal optical cavity of
2.0 cm inner diameter with high reflectivity mirrors of
60-70 ppm nominal transmission and radius curvature
of 26 cm enclosing the chamber. To keep the mirrors
clean, a combined purge flow of 25 cm’® min™" of parti-
cle-free air is continuously maintained. The modulation
frequency is usually set to 17 kHz which provides an ini-
tial phase shift of 35-40° if the mirrors are clean. The
time response of the monitor is 1-2 seconds and, accord-
ing to Massoli et al. (2010) and Petzold et al. (2013b), its
limit of detection (LOD = 3¢ where o is the r.m.s. noise
for particle-free air) ranges between 1-3 Mm ™! (1 second
sample period), depending on the particular instrument,
and decreases as the square root of the sample period to
at least 100 seconds. The monitor provides an absolute
measurement without the need of further calibration.

In order to maintain an optimum operational perfor-
mance, the equipment includes an automatic baseline
measurement mechanism. Within a regular interval and
duration set by the user, sample air is routed through a
particle-filter using a computer controlled 3-way ball
valve and flushes the sample cavity with particle-free air
to obtain the baseline which comprises the Rayleigh
scattering (and any absorption) of gases present in the
cell and any losses by degraded mirrors. Effects of
changes in pressure and temperature on the gas Rayleigh
scattering coefficient in the cell compared to the baseline
period are taken into account by a correction algorithm
based on the ideal gas law. The residence time of the
sample inside the measurement cell ensures the

equilibrium of sample and cell temperatures (Kebabian
et al. 2007). The CAPS PM,, system used in this study
operates at a wavelength of 630 nm and thus shows
minimal interference with absorbing gaseous species
such as nitrogen dioxide; a NO, volume mixing ratio of
1 ppb produces an extinction coefficient of 0.04 Mm ™" at
the operation wavelength.

Laboratory study

The laboratory study was conceived to evaluate the oper-
ational principle of the CAPS PM,, and its performance
and accuracy when measuring at low pressure condi-
tions. As stated before, the technology has already been
assessed both using optical closure approaches and in
comparison with Mie theory (Massoli et al. 2010; Petzold
et al. 2013b). While all previous studies were performed
at ground pressure, the operation on board aircraft
requires a feasibility study at low pressure. For this pur-
pose, the system was tested with particle-free compressed
air and carbon dioxide gas (CO,). For the CO, experi-
ment, the system was filled with 99.995% purity CO, at
ground pressure of approx. 970 hPa and a baseline was
taken. Then, the cavity was slowly evacuated down to a
pressure of 200 hPa with steps of 50 hPa and the relative
changes of the Rayleigh scattering coefficient of the gas
were recorded as function of cell pressure. Upstream of
the cavity, a HEPA capsule (99.97% retention of 0.3 um
aerosol) and a condensation particle counter (CPC) were
placed to ensure that particle-free gas was entering the
system; Figure 1. for details.

To analyze the instrument noise/residuum and opera-
bility of the instrument at the different pressure levels, the
observed extinction coefficients, which correspond to the
Rayleigh scattering coefficients of the studied gases
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Figure 1. Experimental set-up of the laboratory work.
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(particle-free air and CO,), were compared to theoret-
ically expected values. The theoretically expected scat-
tering coefficients were calculated as follows: first, the
initially measured extinction coefficient was adjusted
for STP conditions (standard temperature 273.15 K
and pressure 1013.25 hPa) and set as the reference
value; then, for each pressure level, the expected
extinction coefficient was calculated from the initial
STP reference point for the actual pressure and tem-
perature values (p, T) by calculating the molecular
number density N (p, T) in accordance to the ideal
gas law and applying it to Equation (1)

Usg(pv T):CSg N (pv T) ATt [1]

where oy, is the Rayleigh scattering coefficient of the
gas molecules, C, is the scattering cross-section of
the gas molecules and N is the molecular number
density. Knowing that particle-free air and gas phase
CO, do not absorb at 630 nm, we equate the theoreti-
cally expected oy, (p, T) values with o (p, T) values
and use these as the reference case. The residual anal-
ysis was done by subtracting the measured values
from the corresponding reference o (p, T) values
for 1 and 60 seconds integration times.

We also compared the measured extinction coeffi-
cients to literature data by Cutten (1974), Bodhaine
et al. (1991), Anderson et al. (1996), Bodhaine et al.
(1999) and Sneep and Ubachs (2005). The depen-
dence between the Rayleigh extinction/scattering coef-
ficient and the wavelength is governed by the
extinction Angstrom exponent of the gas. Cutten
(1974), Bodhaine et al. (1991), and Anderson et al.
(1996) report the Rayleigh scattering coefficient for
CO, for at least 3 wavelengths, but not for the opera-
tion wavelength of the CAPS PMex of 630 nm. To
(alerive the value of o, at 630 nm, the extinction
Angstrom exponent (a,) was calculated using the
given values for blue, from 450 to 495 nm (4;), and
red, from 620 to 750 nm (4,), wavelengths as shown
in Equation (2). From the calculated a.g, the value of
Oeg (STP)for CO, at 630 nm (43) was calculated via
Equation (3).

_ o) 2

aeg— 11’1(}'1 /22) [ ]

Oegy _ (%3 o 3]
O’egA_1 - 11
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To compare to the reference given by Bodhaine et al.
(1999), Equations (4) and (5) were used

2478 (my(33)* — 1)

Cy= 115 4]
3*N2 (mg(23)" +2)
with
(mco,(A3) — 1) % 10°
= . .OA3 130_/1372 38.9—/1372

(5]
where Cg, is the scattering cross-section of the gas mole-
cule in cm?, m, is the index of refraction of the gas, 7 is
the wavelength, and Nj is the number of molecules per
cm’. The factor 1.15 in Equation (4) is the King factor
Fi(2) (Bodhaine et al. 1999); and mco, is the index of
refraction of CO,. The value of C,, from Equation (4) was
then inserted into Equation (1) to calculate the reference
Ogg = O Finally, the measured and the reference values
were compared using linear regression analysis.

All o, values for CO, from literature were combined and
o coz Was determined by curve fitting. The same procedure
was applied to particle-free compressed air using the refer-
ences given by from Cutten (1974), Bodhaine et al. (1991),
Anderson et al. (1996) and Thalman et al. (2014).

Airborne test campaign

The Baltic Sea Experiment (BALTEX) in the summer
2015 was used as an opportunity to operate the instru-
ment prototype on a research aircraft. The experiment
itself aimed at the measurement and characterization of
the emission plume of a specific ship during its cruise
through the Baltic Sea from Helsinki (Finland) to Kiel
via Gdnya (Poland). The research equipment was
installed on board the research aircraft Polar 6 of type
Basler BT-67, operated by the Alfred-Wegener-Institute
(AWI). The campaign was a joint effort between several
German research institutions and universities, and coor-
dinated by AWL

For the operation on board aircraft, the CAPS PM,, sys-
tem was dismantled and remounted in an IAGOS type
instrument frame together with an optical particle counter
(OPC - GRIMM Model 1.129, operating at 655 nm). We
refer to this instrument as the IAGOS prototype instrument.
During in-flight operation, a baseline was taken every
20 minutes with a duration of 45 seconds followed by a
28 seconds flushing period. No baselines were taken during
aircraft vertical operations (e.g., ascent or descent). This
new IAGOS prototype instrument is designed for measur-
ing the volume aerosol extinction coefficient (o, (630 nm))
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together with the aerosol number concentration for particles
with diameters d,> 250 nm (N,50) and size distributions
obtained by the OPC for particles between 0.25 and 3 um in
diameter. Combining these observation parameters and
applying Mie theory to the measured size distribution, we
expect to quantify the contribution of sub-pm and super-
pum sized particles to aerosol light extinction.

In addition to the TAGOS prototype instrument, the
BALTEX scientific payload included another IAGOS
aerosol instrument which was composed of one OPC of
type GRIMM Model 1.129, one CPC of type GRIMM
Model 5.411 and a second CPC of the same type, con-
nected to a thermodenuder (TDN) set to 250°C (Bundke
et al. 2015).

The research aircraft performed 6 flights during the
BALTEX campaign for a total of 20 flight hours. For this
work, the two ferry flights were selected: the ferry flight
to Bornholm, Denmark, on 20" August, to assess the
operational behavior of the instrument in a very clean
atmosphere with N,5o< 2 cm ™ at cruise altitude, and
the flight from Bornholm, Denmark to Bremerhaven,
Germany, on 30" August, for presenting the most
diverse atmospheric conditions (maritime and continen-
tal air masses at different altitudes).

Results and discussion

In this section, we present the results and relevant dis-
cussions of findings for the laboratory experiments,
including the necessary modifications of the CAPS PM,,,

and the evaluation of the instrument operation under
airborne conditions, including a noise analysis compari-
son between airborne and laboratory operations.

CAPS PM,, evaluation and system modifications

During initial low pressure tests with the original equip-
ment, we noticed that the internal flows (both purge and
sample flows) were not constant through the low pressure
operation. An increase in the purge flow and a decrease in
the sample flow were observed as the critical orifices regulat-
ing sample and purge flow were no longer being operated
under choked flow conditions because of the limitation of
the supplied diaphragm pump. This could lead to errors in
the measurement due to variable sample dilution and/or a
reduction of the effective path length. To have a reliable
operation of the system on board aircraft, a stable and robust
flow regulation system is necessary.

Flow stabilization was achieved by substituting the criti-
cal orifices of the CAPS PM,, with two mass flow controllers
(MFCs) operated for constant volumetric flow, one with a
nominal maximum flow of 3 lpm for the sample line, and
the other with a nominal maximum flow of 0.5 lpm for the
purge line. We preferred MFCs instead of a stronger vac-
uum unit to gain flexibility in the adjustment of purge and
sample flows. The modification of the flow system is shown
in Figure 2. Through LABVIEW ™, the desired volumetric
flows for the purge and sample lines was are set and kept
constant for pressure conditions encountered during opera-
tion. A zero particle filter was added as buffer volume to the

| oPC
chemical inlet

o,ﬂh‘"‘ g1

— vror

= ] &

CAPS PMex | ‘

aerosol inlet =

———Flight Direction=—

outlet

Figure 2. CAPS PMex internal flow modification: Plumbing Plan
CAPSNo2-

of the IAGOS compatible prototype combining CAPSppex, OPC and
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system upstream of the pump to reduce the fluctuations
driven by the vacuum unit.

A second modification of the original system is associ-
ated with an observed temperature dependence of the
instrument response (not shown). To assess the stability
of the instrument over a long-term unassisted operation,
the CAPS PM,, was operated with particle-free air at
ambient conditions for 160 h. The data analysis of the
measured values showed a correlation between the signal
and the temperature of the system, which is accounted
for under normal baseline operations. However, this is
critical when operating the equipment on board aircraft
in an environment with significant temperature fluctua-
tions occurring at a higher frequency than baselines can
be obtained. For further tests, a temperature stabilization
of the measurement system at 45°C, was applied (shown
in Figure 2). Similar to the CAPS NO, setup, the temper-
ature controller driven power resistors were mounted on
the optical baseplate. The optical system is entirely
housed to avoid convective heat transfer. This solution is
only applied to the optical system (measurement cham-
ber). The other parts are, in contrast, ventilated to reduce
the heat load of electronic components. This implies that
the measured aerosol is at much lower relative humidity
than the aerosol at ambient conditions outside the
aircraft.

Figure 3 show the 3-D drawing of the final IAGOS
instrument prototype with all components fitted into the
TAGOS instrument frame, including the temperature sta-
bilization. The size of the frame is 560 mm x 400 mm x
296.5 mm and the total weight of the instrument is 30 kg.

Data Acquisition
and Controller Board
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Noise analysis

The original CAPS PM,, instrument background noise
was determined by means of an Allan variance analysis.
This method was applied to the data set of 96 hours of
operation at ambient conditions (temperature and pres-
sure) with particle-free air. The running-average analysis
for 1, 10, 60, and 100 seconds integration time for each
specific operational pressure showed that the noise of the
instrument does not depend on the operating pressure,
and the instrument physical principle works at pressures
as low as 200 hPa (correspondent to a flight altitude of
approximately 12000 meter). The results are shown in
Figure 4.. Considering 1 second averaged data, the stan-
dard deviation is 0.274 Mm~' and decreases to
0.046 Mm ™" for 60 seconds running averages. The Allan
analysis is in accordance to what has been shown by
Massoli et al. (2010) and Kebabian et al. (2007) for
CAPS systems operating at ambient pressure condition.
The potential disturbances caused by the modifica-
tions to the internal flow system were assessed by an
Allan variance analysis. The new Allan deviation over
time is also shown in Figure 4 for operation at different
pressure levels together with the Allan analysis of the
original setup using critical orifices. The initial value at
ambient pressure with MFC installed (1 second measure-
ment) is only 3.3% higher compared to 0.274 Mm™" for
the original setup with critical orifices. For 60 seconds
integration time the measurement is 14% higher com-
pared to 0.046 Mm ™' for the original system. The shift
with integration time is caused by the addition of the

Figure 3. 3D drawing of IAGOS compatible frame prototype containing the CAPS PMex and OPC.
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Figure 4. Allan standard deviation plot of the noise of the extinction coefficient at ambient pressure before and after flow modification

at different pressures.

MFC’s which are regulated by a proportional-integral-
derivative controller (PID Controller) and adds thus a
time dependent element to the regulation system, not
present when using critical orifices.

The limit of detection (LOD) based on the “3¢” criteria
applied to the IAGOS CAPS PM,, particle-free baseline for
96 hours of operation is 0.90 Mm™ " for an integration time
of 1 second and 0.20 Mm™" for 60 seconds integration
time. These values are very close to the minimum extinc-
tion coefficients found by Petzold et al. (2002) for the upper
troposphere (min. 0.10 and max. 1.10 Mm ") and free tro-
posphere (min. 0.70 and max. 12 Mm™") over continental
Europe, whereas respective values of desert regions are
larger by one order of magnitude or more (Weinzierl et al.
2009). This comparison demonstrates that the equipment
is suitable for measurements in the extratropical upper free
troposphere, as envisaged by IAGOS.

CAPS PM,, operation at low pressure - laboratory
tests

The operation of CAPS PM,, at low pressures was tested
with CO, and particle-free air. The scatter plot of the
measured CO, extinction coefficient and the calculated
Rayleigh scattering coefficient for the reference case over
the investigated pressure range is shown in Figure 5a.
The extinction coefficient decreases with decreasing
pressure in accordance with the ideal gas law. The mea-
sured values show a very good agreement with the refer-
ence values, with differences between 2.4% to the values
derived from Cutten (1974) and 8% compared to the val-
ues derived from Bodhaine et al. (1991). The linear
regression analysis results are shown in Table 1, whereas
Table 2 shows the values from Cutten (1974), Bodhaine
et al. (1991), and Anderson et al. (1996) for CO,

Rayleigh scattering coefficients. Table 2 includes the Ray-
leigh scattering coefficient calculated by the power law fit
using Equations (2) and (3) for the desired wavelength
(630 nm), the calculated Rayleigh scattering coefficient
using the methodology of Bodhaine et al. (1999), and the
measured extinction coefficient by the CAPS PM,, at a
wavelength of 630 nm (values are in bold letters). Figure 5b
shows the measured extinction and Rayleigh scattering
coefficients from the referenced literature with the resulting
power curve fit for the wavelength dependence inserted.
The difference between the measured o, and the o, wave-
length-adjusted by the power curve was 4.5%. This differ-
ence is comparable to the value of 5 to 9% found by Sneep
and Ubachs (2005) CRD technology operating at 532 nm.

The residual analysis (not shown) of the CO, scatter-
ing coefficient data shows a residuum for the 1 second
averaging time data of the order of + 0.50 Mm™'
throughout the whole experiment pressure range from
1000 to 200 hPa. For the 60 seconds integration time
case, the values are in the order of + 0.20 Mm™'. This
result shows that the instrumental accuracy does not
change over the investigated pressure range.

For the low pressure test performed with particle-free air,
the linear regression analysis results are also shown in
Table 1.. The measured extinction coefficient shows a very
good agreement with the reference values, between < 1%
difference on the slope compared to the derived value from
Thalman et al. (2014) and 5% compared to the derived using
Anderson et al. (1996). Regarding the intercepts, all values
are below 0.2 Mm ™. Table 2 shows the values from Cutten
(1974), Bodhaine et al. (1991), Anderson et al. (1996), and
Thalman et al. (2014) for the Rayleigh scattering coefficient
of particle-free air, including the Rayleigh scattering coeffi-
cient calculated by the power law fit using Equations (2) and
(3) for the desired wavelength (630 nm), and the measured
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Figure 5. (a) Comparison of the measured CO2 extinction coefficient values with the reference case. Here error bars represent the stan-
dard deviation of the measured variability including the error propagated instrumental precision (b) Literature and measured Rayleigh
scattering and extinction coefficients for CO, at different wavelength.

extinction coefficient by the CAPS PM,. The results
obtained for the CAPS PM,, wavelength, 630 nm, are
highlighted. The difference of the measured o, from the o,
calculated with power curve fitting for all references was
3.2%. This confirms the previous finding, that the operation
at low pressure is reliable and in accordance with theory and
literature.

In-flight results
CAPS PM,, in-flight performance assessment

During one flight sequence in the free-troposphere on 25
August, the JAGOS CAPS PM,, sampled air with a very
low aerosol load of less than 2 particles cm > on average
in the detection size range of the optical particle counter

Table 1. Linear regression analysis results between the measured values, the reference case and the literature data (y = ax + b).

CO, (n = 8042)

Air (n = 21796)

Author a Stda b Std b R? a Stda b Std b R?

eference case 1.00 8.34E-4 0.08 0.01 0.99 1.00 1.03E-3 —0.16 0.01 0.96
Cutten (1974) 1.02 8.54E-4 0.08 0.01 0.99 0.96 1.03E-3 —0.15 0.01 0.96
Bodhaine et al. (1991) 1.08 9.00E-4 0.09 0.01 0.99 0.96 1.03E-3 —0.15 0.01 0.96
Anderson et al. (1996) 1.06 8.82E-4 0.08 0.01 0.99 0.95 1.03E-3 —0.15 0.01 0.96
Bodhaine et al. (1999) 1.05 8.79E-4 0.08 0.01 0.99 NA NA NA NA NA
Thalman et al. (2014) NA NA NA NA NA 1.00 1.03E-3 —-0.16 0.01 0.96
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Table 2. Rayleigh scattering coefficient values from literature and
measured by the CAPS PM,, for CO, and air at STP.

Rayleigh ~ Cross-  Rayleigh Cross-
Wavelength Scat. Coef.  Section  Scat. Coef.  Section

Reference (nm) (Mm~") Air  Air (cm?) (Mm~") CO, CO,(cm?)

Cutten 460 25.5 9.5E-27 63.5 2.4E-26
(1974) 500 18.1 6.7E-27 45.1 1.7E-26

550 123 4,6E-27 30.5 1.1E-26
600 8.6 3.2E-27 214 8.0-27
630 71 2.6E-27 17.5 6.5E-27

Bodhaine 450 27.9 1.0E-26 72.8 2.7E-26
etal. 550 123 4.6E-27 320 1.2E-26
(1991) 630 7.1 2.6E-27 18.4 6.9E-27

700 46 1.7E-27 12.0 4.4E-27

Anderson 450 27.6 1.0E-26 71.8 2.7E-26
etal. 550 121 45E-27 314 1.2E-26
(1996) 630 7.0 2.6E-27 18.0 6.7E-27

700 4.5 1.7E-27 1.7 4.4E-27

Bodhaine 630 NA NA 18.0 6.7E-27
etal.
(1999)

Sneep and 532 NA NA 333 1.2E-26
Ubachs
(2005)

Thalman 370 65.2 2.4E-26 NA NA
etal. 405.8 445 1.7E-26 NA NA
(2014) 630 7.4 2.7E-27 NA NA

660 6.1 2.3E-27 NA NA

Present 630 73 2.7E-27 171 6.4E-27

Work

(d,> 250 nm) and about 680 particle cm 2 for the CPC
detection size range (d,> 10 nm). This data set was used
to compare the background noise performance of the
instrument for in-flight and laboratory conditions
(800 hPa with particle free air). The IAGSO CAPS PM,
reports background noise values for 1s integration time
of Oep1ab = 0.08 = 0.27 Mm™" in the laboratory and Oep,
flight = —0.10 & 0.60 Mm™! during flight operation; val-
ues for 10 s integration time are oOepj, = 0.08 £
0.07 Mm ™' and Oep.flight = —0.10 & 0.38 Mm™, respec-
tively. Although both applications show a modal value
close to 0.0 Mm™' and small standard deviation, the
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in-flight values are characterized by a broader distribu-
tion compared to the laboratory values (Figure 6).

The cause for the broader distribution in flight could
be that at laboratory conditions the instrument was oper-
ated with particle-free air while during flight at least a few
particles were present. Regarding the limit of detection (3-
0), there is an increase of the value in comparison to the
laboratory results to values from 0.90, 045, and
0.20 Mm™* for 1, 10, and 60s averaging time, respectively,
to 1.80, 1.14, and 0.90 Mm™'. The typical lower aerosol
extinction coefficients observed in the free troposphere
range from 1 to 10 Mm ™', which can be achieved by
averaging over a period of 60 seconds for the lower limit.

We observed some negative extinction coefficient val-
ues during ascending/descending maneuvers of the air-
craft during baseline measurements. These values were
disregarded from the data analysis since we determine
aerosol optical properties only from stable flight opera-
tion conditions. The solution for this problem will be
addressed in upcoming work.

Characterization of different aerosol types

The CAPS PM,,, together with OPC and CPC instru-
ments, were operated simultaneously on board the
research aircraft. The measurements performed by these
instruments demonstrate the potential information to be
provided by this kind of IAGOS prototype instrument.
Although the CPC will not be part of the future IAGOS
aerosol instruments containing the CAPS PM,, and the
OPC, the data will be used to further evaluate the results
and potential capabilities of the instrument prototype.
For this purpose, the complete flight on 30™ August
from Bornholm (Denmark) across the Baltic Sea to Lin-
denberg (Germany) and further over Germany to Bre-
merhaven (Germany), the home base of the aircraft, was

T

OF Flight

T T
i -

o 0.5 1.5 2

Extinction Coefficient (Mm "]

Figure 6. Histogram of measured values of the laboratory tests and operation during flight (10s integration time).
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Figure 7. Sampling height, measured and calculated extinction coefficients o, and their ratio.

divided into separate datasets according to altitude and
aerosol type. Three selected cases or datasets (DS) are
marked in Figure 7 as parts of the time series of the
entire flight. For each DS, the following parameters were
investigated: air mass origin (maritime or continental),
average and standard deviation of the calculated op,
average and standard deviation of the measured o,
from the OPC size distribution using Mie theory, contri-
bution of sub-pum and super-um sized particles to the
extinction coefficient, linear regression analysis between
the measured and calculated extinction coefficients,
number concentration of particles between 0.25 and
3 pm (OPC), and number concentration of particles
below 0.25 um (CPC minus OPC); all values are com-
piled in Table 3.

From the results shown in Table 3, Figure 7, Figure 8,
and Figure 9, it is possible to demonstrate the potential of
the JAGOS instrument prototype to characterize the aero-
sol type with respect to the optical properties and frac-
tions of sub-um and super-um aerosol. The linear
regression analysis of measured and calculated o, shows
a high correlation for all datasets with R? > 0.74, which is

expected since the Mie calculation (sizing channels are
based on PSL sphere calibration and the refractive index
of 1.59 for PSL is used) is based on the particles detected
by the OPC which covers the optically relevant size range.
The variation on the slope of the regression line between
0.39 and 0.67 is, most likely, associated with the presence
of optically active particles below 250 nm in diameter
which are not detectable by the OPC. Some fraction of
the missing calculated extinction may be due to small
absorbing black carbon containing particles not measured
by the OPC or accounted for in the Mie calculations.

The lowest slope was found for DS 1, which is the
dataset of the ship plume chasing. In this case, the aero-
sol number concentration is dominated by small par-
ticles. Nevertheless, DS1 also shows the highest o, value
for super-um aerosol and the highest fraction of o,
super-um/Tep Of 5%, caused by marine aerosol particles.
For DS 3, taken during the descent into Bremerhaven
airport, the aerosol is dominated by urban pollution.
Hence the extinction coefficient is the highest but the
fraction of Oep, super-um/Tep Of 1% is the lowest for the
three data sets. For DS 3, the baseline was obtained

Table 3. (a) Flight datasets results from instruments. (b) Linear regression analysis results between the measured values and Mie Theory

(y=ax+b).
3(a)
Avg. £ Std o, Avg. % Std o,  Ratio o, CAPS Avg. £ Std o Avg. £ Std o¢p Avg. £5td  Avg. £ Std d,< 250

DS Env.Type  (CAPS) (Mm™")  (Mie) (Mm™") /Mie Mm™")  (sub-pum) (Mm™")  (super-um) (Mm~")  OPC (#/cm?) nm (#/cm>®)*E+3
DS1  Maritime 139429 70+ 14 20402 13.0+28 0.7 £0.2 67 =12 34+26
DS2  Continental 6.5 +37 34423 19+ 0.5 6.3 +36 0.2+0.2 34+ 20 14+£0.5
DS3  Continental 27.1+157 17.2 +10.6 1.8+0.6 26.8 + 15.5 0340.2 173 £107 37+17

3(b)
DS a Stda b Stdb R n
DS1 0.39 0.003 1.60 0.04 0.74 5221
DS2 0.54 0.002 0.04 0.02 0.96 2601
DS3 0.67 0.003 —0.95 0.10 0.99 610
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Figure 8. 3D plot of the altitude and extinction coefficient intensity throughout the complete flight and geographical location of the

datasets.

before the beginning of the descent at stable pressure
conditions. While other vertical motions exhibited (posi-
tive/negative) artifacts (see Figure 7) in the ratio of the
measured-to-calculated extinction coefficients due to
rapidly changing conditions, DS 3 did not exhibit these
artifacts. The positive offset observed in DS 1 may be
due to a baseline issue and needs to be further studied

From the partitioning of the total extinction into sub-
um and super-um aerosols contributions, it can be seen
that although the whole flight was characterized by a pre-
dominant fine-mode aerosol extinction coefficient, the
highest contribution of coarse-mode (super-pm) aerosol
is seen for the maritime environment at low altitude
(between 0 and 1500 m), which is expected for such con-
ditions and proves the potential of the set-up to provide
such analysis.

Figure 8 shows the 3D vertical profile of the aerosol
extinction measurement over the flight route. The high

Data Set 1

25

Mie Ext. Coef. (Mm-1)

0 5 10 15 20 25
CAPS Ext. Coef. {(Mm™)

Data Set 3

Mie Ext. Coef. (Mm-1)

a 10 20 30 40 50 60
CAPS Ext. Coef. (Mm'!)

resolution vertical and geographical extinction profile,
together with the information on size distribution given
by the OPC, provides very valuable information about
aerosol characteristics, including the contribution of
sub-um and super-um aerosol to the total extinction
coefficient. Given the routine deployment of such an
instrument within IAGOS, this high resolution data will
also be used to validate remote sensing networks (such
as ACTRIS and AERONET) and space-borne AOD
observations, and together with other available measure-
ment methods, such as the remote sensing technologies
themselves, help better understanding the role played by
aerosols in the Earth’s climate system.

Summary and outlook

The original CAPS PM,, instrument (Massoli et al. 2010)
was modified for operation at reduced pressure levels

Data Set 2

Mie Ext. Coef. (Mm-1)

CAPS Ext, Coef, (Mm1)

Figure 9. Correlation plot of the measured versus calculated by Mie theory extinction coefficients.
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and under changing environmental conditions with
respect to pressure and temperature, typical for opera-
tion aboard aircraft. These conditions are accounted for
under normal baseline operations. Operation aboard air-
craft, however, requires different handling of baseline
operations. Instrument modifications were twofold. First,
the flow system was equipped with mass flow controllers
to maintain constant flows through the instrument for
different pressure levels. An Allan variance analysis
showed that the instrument noise at all pressure levels is
in very good agreement to what has been found for
ground-based operations (no pressure dependence) and
that the resulting limit of detection of 0.2 Mm™" for
60 seconds integration time is sufficient for measure-
ments in the extratropical upper troposphere. Second, a
temperature stabilization system was installed to mini-
mize the observed influence of the instrument tempera-
ture on the signal.

Laboratory tests with particle-free air and CO, yield
close agreement between measured extinction coeffi-
cients of the gases and data from literature, with a differ-
ence between 1 and 8% for both gases. More specifically,
the measured extinction coefficients matched the
expected extinction coefficients calculated for the differ-
ent pressures and temperature conditions. The residual
analysis showed that the residual values do not change
with decreasing pressure. Residual values are in the order
of £ 0.5 Mm™' for 1second integration time and =+
0.2 Mm™' for 60 seconds integration time, throughout
the complete pressure range studied. This finding under-
pins the conclusion that the CAPS PM,, technology is
operational down to 200 hPa for laboratory conditions.

During the in-flight tests, the system operated as
expected and showed very promising results. Although it
is not possible to compare the measured extinction coef-
ficient values directly to some reference values, since no
other instrument capable of measuring aerosol extinction
was on board, the indirect comparison with extinction
coefficients calculated from the measured size distribu-
tion by assuming Mie theory presented good agreement.
The in-flight background noise of the instrument was
not directly measured but deduced from a flight
sequence in very clean air masses concerning optically
active particles. Obtained in-flight background extinction
coefficients scatter around 0.0 Mm ™" as for laboratory
tests, but with a larger variability.

The following future modifications for a more robust
measurement of aerosol extinction coefficients are sug-
gested by this study: (a) a humidity sensor should be
installed in the sample inlet to provide the precise char-
acterization of the measured o, variability and for com-
parison e.g. with LIDAR observations and (b) baseline
timing and handling has to be improved for in-flight

AEROSOL SCIENCE AND TECHNOLOGY (&) 1251

operation, especially during vertical motions with rapidly
changing temperature and pressure conditions.

The measurements during the in-flight test provided a
data set for particle number concentration and size from
the OPC and the aerosol light extinction coefficient from
the CAPS PM,, in accordance to what is expected for the
sampled air masses. The tests successfully demonstrated
that the JAGOS instrument prototype is able to provide
rapid, in situ measurements of the extinction coefficient
and the particle size distributions, and further character-
istics, such as sub-um and super-pum aerosol contribu-
tions to the total extinction coefficient, however, within
the boundaries set by the deployed aerosol inlet system.
These combined capabilities of the novel IAGOS instru-
ment prototype will allow in the future to characterize
aerosol types on the basis of optical properties and size,
and to validate both remote sensing technologies and
models.

For IAGOS operation a 60 sec integration time repre-
sents a spatial average of about 12 km along the flight
track. In the UT/ LS region this is sufficient as long as
particle sources are remote. This is always the case if low
particle (background) concentrations are observed. In
this case the enhanced lower detection limit of the 60 sec
average is needed. In case of local events and/or high
concentrations a high spatial (200 m) resolution analysis
of the events are possible because the 1 Hz data are
stored regularly. A peak analysis of the 1 Hz data to iden-
tify these events is planned for IAGOS operations.
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