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Abstract

The very need for a ground truth for satellite validations and continuous monitoring of essential
climate variables are the motivation of this thesis. An extensive set of property information is
needed to improve climate modelling and air quality observation. To address this need, we
present a new instrument package for the European research infrastructure IAGOS (In-service
Aircraft for a Global Observing System). This new instrument will deliver long-term observations
of aerosol optical properties and NO2 as proxies for air pollution, conducted globally on board of
instrumented passenger aircraft of the IAGOS fleet.

The new instrument package is designed and optimised for the environmental conditions on
board of commercial aircraft cruising in the upper-troposphere-lower-stratosphere (UTLS)
region. The operation onboard commercial aircraft requires that the instruments must operate
unattended reliably for at least three months and must comply to strict safety requirements. The
new instrument package is equipped with the following devices: Four different CAPS (Cavity
Attenuated Phase Shift) tubes measure aerosol light extinction at 630 nm and 450 nm
wavelength, as well as nitrogen dioxide. One of the CAPS PMex tubes is used for permanent
baseline monitoring for NO2 and PM measurements. A modified POPS (Portable Optical Particle
Spectrometer) measures aerosol particle number concentration and size distribution for particle
diameters ranging from 125 nm to 4 um. A water-based condensation particle counter (CPC)
measures total aerosol particle number concentration.

Continuous developments, improvements and discoveries are the foundation of research. In this
thesis, an aerosol optical line was set up to produce aerosol of well-characterised properties as
a reference system for aerosol instruments that rely on the aerosol interaction with visible light.
By using this line during an extensive instrument evaluation study, the uncertainties for a
combined set of instruments measuring aerosol extensive properties and the resulting
measurement accuracy for aerosol intensive properties were qualified for a large assembly of
aerosol mixtures.

Improving a commercially available water-based condensation particle counter for operation
under extreme conditions was a second major achievement of this thesis. The improvement
consists of enlarging the operation range of this water-based CPC to pressure levels down to
200 hPa as a requirement for using this particle counter in aircraft-based measurements. This
modification was later implemented by the manufacturer in a new instrument product.

Another significant improvement of the operation of condensation particle counters was
achieved by introducing Dimethylsulfoxide (DMSO) as a safe working fluid substitute for alcohol-
based condensation particle counters. With this new working fluid, the range for originally
condensation particle counters are enlarged since it is now safe to use in working environment
with strict safety restrictions and even more use cases can be achieved when this substance is
mixed with water.

The thesis concludes with the full characterisation of the IAGOS Air Quality instrument which is
now ready for certification for operation on commercial passenger aircraft in the framework of
IAGOS.
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1 State of intent and work

To my readers, you will experience the condensed matter of over three years of my collected
knowledge on a fascinating topic. The journey will take you from the very basics you shall know
about aerosols and how to measure them, to the performance of an Instrument Package that
combines all of it. We will start with a general overview of aerosols and their interaction with
Earth’s climate. You will read the key phrases of the recent IPCC report and summaries of state-
of-the-art scientific papers. You get an impression of an ongoing research infrastructure with its
methods and products. After that introduction is settled, the structure of this work continues
with background information about aerosols. Going more into detail, you get an impression of
aerosol characteristics, and measurement techniques. Even though there is much more about
them, we will focus on the size distribution, number concentration and their interaction with
light at a specific wavelength. You learn the requirements for low-pressure applications and
solutions for various obstacles we accrued on the way. After that, you get to know the calibration
set-up for the instruments and finally, a summit of this work, you read about the performance of
the individual devices. We conclude this work with an outlook for future work and the products
this package will deliver.

Parts of the laboratory work, machine conversions or programme installations were only possible
thanks to the close cooperation within the working group. For this reason, the general “we” is
often used in this thesis. Explicit mention of the persons is made in the acknowledgements, but
also in the list of co-authors for corresponding publications.
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3 Table of Nomenclature

Constants and Symbols

Cc(Dp) Slip Correction Factor

C. Cunningham correction factor

Dp mobility equivalent size of the
particle

F Force

I Light intensity

I Incident light intensity

Q4 Aerosol flow

Qsn Sheath Flow

Qabs Absorption efficiency

Qscat Scattering efficiency

dg Geometric standard deviation

dy Kelvin diameter

ds Particle / droplet diameter

€o Elementary charge

n; Number of elementary charges
on particle

p Vapour Pressure

Ps Saturated vapour pressure

Ty Outer radius

T Inner Radius

OR Rayleigh scattering cross-
section

Oa_gas Light absorption of a span gas

Oap Light absorption coefficient on
particles

Oep Light extinction coefficient on
particles

Oext Light extinction coefficient

o Surface tension of a liquid

Oscat Light scattering coefficient

Osp Light scattering coefficient on
particles
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Light scattering coefficient of a
span gas

Imaginary refractive index
Complex refractive index
Real refractive index

Size parameter

Diffusion coefficient
mean free path length
Area

Molecular weight
Number

General gas constant
Temperature

Voltage

Volume

Electronical mobility
Particle diameter
Arithmetic mean diameter
Air flow rate

Frequency

Number of molecules
Length of a tube

Velocity of the particle
Density

Viscosity

Wavelength of light
diffusion parameter
Standard Deviation

Phase
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Abbreviations

AAE
ACTRIS
AQ

AS

BC
BIPM

CAPS PMex
CLAP
CLAW
CLD
CMD
CMIP
co
CO.
CPC
DM
DMA
DMSO
DWD
EAE
ECV
EPA
EQ
ERF
ESA
FCE
GHG
GHS
GSAT
HEPA
IAGOS
IPCC
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Absorption Angstrém exponent

Aerosol Clouds and Trace Gases Research Infrastructure
Aquadag

Ammonium sulphate

Carbon Black

Bureau International des Poids et Mesures

Cavity attenuated phase shift Particle light extinction Monitor
Continuous Light Absorption Photometer

Charlson; Lovelock; Andreae; Warren (Authors)
Chemiluminescence detection

Count Median Diameter

Coupled Model Intercomparison Project

Carbon monoxide

Carbon dioxide

Condensation Particle Counter

Differnential Method

Differential Mobility Analyser
Dimethyl Sulfoxide

Deutsche Wetterdienst

Extinction Angstrom exponent
Essential climate variables
Environmental Protection Agency
Equation

effective radiative forcing

European Space Agency

Faraday cup electrometer

Green House Gasses

Globally harmonized system

Global mean surface air temperature
High-efficiency particle absorbing
In-service Aircraft for a Global Observing System

Intergovernmental Panel on Climate Change
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Laser
LED
Lidar
MAAP
MAGIC
MB
MFC
NaCl
NO.
NOAA

OoPC
PDF
PID
PM
PMT
POPS
PSAP

SAE
SMPS
SO,
SSA
TAP
vVOoC
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Light amplification by stimulated emission of radiation
Light emitting diode

Light imaging, detection and ranging

Multi-Angle Absorption Photometer

Moderated Aerosol Growth with Internal water Cycling
Magic Black

Mass flow controller

Sodium Chloride

Nitrogen dioxide

National oceanic and atmospheric administration
Ozone

Optical particle counter

probability density function
proportional-integral-derivate controller
Particulate Matter

Photomultiplier tube

Portable optical particle spectrometer

Particle Soot Absorption Photometer

Efficiencies

Scattering Angstrém exponent

Scanning mobility particle sizer

Sulfur dioxide

Single Scattering Albedo

Tricolor Absorption Photometer

Volatile organic compounds
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4 Introduction

Aerosol is an artificial word with the ancient Greek word for air and the Latin word for solution
composed together. This indicates its physical appearance, as it describes particle matter being
suspended in the medium air. Usually, those particles can be purely liquid, solid, or a mixture of
both and are in size range of a few nanometres to several hundred micrometres. Aerosols got
more public attention with the start of the covid pandemic and the realisation of possible
infection ways via aerosol transmission 1. An essential step in education and information to the
general public was done by the Gesellschaft der Aerosolforschung in their position paper 2. An
important parameter for most of the microphysical processes associated with aerosols is the size
of the particle. This property influences a range of different attributes like e.g. the sedimentation
velocity, and the particle activation process for cloud formation and thus is essential e.g. for the
overall particle lifetime in the atmosphere and influences cloud and precipitation formation and
thus the direct and indirect climate effects.

To quote the IPCC (Intergovernmental Panel on Climate Change): “Over the historical period,
changes in aerosols and their effective radiative forcing (ERF) have primarily contributed to a
surface cooling, partly masking the greenhouse gas-driven warming.” 3. The effective radiative
forcing describes the direct and indirect effects of change of the radiative budget the earth
experiences 4, which then leads to a response of the global surface temperature. This means
aerosols can influence the overall amount of energy the earth and its climate gain from the sun.
Aerosols are not unique with this feature. A lot of so-called (essential) climate variables (ECV) like
the Green Houses Gasses (GHG) ozone, nitrogen oxide, carbon dioxide or water vapour can do
so, but aerosols have a net cooling effect. This is summed up in Figure 1.

(a)Effective radiative forcing, 1750 to 2019 (b)Change in GSAT, 1750 to 2019
€0 —+— e
N20O
CFC + HCFC + HFC [ Carbon dioxide (CO;)
mm N>O
NOy ] -] BB CFC + HCFC
NMVOC + CO N HFC
= B | e
S0, —_:l _-': [ Ozone (03)
QOrganic carbon —.ﬂ { [l H,O (strat)
=3 Aerosol-radiation
Black carbon _IE _B B Aerosol-cloud
Ammonia q { 4+ Sum
TR R e s W TR o P
(Wm=?) (°C)

Figure 1. Effective radiative forcing changes from 1750 to 2019 (a) and global mean surface air
temperature (GSAT) changes (b) from different climate variables according to CMIP6 model 3 °.

By masking the warming effect of greenhouse gases, aerosols have a strong cooling effect on the
Earth’s climate. With the beginning of clean air regulations for human health around 1970, the
overall amount of anthropogenic aerosols in the northern hemisphere decreased contributing to
the rapid rise in global surface temperature in recent decades °. Publications shows clear
evidence of reduced aerosol radiation effects by direct and indirect means in recent years 7. This
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links that the overall cooling effect of aerosols is reduced due the decreasing concentration of

aerosols.

A second thought to consider is the various adverse health effects aerosols can cause or worsen.
Here the size of an aerosol is of importance since it influences the ability to enter the respiratory
system 8. This transmission ability can be used for medical applications such as inhalers. Air
pollution in term of air quality contribute greatly to critical environmental issues °. Air quality
consists of species such as e.g. nitrogen oxides, CO, tropospheric Ozone, SO, and aerosols.

A good overview of the interaction and feedback for climate variables and air quality is provided
by Schneidemesser 1% in Figure 2. It shows the central role of aerosols summarised in particulate
matter (PM) for which black carbon 1, organic aerosols or sulphate aerosols are important to
name, as well as ozone and its precursors, like nitrogen oxide and nitrogen dioxide as air quality
parameters.
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el "PM » . - ol
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Figure 2. Overview of the main categories of air quality and their interaction with climate 1.

This thesis is about an instrument package that can measure aerosol properties relevant to those
interaction effects. Stationary measurement stations give vital information and data to feed
models and trend analysis. The continuous operation of measurement instruments on a global
scale is necessary for widespread coverage and analysis. There are various research
infrastructures with hundreds of organisations and platforms. These aim to collect, analyse and
interpret measurement data. ACTRIS (Aerosol Clouds and Trace Gases Research Infrastructure)
is one of the largest European research infrastructures with over 100 research performing
organisations with the goal to perform observations of short-lived climate forcers and more
atmospheric relevant parameters on the highest quality. Another research infrastructure
combines aviation measurement with worldwide coverage and continuous with a scientific
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institution. This infrastructure is called IAGOS. IAGOS is an acronym for In-service Aircraft for a
Global Observing System. As the name implies, this infrastructure utilises long-haul passenger
aircrafts as a measurement platform for global coverage 2. The overall flight pattern and the
cooperating airlines are visible in Figure 3.

\ / Il \ AU
\ LA
F 7 \\
— Airfrance
Eurowings Discover \
Lufthansa

—— Cathay Pacific
China Airlines

—— Hawaiian Airlines
— Iberia

Air Namibia
—— Air Canada

Figure 3. IAGOS Flight routes since 2011, source: iagos.org.

By bringing instrument packages onto passenger aircraft, it becomes possible to measure in-situ
the vertical profiles at the take-off and landing phases and at cruising altitudes of 9-13 km of
various climate variables, such as water vapour, CO,, Os or aerosols 3. Since remote sensing
techniques need to be calibrated using in situ instruments, a ground truth measurement is
required. The research infrastructure IAGOS is providing in situ measured profiles of atmospheric
aerosol extinction during the take-off and landing of in-service aircraft regularly. Those
instrument packages have a variance of capacity on their measured climate variables. There are
already packages in service that can measure nitrogen oxides and one that can measure aerosol
number concentration and aerosol size distributions.

To close the gap for remote sensing techniques and to get a full picture of air quality parameters,
it is necessary to develop an instrument package that combines existing, improved and novel
measurement techniques. This instrument must withstand the harsh conditions of varying
environmental pressure and meet the safety requirements for passenger aircraft. This
instrument not only has to measure nitrogen oxides with high accuracy and fast response, but
also aerosol optical properties, number concentrations and size distributions.
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5 Background Knowledge

The abundance of aerosols can be described as widespread. In Table 1, an estimation of global
emissions of aerosol mass is shown. The atmospheric lifetime of aerosols is limited, ranging from
few hours to days depending on the size of the aerosol . Aerosols large in size are sedimented
or washed out frequently ¥°. Nevertheless, as aerosols are generated frequently and influence
weather and climate, which was already shown in Figure 2. Sulphate aerosols, which can be
generated by volcanic eruption, decreases the global surface temperature by over half degree
Celsius .

Table 1. Main Aerosol types in order by their magnitude of emission 17 18,

Aerosol type Emission (in megatons per year)
Sea-salt aerosol 500-2000

Formed by gaseous the phase 345-2080

Dust 7-1800

Anthropogenic aerosol 181-396

Aerosol from combustion 5-150

Biological aerosol 80

Volcanic Aerosol 4-90

The mass of aerosols is important, but also their size distributions. The size of an aerosol
determines a set of properties, which are deeper described in section 5. A summary and
illustration of the size classification of aerosols are given in Figure 4, which is an overview created
by the U.S. EPA (Environmental Protection Agency).
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Figure 4. Size distributions of naturally occurring aerosols with their relative volumetric number
density 1°.

To start with the smallest size category, the nucleation mode contains particles freshly formed
from the gas phase (Gas to particle conversion) with less than 10 nm in diameter. The Aitken
mode represents atmospheric particles between 10 and 100 nm. Those particles are likely
formed by heterogeneous condensation or growth of smaller particles and coagulation. The
accumulation mode is formed by coagulation of smaller particles to particles in the sub
micrometre range Those modes are primarily generated through vapour condensation and
subsequently growing processes. Mechanic processes like rub-off or grind-down procedures
typically form coarse particles lager 1 um in diameter 20-22,

5.1 Aerosol Properties
This chapter is dedicated to a set of physical aerosol parameters relevant for this thesis like
general background on aerosol characteristics and measurement techniques. This might be a

mere fraction of all aerosol parameters, but the most appropriate for air quality are represented
here.
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5.1.1 Aerosol Number Concentration and Size Distribution

The number concentration is an essential property of aerosols. It describes the number of
particles per volume. However, on its own, it gives only limited information about the aerosol
and estimates for aerosol mass and air quality are insufficient. The size of a particle is another
important parameter characterising its microphysical behaviour 23. An aerosol size distribution
(of one source) can be approximated by a log-normal distribution as a function of the particle
size. In nature several log-normal modes normally sum up the total aerosol.

The probability density function (PDF) of a Gaussian normal function with respect to the particle
diameter dj is given by

1 (d, — dp)? EQ1
df = —~—2 P2 \qd
! ame"p< 207 )%

with?lp as the arithmetic mean diameter and the standard deviation o given by

_xmn(d; - d,)?)'/2 FQ2
h N

After logarithmic variable transformation of the particle size, the curve will show symmetric
behaviour. This is shown in Figure 5. The most used logarithm for this issue is the natural
logarithm?3,

The logarithm of o is replaced by the geometric standard deviation (GSD) and is given by

Ino. = Y n;(Ind; —Indy)? EQ3
9 N-1

The GSD is always greater than 1.0 and dimensionless.

As for the number distribution, the median geometrical diameter is the same as the median of
the Count Median Diameter (CMD). The PDF as a function of dp using d; = CMD as an

independent parameter, and by using the proportion d In d, = diddp this results in the following
14

PDF:

EQ 4

if 1 (_ (Ind, —InCMD)?

=——eX dind

V2r dyln, 2(Ina,)? ) p
95% of data lies between d+2¢ in case of normal distribution. Similarly, 95% of particles of the
lognormal number concentration lie between: exp InCMD + 2Ingy) , CMD/ag2 and CMD -

a;. For g4=2, this corresponds to the fact that 95% of all particles can be found between a quarter
and four times of the median of the count rate distribution.
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Figure 5. lllustration of the size distribution of a single source aerosol. With normal scale (left)

and logarithmic scale (right) forming a gaussian distribution.

With this type of analysis, a fundamental basis of aerosol characterisation and physics can be

described.

5.1.2 Mechanical Movement of Particles

Aerosol sampling is an important task and must be planned ahead to cover a total range of
aerosol properties and size ranges. Particles can be lost in the sampling line by impaction,
gravimetric settling or diffusion. For very small particles, the diffusion is the most important
mechanism for particle losses. Those can be illustrated by diffusion losses in a cylindrical tube
under laminar flow 224, The first thing to recognise is Stokes's Law. This fundamental force F
describes the total resisting force a spherical particle experiences by moving through a medium.
F = 3mvd EQS5

Here, n is the viscosity of the medium, v the velocity of the particle (relative to the surrounding
medium) and d the diameter of the particle. The Cunningham correction Cc factor must correct
an important assumption of this force. The assumption of the Stokes's Law is, that the relative
velocity of the gas at the surface of the sphere is zero This assumption becomes an issue for small

particles in the range of the mean free path of “air” molecules.
EQ6

3mnvd
F = il
Ce
The Cunningham correction factor can be calculated using the mean free path length x by
EQ7

d
C.=1+ g [2.514 + 0.8 exp (—0.39)—()]

Then the diffusion coefficient § for laminar flow can be calculated considering the

temperature T by
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138 10-23%] T-C, EQs8

3nnd

With this, the dimensionless diffusion parameter p can be calculated with the length of the tube
| and the air flow rate fa.

l EQ9
n=4&—
a
Finally, the loss fraction P can be described by
P = 0.819e¢~115# 4 0.0975e 77014 4 0.0325¢ 179 EQ 10

This final product has to be multiplied by the particle concentration at the calculated particle
diameter to get the number of particles that reach the measurement instrument 23,

5.2 Aerosol Optical Properties

Optical properties of aerosol particles depend on their size distribution, shape, morphology,
chemical composition, and relative humidity of the air they are dispersed in %°. Those can be
divided into extensive aerosol optical properties and intensive aerosol optical properties.
Extensive aerosol optical properties are correlating with the number concentration of the aerosol
describing one property of the aerosol, whereas intensive parameters are independent of the
amount of aerosol 4. The most relevant pioneer of aerosol optical properties is Gustav Mie. He
solved the Maxwell equations for spherical particles for his work on colloid silver nano
particles 2. Gustav Mie provided us with a theory to calculate light scattering and absorption
properties for spherical particles. The incident plane wave and the scattered electromagnetic
field inside and outside a sphere are described using a series of spherical wave functions, which
satisfy the Maxwell equations. When boundary conditions are applied, transverse fields at the
sphere’s surface are matched to obtain outgoing spherical wave Mie coefficients. With these
coefficients it is possible to determine the light extinction and scattering efficiencies Qext and
Qscat 28,

Purely light scattering aerosols are particles that only show scattering but no absorption. In other
words, their imaginary part of the refractive index k equals zero. On the other hand, light
absorbing particles are characterised by k >0 7.

For small particles in the Rayleigh scattering regime (x<<A, A = wavelength of the incident
radiation)), the power series of spherical harmonics can be approximated by using only the first
two terms. Leading to the known Rayleigh scattering equation (see EQ 11 below). The main
particle properties needed are the complex refractive index m =n+ikand the size

d
parameter x = HT”. Light scattering efficiency is wavelength dependent. In the Rayleigh regime

scattering intensity is proportional to A%
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N2y2 _ EQ11
_ 87Id6x4. (nl) 1

o=
3 N2v2
G2y +2

Particles of the size of the wavelength require the full solution of the Mie power series 23.

2 EQ 12
and

m? -1
m2 + 2

4

8
Qscat = §x

m? —1 EQ13
m2+2

Qups E4xlm{

The equation shows that the scattering and absorption efficiencies Q have different
dependencies on the light wavelength and particle size dp.

In an oversimplified matter, a scattering particle could be idealised as a sphere in its geometrical
size. This sphere redirects incoming radiation into new directions, attenuating the transmitted
radiation. This process can be described formally in analogy to a shadow behind the particle
downstream following the incident light. Here the size of this shadow can be described as an
effective cross-section and is measured as an area (m?2). This effective cross-section can be larger
or smaller than the geometrical cross section of the particle. That proportional factor is described
by the scattering efficiency Qscat calculated by Mie theory. When a certain number of particles
are given in a given volume of interest, the sum of all effective particle cross sections determines
the scattering coefficient osp. Essentially this is the cross-section per volume, or volumetric cross
section, and is given in the unit of inverse meters or m™. This can be viewed in EQ 14 in
Section 5.2.1.

5.2.1 Extensive Aerosol Optical Properties

The extensive parameters for aerosol light interactions are extinction, scattering and absorption.
Analogue to the introduced scattering coefficient the absorption coefficient is defined as the sum
of the effective absorption cross sections. The extinction coefficient is defined as the sum of
scattering- and absorption-coefficients (see EQ 12), which is required by the conservation of
energy:

Oep = Osp + Ogp EQ14

where ogp is the extinction coefficient, osp the light scattering coefficient and oap the coefficient
for light absorption by particles. The unit of all these parameters is often given in Mm™ (“inverse
Mega meters”; 1 Mm™ =10 m-1).

Solving the equation for gy, , it is possible to derive the absorption coefficient using
measurements of the extinction- and scattering coefficients. In the following this will be called
the Differential Method (DM).
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The extinction coefficient describes the intensity | of a beam of incident light lo passing a specific
medium with the length L, by absorption and scattering of light by means of the Beer-Lambert

Law?*:

I =1y e extl EQ 15
- 1
for which is true Gex; = Oscar + Oaps + Osp_gas + Oa_gas = lnI—/L
0

Lis the length of the light path, lis the intensity of light (lo intensity of incident light) and a5y _gas +
Oa_gas is the Rayleigh scattering and absorption of the medium air. The Scattering signal is
composed out of Rayleigh scattering and scattered light of particles. Therefore, the overall light
extinction is made by aerosol particles and gas molecules in the medium air. Using Qext= Qscat+
Qubs for the efficiency parameter. Rayleigh scattering is usually subtracted by the measured
baseline determined using particle free air sample 28,

° nd; [ dN EQ 16
Oore(A,m) = f_ W[Qscat(dp,l, m) + Qaps(dp, A, m)] - - dlogd, dlogd,
Both the scattering efficiency Qscat and the absorption efficiency Qabs of each particle depend on

the light wavelength, particle size, shape, and the complex refractive index. In addition, o, also
. o dN . dj . .
depends on the size dlstrlbutlon[m] ,while the term Z—p describes the particle cross-
D
section?’.

The efficiencies for light extinction, scattering and absorption (Qex:, Qsp, Qabs) can be calculated
by Mie Theory for spherical particles or e.g. using T-Matrix calculations for more complex shapes.

The direct radiative effect depends on the light extinction coefficient g, (2, z) or its vertical
integral, the AOD (aerosol optical depth) 6(1), in which z represents the altitude and is often
measured by remote sensing techniques.

5(A) = f Ooxt(A,2) dz EQ17

5.2.2 Intensive Aerosol Optical Properties

Intensive aerosol parameters like the Single Scattering Albedo (SSA) or the Angstrom exponents
are often calculated from multiple instrument datasets, which can lead to an increase in errors
and uncertainties with regards to this parameter. The importance of reliable intensive
parameters is undisputable, especially, when their use is required for an experiment or sensitive
climate-related modelling. The Angstrom exponents are widely used to adjust extensive
parameters to a desired wavelength 22,3 for instrument comparison and more importantly for
aerosol characterisation 3! like the refraction index calculation of mineral dust 32 or black
carbon 33, or source identification of mineral dust 3%. The scattering Angstrém exponent (SAE) is
particle size-dependent and, therefore, is used to indicate the size distribution of aerosols in the
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investigated medium. An SAE value of 4 indicates either a gaseous medium or a medium with
nanometre-sized particles, whereas a value of zero indicates coarse particles 3.

The absorption Angstrom exponent (AAE) depends on the aerosol's chemical composition. A
value of 1 indicates an aerosol which absorbs light strongly across the entire visible spectral range
and is composed of nanometre-sized spheres 3¢, This behaviour is characteristic e.g. for fresh
soot or black carbon agglomerates 37- 38, AAE values higher than unity indicate the presence of
brown carbon 33 or mineral dust, which are characterised by a stronger absorption in the blue
and ultraviolet compared to the red spectral range. The extinction Angstrém exponent (EAE) is
often used for aerosol classification by remote sensing methods such as Lidar (light imaging,
detection and ranging) and depends on the size distribution and chemical composition 3% 40,
Combining those exponents in a cluster plot is a reliable method for classifying aerosol sources 3.

The SSA of an aerosol is the crucial parameter for its direct or semi-direct impact on the
climate % It describes the ratio of scattering to total extinction of a medium. The value of 1
indicates that light extinction relies exclusively on light scattering. In contrast, low SSA values
indicate an aerosol with a large fraction of light-absorbing components, which may cause
atmosphere heating. The intensive parameters are only available through multiple-instrument
approaches at different wavelengths, which requires a detailed analysis of measurement
uncertainties 42,

The Single Scattering Albedo (SSA), is defined by:

Osp @)
Oep @)

Particles as small as 100 nm or smaller cannot scatter visible light efficiently because of the strong
dependence of Qscat on dp to the power of 4, whereas Qabs depends only proportional to the
particle diameter. Therefore, nanometre-sized particles (dp<100 nm) with a large imaginary
refractive index show smaller SSA values while particles of similar chemical composition but

SSA(A) =

larger in size, show larger SSA values which can be viewed in Figure 6.
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Figure 6. Calculated Single Scattering Albedo of a mono-modal aerosol determined at two
different wavelengths. using a complex refractive index of 1.75+i0.63.

— Patrick Weber Page 22 of 124



PhD Thesis Patrick Weber

The Angstrém exponents (AE) describe the strength of the wavelength dependence of the
aerosol optical coefficients. Usually, the extensive parameters of the aerosol light extinction (ep),
scattering (sp) and absorption (ap) increase with the frequency of the light.

Oxp (L) oc A2 ; with oy, = {aep, asp’aap} EQ18
120
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Figure 7. Illustration of the wavelength dependency of the aerosol Rayleigh scattering coefficients
with different Angstrém exponents.

ap(A1)

The Angstrom exponents AE are calculated starting from the ratio o.02)
D

using EQ 20 for two
different wavelengths A1, 12 and solving this for the AE:

ap(A1) EQ19
) Q

T T log (A1) 22)

By solving AE for g, (41) as a function of the Angstrom exponent and the attenuation coefficient
axp(/12) the resulting equation is used for wavelength adjustments

Al) _AE EQ 20

Gy (A1) = 0,y (22) (E

Substituting oxp in EQ 20 with Osp, Gep OF Gp We obtain the absorption Angstrém exponent (AAE),
extinction Angstrém exponent (EAE) and scattering Angstrém exponent (SAE), respectively.

5.3 Aerosol Measurement Techniques

There are many aerosol instruments with an even more comprehensive range of applications.
They are not exclusively used for air pollution and climate measurements but also for an
increasing number of controlled and monitored aerosol processes 2. This work will focus on
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aerosol instruments for measuring optical parameters, explicitly the scattering-, absorption- and
extinction coefficients, as well as on particle counting and sizing methods. In this section the
associated measurements techniques are introduced, and the underlying principles are
discussed.

5.3.1 Instruments for Particle Counting

When it comes to aerosol particle counting, one instrument family is omnipresent for
submicrometer particle measurements: the Condensation Particle Counter (CPC). A pump draws
continuously a controlled sample flow including the dispersed particles in the air into the
apparatus. Inside the instrument, they are first led into a temperature-controlled saturation
chamber (e.g. 35°C for the working fluid Butanol) to expose particle to an atmosphere saturated
with the working fluid vapour. Downstream, the mixture enters a condensation section where
the sample is cooled down (e.g. 10° C for Butanol). There, the working fluid vapour gets
supersaturated and condenses onto the particles as described by the Kelvin-Kéhler theory 23. The
supersaturation is governed by the temperature difference between the saturator and the
condenser.

The temperature difference must not exceed a certain value in order to avoid homogenous
condensation. This process effectively grows the particles to a size in the order of 10 um,
independent of their initial size.

Consequently, the particles are large enough to be directly detected by laser light scattering in
an optical detector. By growing the particles to an optically detectable size, a CPC is not able to
differentiate between different particle sizes and can only be used for determining the total
number concentration of particles %3. The instrument components are illustrated in Figure 8.

The laser optic can detect single particles in a concentration range from 1 to 100,000 particles
per cubic centimetre, depending on the instrument model used. If higher particle concentration
are intended to be measured, the aerosol should be diluted first 44.
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Figure 8. Schematic of the basic set-up for the alcohol-based condensation particle counter #°.
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Depending on the model, a CPC is suitable for accurately measuring particles starting from ~3
nm or 27 nm. The design of the CPC is therefore of importance.

The supersaturation of the working fluid vapour at the condenser determines the smallest
possible particle size which will be activated (critical diameter) to grow, and thus, will be detected
by the optical unit. For pure liquids this ratio p/ps can be expressed through the Kelvin
equation 2346 \where the following parameters are used: The surface tension of the liquid oy, the
molecular weight M, the density §, the general gas constant R, the absolute temperature T and
the Kelvin diameter di:

( 4o M ) EQ21

P _ex
P\srT4d,

Ds
The Kelvin diameter shows at which saturation ratio p/ps the droplet is in equilibrium with its
surrounding gas phase and the droplet neither starts to grow nor shrink to due condensation
processes or evaporation.

When a soluble nucleus is considered, the particle growth can be initiated by a mere percentage
needed for a pure liquid. A given mass of a salt reduces the given vapor pressure at the droplet
surface. The relationship between the kelvin ratio and the particle size with dissolved matter is

given by 23;
6imM 4o0M EQ 22
by :
Ds M, émd? ORTd

Where m is the mass of the dissolved material and M the molecular weight. The constant i is the
number of molecules the salt will dissolve into. This equation can then be solved for a particle
size ds when the maximal supersaturation ratio is known. For vapour pressure calculations the
empirical Antoine equation can be used #’:
B EQ 23
lo =A-—-
g1o0P C+T
For which A, B and C are component-specific constants, p is the vapour pressure and T the
Temperature. When solved for two different temperatures, the ratio of those will be the
supersaturation for this calculated temperature difference 2.

5.3.2 Instruments for Particle Size Distribution Measurement

5.3.2.1 Differential Mobility Analyser

The second most common device to support the aerosol scientist is a device, that separates
monodisperse sized particles from a polydisperse sample.

Ultrafine (smaller than 0.1 um) and fine particles (0.1 to 1 um) can be size-classified according to
their electrostatic mobility in an electrical field in a Differential Mobility Analyser (DMA). Particles
larger than 1 pum will be removed from the sample by a pre-impactor, because those would harm
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the instrument because of flashover, since a voltage over 10 kV would be needed to analyse
those. After passing through the inlet, the particles enter a charger in front of the DMA. This
charging stage is crucial to achieving a well-defined charge distribution on the particles. The
separation of polydisperse aerosols into monodisperse sizes takes places inside the DMA with
the help of an electric field, which is applied between an inner and an outer electrode. Particle
are injected in a laminar sheath-flow close to the outside rod. Negatively charged particles are
accelerated towards the inner rod by means of their electrostatic mobility. Thus, only particles
of a certain electrostatic mobility will be separated entering a small slit located at the inner rod.
A schematic of this principle is shown in Figure 9. A DMA can be operated stepwise to determine
a particle size distribution, or it can be kept on the same voltage level to create a monodisperse
aerosol for a long time. The length of the column and the voltage determine the maximum
classification ability of the device.

Charged particles can be directed in an electrical field. For the electrical mobility of the particles
in an electrical field this formula applies *°:
_ nyeoCc(Dp) EQ 24
~ 3mnD,

With the ni number of elementary charge on particle, Here eg denotes the elementary charge, Dp
the mobility equivalent size of the particle, Z the electronical mobility, n the dynamic viscosity,
Cc(Dp) the slip correction factor.

The DMA separates particles using electrical mobility while neglecting diffusion effects by:

_ QSh Ta
= 2mo MG

EQ 25

With the sheath-flow Qsn, the DMA length L, the DMA voltage U, the outer radius raand the inner
radius ri.

The full width at half maximum of the particle electrical mobility distribution is determined via
the following ratio and describes the size resolution of the instrument:
Qa Ta Qa4 EQ 26

AZ = In (%) =4z
20 G = 0,

With the aerosol flow Qa °°.
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Figure 9 . lllustration of the functional part of the Differential Mobility Analyzer *..

Particles of different sizes could enter the slit, as the mobility diameter, can be equivalent for
particles with multiple charges and a higher particle size and mass.

5.3.2.2 Optical Particle Counter

An optical particle counter (OPC) can be used for both sizing and counting. This technique uses
the intensity of light scattered by a particle for determining the size. A commercially available
optical particle counter can have different specification mostly depending on applied wavelength
of the used laser. Depending on the settings, a device with a laser of 650 nm wavelength has
multiple size channels for particle size classification ranging from 0.25 to 3.2 um. This is visible in
Figure 12. In an OPC, the sample is led via a nozzle into the measuring zone of the device where
airborne particles are detected by scattering of light. A basic illustration of the measurement
principle is shown in Figure 10. The particles scatter the incident light. The scattered light
intensity is measured by means of a detector either measured directly or collected by a spherical
mirror to broaden the scattering angle range to smoothen the signal response curve.
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Figure 10. The basic principle of optical particle detection and sizing 2.

The measured scattered light intensity varies with particle size, which enables us to measure the
particle size distribution. A concave mirror leads the scattered light towards a photodetector
which converts it into an electrical signal. The OPC then determines the particle size distribution
by relating the signal peak height of the detected intensity to calibration data using spherical
polystyrene latex beads (PSL) particles of known size and chemical composition i.e. refractive
index. This results in the measured particle size being equivalent to the PSL diameter >3,

The particle number density is determined by the ratio of the particle counts and the volume
flow rate. Additionally, it is essential to mention that the intensity of light scattering depends on
factors other than the particle size, e.g. the shape of the particles, their morphology and the
refractive index. The signal is integrated over a slight range of scattering-angle to suppress
variations of the scattering signal. However, at a detection angle of 90°, uncertainties can be
minimized?*.
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Figure 11. Principle of optical particle spectrometers superimposed with a typical scattering
profile of an aerosol. **

Figure 11 shows the measurement principle in more detail and illustrates the angular distribution
of the scattered light with its intensity. The shape and intensity vary with specific characteristics
of the particle, such as its size parameter and refractive index.
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Figure 12. Calculated scattering intensity curves for different particle types (PSL; polysterene
latex, AS; ammonium sulphate and DHES diethylhexylsebecat) >°.

5.3.3 Instruments for Aerosol Optical Properties Measurements

There is a vast number of instruments to choose from for aerosol optical properties. A small
selection is presented here, chosen because those were used during the thesis. A central
instrument, that was used excessively in this thesis, delivers the aerosol light extinction
coefficient.

The Cavity Attenuated Phase Shift (CAPS PMex) device is a light extinction monitor, which detects
a phase shift through a cavity ring-down process. The LED light source emits a square wave signal
at a steady frequency. At both ends of the cavity are highly reflective mirrors, as shown in Figure
13. Under this given condition, the cavity will be loaded with the light of the LED. Turning off the
LED, the trapped light will be discharged by extinction and by losses at the mirrors (total loss).
The amount of light loss by particles (PM_Loss) is directly proportional to the extinction
coefficient of the medium within the cavity. When there are particles inside the cavity the
amount of loaded light will decrease much faster. This time delay is described as a phase shift
and used to calculated the aerosol light extinction coefficient >® as it is shown in Figure 14. The
losses by the mirrors are estimated by particle free baseline measurements regularly taken
during the experiments.

The particle loss PM_loss is calculated by subtraction of the baseline loss from the total loss
signal.
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Figure 13. Schematic of signal generation of the cavity attenuated phase shift monitor *’.
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Figure 14. Illustration of the primary mechanism to derive the light extinction coefficient *%. The
same mechanism applies for the use of nitrogen dioxide as specimen instead of particles.

At Time =

The relation between phase shift (¢ — ¢o) and the extinction coefficient can be described by

2nf EQ 27
Oexe = =+ (cot — cotpy)

A version of this instrument is able to deliver the aerosol light extinction coefficient and the
aerosol light scattering coefficient. This instrument type is called CAPS PMssa. An integrating
sphere is placed in the middle of the cavity and a transparent narrowing is used central of the
steel cavity to let scattering light into the integrating sphere.

As f is the frequency of the square wave signal of the LED, c is the speed of light and (¢ — ¢o)
describes the amount of phase shift, where ¢o is the phase of the particle-free probe measured
as a baseline 8,

This extinction measuring method is absolute and needs no calibration. Some corrections are still
applied, that are linked to the sheat-flow, that is used to protect the mirrors from pollution *°. To
perform a baseline measurement, the airflow is directed through an integrated filter to measure
particle free air®°,
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Figure 15. Schematic of an integrating nephelometer (© TSl)

The integrating nephelometer is a generally accepted reference device for light scattering. It
typically measures one to three different wavelengths (A = 450, 550, 700) to determine the
behaviour of scattering in the visible light spectrum. The inner walls are completely black to avoid
backscattering and molecular scattering is subtracted after measurement of HEPA-filtered air, so
only the scattering coefficient of airborne particles is measured.

Furthermore, there is an instrumental dependent truncation error, because the measurement
has a geometric limit of the measured scattering-angle range of 7 to 170° instead of 0 to 180°.
The truncation error correction depends strongly on the particle size. Thus, for measuring
atmospheric aerosol the size-distribution has to be assumed or measured / approximated for this
data correction. The truncation error has been investigated to correct the measurements for
scattered light missed in direct forward 0°-7° and backward direction 170°-180° which cannot be
measured directly by the nephelometer for technical reasons. A correction factor for the missing
truncation error can be calculated using the scattering Angstrom-exponent 6. The Scattering
Angstrém exponent is used, as an indicator for the size distribution, which cannot be measured
with the Nephelometer, but would be more accurate for calculations of the truncation error.

Aerosol light absorption measurements were done with an absorption photometer. The Tricolour
Absorption Photometer has eight sample spots, which will be loaded on a glass-fibre filter, one
after another, and two spots for reference. Three different LED's are installed with wavelengths
of 467, 528 and 652 nm to cover the visible light spectrums. The TAP device has its roots in the
NOAA Continuous Light Absorption Photometer (CLAP) and follows the same physical properties.

To calculate the absorption coefficient g, is given for any filter-based method by this equation:
A (IO> EQ 28

=—In(=2
Orap an

With the sample spot area A, V the air volume that is drawn trough the filter during the sampling
time and (170) is the ratio of light transmitted through the sample spot and reference spot 2.

The correction for particle absorption photometers is implied in the software 3. The equation is
given by:
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P 1 - EQ29
abs 12369 Tr + 0.8135 '4F

With the transmission Tr, which is 1 for unloaded filter, ar4p is the absorption coefficient
measured and gy, the correct value for the absorption coefficient.

@ ———————— Light Source (LED)
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Detectors = ——— . _ s mowmm— Reference signal

Figure 16. Setup for a Particle Soot Absorption Photometer (PSAP). The same principle is true for
the TAP. Particles are deposited on the filter and a second particle free spot is set as a reference
spot as light is transmitted through the filter onto the detectors .

5.4 Nitrogen dioxide

Chemiluminescence detection (CLD) is widely used for the observations of NO and NO; in
laboratory and field studies, and long-term monitoring ®* . Briefly, the NOx mixing ratios for
NO2 and NO are determined by switching on and off a converter. The converter could be
consistent of a heated catalytic surface or photocatalytic. If the converter is switched off or
bypassed, NO is titrated with Os added in the reaction chamber and the subsequent
chemiluminescence signal is detected by a photomultiplier tube (PMT) as per the following
reaction:

NO 4+ 05 = NO," + 04
NO,"+ M - NO,+ M
NO," - NO, + hv

Most of the excited NO; returns to the ground state by collisional quenching with either other
atmospheric molecules (typically N, or O;) or through the emission of photons, the emission of
which take place in the wavelength range of 590-3000 nm with a peak at 1200 nm 6,

By switching the converter on NO; is catalytically reduced to NO and then detected as described
before. The NO2 mixing ratio is then calculated by the difference of the measurements with PLC
switched on and off respectively 678, CLDs equipped with photocatalytic converters have also
been shown to be subject to interferences as the thermal decomposition of peroxyacetyl nitrates
within the photolysis cell can positively bias the NO, measurements ©°,
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The CAPS System can also be used for nitrogen dioxide measurements, since this species strongly
absorbs light at this regime, with little to no interference of other atmospheric widespread gases.
This requires the CAPS monitors to consist of a blue light emitting diode (LED) as the light source,
a sample cell with two reflective mirrors and a vacuum photodiode detector. The working
principle is based upon a phase shift in modulation (as described in section 4.3.3) when a square
wave modulated LED light is input into the first reflected mirror and is distorted in terms of the
waveform after passing through the absorption cell in comparison to the initial modulation. The
amount of phase shift then corresponds to the concentration of NO,. Knowing the absorption
cross section of NO; the number concentration can be directly calculated, and no calibration is
required 58 6,

6  Air Quality Instrument - Instrument Package 2E

This section describes the new device for measuring air quality parameters for the research
infrastructure IAGOS. The instrument package consists of several devices for measuring aerosol
properties and nitrogen dioxide mixing ratio.

The very first prototype design of package 2e by Ulrich Bundke was equipped with fewer
measurement instruments than the final product. This, however, was a proof of concept. The
later adaptations, installations and qualifications were done as part of my PhD. The first results
with this instrument prototype package showed promising results, but with some limitations.
Those limitations are based on the number of aerosol measuring devices. The original plans for
P2e included two CAPS tubes. One tube was operated for aerosol light extinction measurements
and the second tube was designed for nitrogen dioxide measurements. The aerosol particle
counting, and sizing was operated by an optical particle counter with a wavelength of 650 nm.
The original design can be viewed in Figure 17.

Data Acguisition
and Controller Board

Figure 17. First concept of the air quality package °.
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In Figure 18 a list of all measuring instruments for the final product is provided with the
cooperation partners we actively exchange information with. This includes Aerodyne Research
Inc. With their help, we manufactured the multiple CAPS instruments inhouse. The cooperation
with aerosol devices helped to extend their instrument water-based CPC (MAGIC CPC) operation
range to pressures down to 200 hPa, which is now commercially available. The package consists
of a modified Portable Optical Particle Spectrometer (POPS 7! originally developed by NOAA)
which measures the particle size distribution in the diameter range from 125 nm to 4 um; four
Cavity Attenuated Phase Shift (CAPS > 72 Aerodyne Research Inc., Billerica, MA, USA) instruments
to measure the particle extinction coefficients at different wavelengths as well as the NO;
concentration.

Aerosol light extinction CAPS PM,, A= 450; 630 nm
coefficient Cooperation with Aerodyne Research Inc.
NO, concentration CAPS NO,

Cooperation with Aerodyne Research Inc.

Particle total number MAGIC CPC
concentration Cooperation with Aerosol Devices
Particle size distribution POPS (d,>125nm)

Cooperation with NOAA

Figure 18. List of instruments and corresponding cooperation partners.

For a quick overview, a plumbing plan is provided in Figure 19. Without going into detail, it gives
impressions about the overall density of the instrument package. Multiple low delta P mass flow
controllers were needed for a stable sample volumetric flows for all operational pressure
conditions and as quality parameters a set of pressure sensors, heating devices and aerosol filters
are provided. This is needed, to keep the measured parameters in good quality. Heating devices
are needed, to keep the instruments at a stable temperature, as the CAPS response or the laser
output can change with the temperature. Aerosol filters are added to provide an aerosol-free
sheath air flow for several devices.

To counter cross sensitivity for light absorbing gaseous species, a third CAPS tube for aerosol light
extinction is installed with a particle filter in front of the tubing. With this, a permanent baseline
is set, to correct the aerosol light extinction of the main CAPS PMex permanently. As the optical
detectors of the aerosol 450nm CAPS-PMex are far less sensitive than the CAPS NO2. detectors,
we do not expect to have a high cross-sensitivity of gaseous media, that absorbs light at 450 nm.
A permanent baseline enables to correct those cross-sensitivities and more important also short-
term pressure changes, that could affect the measurements. If this third tube is not needed for
permanent baseline corrections, a green wavelength could be installed, which then could help
to identify e.g. mineral dust showing a strong shift of the Angstrom exponent between 630 nm
to 550 nm and 550 nm to 450 nm.
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Another focus was the installation of an automatically turn on and off the auto-baseline of the
CAPS instruments during ascent and decent of the aircraft. Vertical profiles are important
products of the instrument package. To fully measure them, the auto-baseline must be turned
off during landing and take-off. A Virtual instrument (VI) was installed, that checks the pressure
changes inside the package. If the standard deviation exceeds a certain threshold (lower 5 hPa)
during a short period of time, the auto-baseline is disabled. We tested this with recorded flight
data and the auto-baseline only was enabled during cruising altitudes.

All measured parameters are time synchronised saved in one TDMS file, located at the main
CPU and an SD-Card. The Data Transfer can be done via SFTP using an ethernet connection or
by an automated USB-Stick download.

Several instrument comparison measurements were done, to the check internal behaviour and
correction factors, and implied into the initial files of the devices. During multiple measurements,
it became clear, that the instrument package delivers stable measurement data output with a
slope of 1.0 £0.05 compared to their counterparts of the instrument lines. We checked the
instrument particle loss, by replacing the MAGIC-CPC inside the instrument package multiple
times as well with measurements done with side-by-side measurements.

OO, 2 =
o CPC
} " | ‘
=17
5 P1 pitot ‘
= tube
3 e —P—w—
g
£ ® —
e ! i TS Mation Oryer =
= gt
= =
by | ° CAPS NO;
| aerosol inlet —
—<}>—am. Fartce Fiter | T CAPS PMiex
I[TO _—
Relief valve gl
——
=1  oOrifice T CAPS PMex
—
—@—NG? scrubbeX13USE ° |
—<>— Particle filtar T CAPS PMex
BHq 3-Way Valve
— VAC
= Sheeth flow
=== aerosol flow
=== Chemical flow

Figure 19. Detailed flow chart of P2e for aircraft operation 7.

Without going into detail, sample air is distributed via the Vac 1 pump. The sample air is then
distributed into several individual volume flows. These then lead to the individual measuring
instruments. A three-way valve controls the mode for the baseline of the aerosol CAPS
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instruments. Another three-way valve is used for the Nafion dryer and scrupper. The MFCs are
used to maintain a constant volume flow.

On operation the instrument package is connected to the outer air by a dedicated aerosol intake
and pitot type chemical Teflon coated inlet. The aerosol intake transmits particles up to 3.5 um.
The first stage of the inlet is a devertor reducing the velocity of the air flow resulting in an increase
of ram pressure of about 60 hPa 7# 7>, Afterwards the aerosol is iso-axial and isokinetic sampled
by a pinhole nozzle while the main airstream exits the probe at the aft. The aerosol inlet is
connected to the instrument by a conductive sample line of appr. 1 m length. Inside the
instrument the aerosol flow is then divided into six separate streams by means of sharp-edged
dedicated aerosol flow splitters. Those were guided as sample flows towards the three CAPS
aerosol light extinction tubes, the MAGIC CPC the POPS and as source of the particle filtered
sheath flows for the CAPS tubes and POPS. The NO, CAPS System has its own sample flow from
the chemical pitot type inlet. This is because the aerosol devices are connected with a conductive
rubber or stainless steel, which would influence NO; concentration significantly.

Figure 20. Picture of the full assembled instrument package. With (1) shielded Main Board and
electronics, (2) CAPS boards, (3) Ventilation between the MAGIC CPC and POPS and (4) the main
ventilation.

Figure 20 shows the package in its final stage as it was assembled in our laboratory. All tubes,
cables and instruments are built up and connected. The main electronic components are shielded
with a metal plate, but the instrument picture gives an impression of the compactness of the set
up. There is almost no space left, which required to carefully assemble all parts.

An additional problem is the heat development, that was solved by the external ventilation and
two ventilators dedicated to the heatsink of the MAGIC Peltier elements and the CAPS
electronics. The system was tested with four thermistor elements at critical positions, like the
main board or near the condensation particle counter.
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Figure 21. Heat development inside the Instrument Package 2e at different locations.

Figure 21 shows the temperature of four different zones inside the P2e package during the first
hour of operation. The different temperature zones reached their plateau after 60 min. It is
essential, that the temperature around the MAGIC device stays below 33°C, since the internal
Pelletier based cooling system can only provide a temperature difference of around 30°C. It is
possible to increase all temperature setpoints of the MAGIC-LP by 3 K, without changing the
activation efficiencies.

A detailed characterisation of each individual instrument device and the whole system will be
described in the coming sections. Additionally, the reference systems and instruments are
described.

7 Qualification of the CAPS Instrument

Laboratory experiments were largely conducted on a measurement set-up, that has to be
intensively characterised and controlled. For the laboratory study as well for the ambient
measurements, an immersive number of parameters were recorded including housekeeping
data: For each instrument this were at least five parameters, that served to ensure good data
quality. These parameters range from temperature to internal flow control. To sum it up, for each
experiment conducted, over 70 parameter timeseries are stored with a time resolution of one
hertz. To exclude errors and to avoid misinterpret data, all parameters are controlled to stay
within their predefined ranges. To name a few examples: temperature settings of the
Condensation particle counters, flow control parameters and baseline values. This standard was
already looked at and applied during the experimental run, so the amount of dataset, that must
be excluded is minimised.

In this section the laboratory setup of the test stand for optical particle properties is introduced
in detail. Starting with the particle production, process treatment, data processing, correction as
well as data inversion. The steps for error analysis are stated and finally the main results for the
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laboratory set up and measurement uncertainties are unfolded. Later on, the flight simulation
test stand is described in detail and the characterisation of a water-based condensation particle
counter.

CAPS CO2 Calibration

4 CAPS 630nm
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Figure 22. Calibration of the CAPS instruments with a high span gas.

The first check-up for the CAPS instruments was a calibration with CO,. It is known that CO has
a scattering coefficient of 71.83 Mm™ below standard conditions and at 450nm wavelength and
“standard” air with no particles a scattering coefficient of 27.61 Mm™. This results in an
difference of 44.2 Mm™ that is to be achieved for 1013 hPa, when a baseline is done with filtrated
air ®1. The CAPS PMex equipped with a wavelength of 630 nm had high variance. This can be
explained, since the mirrors of the red CAPS were unfortunately highly polluted during these
measurements.

The second calibration can be done with polysterene latex particles and Mie calculations using
size distribution by means of an OPC which can also be called as a closure study. Those calibration
measurements were performed with a variation of different particle- sizes and particle-
concentrations. Several of those measured aerosol light extinction values are compared against
calculated values, with the particle number concentration measured by an optical particle
counter (SKY-OPC; Grimm). Those measurements were performed for both CAPS PMex
wavelengths and compared with a second set up of instruments in the optical aerosol line. As
can be seen in Figure 23, the CAPS PMex agree with the Mie calculated aerosol light extinction
coefficients with a slope of 1.01 £0.03.
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Figure 23. Intercomparison of aerosol light extinction coefficient measured by the CAPS PMex and
Extinction coefficients derived by Mie theory using Size distribution measurements of the OPC.
(Closure study)

The CAPS calibration should always be done with multiple approaches to approve the geometric
correction factor that has to be applied in the instrument software or as a post calibration factor.

7.1 Aerosol Optical Properties Calibration Set-up

This chapter is based on the publication by Weber, et al. published in the Atmos. Meas. Tech.
journal (2022).

The article shows the importance of multiwavelength characterisations and the robustness of
the measurement of the aerosol light extinction by the CAPS and the derived parameters such as
the extinction Angstrém exponent. In addition, even when optical closure can be obtained, the
need for a light absorption measurement is an indispensable parameter for the calculation of the
absorption Angstrém exponent. The focus was on the accuracies and uncertainties of the
individual coefficients for aerosol light extinction, scattering and absorption. Furthermore, the
single scattering albedo and the Angstrém exponents were examined. All these parameters were
obtained by a single instrument approach or by a set of instruments. Later, it became clear, that
the Angstrom exponent for aerosol light absorption has the largest uncertainties and should only
be obtained by a single instrument approach to reduce errors.

7.1.1  Background and used techniques

The precise determination of aerosol optical properties is crucial for the provision of reliable
input data for chemistry transport models, climate models, and radiative forcing calculations 7°.
This applies, in particular, to light-absorbing particles like black carbon 1, which are produced by
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incomplete combustion processes and absorb visible light very efficiently. Aerosol light absorbing
properties are also relevant for source appointment studies and the determination of
anthropogenic influences on atmospheric aerosols 77. There are two common methods to
generate aerosol light absorption values for long-term and short-term monitoring, each with its
own disadvantages. One method is a filter-based technique, which operates by deriving light
absorbing values from the attenuation of light through particle-loaded filters 73. A disadvantage
of all filter-based methods is linked to artifacts like multiple scattering inside the filter matrix,
shadowing of light-absorbing particles in highly loaded filters, and humidity effects on the filter
substrate 7°. Widely deployed filter-based light absorption instruments include the Particle Soot
Absorption Photometer (PSAP ©2), the Tri-color Absorption Photometer (TAP), the Continuous
Light Absorption Photometer (CLAP 29, the Aethalometer 8%, and the Multi-Angle Absorption
Photometer (MAAP) 8. The PSAP, TAP, CLAP, and Aethalometer share their measurement
principle, utilize a reference spot technique, and require complex correction algorithms 83-8>, The
MAAP utilizes a different approach, a two-stream radiative transport model, made possible by
its measurement of both direct transmission and back scatter from the particle loaded filter
substrate. Another method for deriving aerosol light absorption is the differential method, based
on the subtraction of light scattering from extinction. This method is commonly conducted by
comparing measurements from two separate instruments which results in large precision errors
particularly for low light absorption and/or high single scattering albedo (SSA) values. In
laboratory studies, however, the differential method is widely used as a reference technique
because the applied light scattering and extinction instruments make measurements on freely
floating particles (i.e., no filter-based artifacts) and are well characterised 5% 63 86 A significant
improvement of aerosol measurement capacities is achieved by the recently developed Cavity
Attenuated Phase Shift particle monitor for single scattering albedo (CAPS PMssa) °, which is able
to measure light extinction and scattering simultaneously and is the focus of recent studies 87 °,

Our study contributes to this topic with a detailed optical closure study, in which we deploy
standard and advanced instrumentation for measuring aerosol optical properties and sample
mixtures of light absorbing and scattering aerosol to assess method uncertainties and precision
errors.

7.1.2 Experimental Approach on Aerosol Optical Properties

A schematic of the experimental setup is shown in Figure 24. Briefly, aerosol flows, generated
using two nebulizers or an inverted flame generator, are dehumidified (generally to below 7%)
using diffusion driers filled with silica gel and sent to a mixing chamber to ensure homogeneous
mixing, prior to being sampled using a suite of optical instruments. In order to avoid particle
losses caused by electrostatic forces, all tubing and chambers are constructed of either stainless
steel or conductive silicone tubing. The individual optical instruments are connected using an iso-
axial orientated and isokinetic operated nozzle located in the centreline of the supply line. As
shown in Figure 24, aerosol production was controlled by multiple Mass Flow Controllers (MFC,
Bronkhorst High-Tech B.V., Ruurlo, Netherlands). A Labview based program controlled the
complete measurement system and centrally recorded all data from the individual instruments.
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Pressures in the aerosol delivery lines were always maintained at that of the ambient
atmosphere. Aerosol flow rates to the individual instruments were provided at their specified
levels (0.6 - 3.0 lpm) except for that of the TSI nephelometer. Given the limitations of the aerosol
supply system, the flow to the nephelometer was reduced from 20 Ipm to 2.2 Ipm, causing the
physical response time of that instrument to be increased to ten minutes. Complete details of
the generation of aerosols are provided in the following section.
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Figure 24. Experimental setup for the measurements. Flame soot measurements were done with
a combustion flame source replacing #2 Nebuliser.

The generated aerosol size distributions were characterized and monitored with either a
Scanning Mobility Particle Sizer (SMPS) composed of the combination of a Differential Mobility
Analyzer (DMA 5.400, Grimm Aerosol Technik GmbH Co & KG Germany) and a Condensation
Particle Counter (CPC 5.411, Grimm Aerosol Technik) system in a sequential mode of operation
or a Grimm optical particle size spectrometer (SKY-OPC, model 1.129, Grimm Aerosol GmbH &

Co. KG, Ainring, Germany).

7.1.3 Optical Instruments and Uncertainties

The suite of optical instruments used in this study included the following instruments. The
particle scattering coefficient, os,, was measured with an integrating multi wavelength
nephelometer (NEPH, Model 3563, TSI Inc., Shoreview, MN, USA; 8 and with the scattering
channel of the CAPS PMssa monitor & (CAPS PMssa, Aerodyne Research Inc., Billerica, MA, USA)
which is derived from a measurement of the total extinction and single scattering albedo. For the
particle light absorption coefficient, 0ap, we used the Tricolor Absorption Photometer (TAP
(Brechtel Inc., Hayward, CA, USA), which is based on the well-known Particle Soot Absorption
Photometer (PSAP, ARM Research) and the Continuous Light Absorption Photometer (CLAP)
developed by NOAA 0, The particle light extinction coefficient, oep, was directly measured with
the phase shift channel of the CAPS PMssa monitor.
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The light extinction channel of the CAPS instrument has an uncertainty of 5% and a precision of
2% and a scattering uncertainty of 8% and 2% precision, respectively 8. The TAP has an
uncertainty of around 8%, with a precision of 4% (°*°?, while the NEPH has an uncertainty of less
than 10% and a precision of about 3% °2 3. These literature-derived uncertainty estimates for
measurement accuracy will be used in this study for instrument closure, either directly or via
error propagation. Individual point averages will be shown with corresponding precision
variances.

7.1.4 Aerosol Generation for Aerosol Optical Property Measurements

Table 2 provides a complete list of all aerosol types used in the study. Solutions of known
concentrations of Aquadag (AQ, Aqueous Deflocculated Acheson Graphite; Acheson Industries,
Inc., Port Huron, M, USA), Cabot Black (BC) and Magic Black (MB), an acrylic based paint, were
prepared on a daily basis by ultra-sonication before nebulization in a Constant Output Atomizer
(Model 3076, TSI Inc.). The count median diameter (CMD) and geometric standard deviation
(GSD) of the ammonium sulphate nebulized by the constant output atomizer depends on the
concentration of the salt solution and the flow through the atomizer. Use of constant flow rates
and particle concentrations produced constant size distributions ®*. The inverted flame soot
generator (Argonaut Scientific Corporation, Edmonton, AB, Canada) was operated with a pre-
determined propane to oxidation air ratio of 7.5 litre per minute air to 0.0625 litre per minute
propane so that the flame produced a stable and low organic carbon soot. It has previously been
shown that at least 30 min were necessary for the Argonaut flame to reach stable aerosol
concentrations % %,

Initially, pure aerosol types were generated independently and measured to quantify their size
distributions and optical properties. The main part of the study was focused on making external
mixtures of ammonium sulphate and each of the absorbing particle types, separately. These
mixtures were controlled to provide a stable aerosol with varying intensive optical properties.

Table 2. Overview of aerosol types used

Substance Aerosol type Acronym Shape

Ammonium Sulphate salt AS spheroidal

Aguadag colloidal graphite AQ compact aggregates

Cabot Black (Regal 400R) powder BC compact
agglomerates

Flame Soot combustion aerosol Soot fractal agglomerates

Magic Black (Acrylic paint) organic pigments MB unknown
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7.1.5 Data Treatment, Instrument Corrections and Calibrations

The CAPS PMssa instrument extinction channel was calibrated using polystyrene latex beads (PSL)
particles as a reference standard and Mie theory using a BHMIE Python code derived from
Bohren & Hoffman (1983) ?7. Additionally, the 450 nm wavelength CAPS PMssa calibration was
validated using measurements of CO; Rayleigh scattering. The scattering channel of the CAPS
PMssa was internally adjusted to the extinction channel using ammonium sulphate as a light-
scattering aerosol, assuming a single scattering albedo of 1.0. A truncation error correction was
not necessary regarding the size of the aerosols used ?’, since all the aerosols used had median
diameter smaller than 200 nm. The CAPS PMssa monitor, which is subject to baseline drift as the
system heats up, stabilized after 30 min of operation %,

The integrating Nephelometer (NEPH) was calibrated using CO, %2, Truncation corrections were
made using the approaches developed by Anderson and Ogren °2 for purely scattering aerosols
and by Massoli ®3 for aerosol mixtures containing light absorbing particles. The truncation
corrections applied were always equal to or less than 5%. Because of the reduced air flow, the
NEPH needed at least 15 minutes to reach a stable plateau after changing aerosol generation
settings.

A new filter spot for the TAP was selected for each measurement in order to minimize
measurement uncertainties due to particle loaded filters. The first correction regarding
truncation is done by the included software. The software has the capability to choose the
Ogren 22 correction scheme based on the filter type used (Quartz Fibre, BT-TAP-FIL100,
ENVILYSE). Further corrections were made according to Virkkula 8% %°.

Table 3. List of instruments and used properties.

Instrument Manufacturer Properties A (nm)

CAPS PMssa Aerodyne Oep; Osp 450; 630
Research Inc.

NEPH TSI Inc. Osp 450; 550;700

TAP Brechtel Inc. Oap 467; 530; 660

Aerosol Optical Properties derived from primary measurements

The extensive parameters for aerosol light interactions are extinction, scattering and absorption.

When two of them are known, the missing one can be calculated with the help of this equation:
Oep = Osp + gy EQ 30

where Oep is the extinction coefficient, osp the light scattering coefficient and oap the coefficient
for light absorption by particles. The unit of all these parameters is Mm (“inverse Mega meters”;
1 Mm™ =10® m?). When solving EQ 30 for gy, it is possible to derive the absorption coefficient
by combining CAPS PMssa extinction measurements with either CAPS PMssa or NEPH scattering
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measurements [0ap(CAPS, CAPS) or gap(CAPS, NEPH)] for comparison. In the following, this will
be called the Differential Method (DM).
To calculate the Single Scattering Albedo (SSA), the particle light scattering must be divided by

the particle light extinction:

oy
SSAQL) = —;p EQ 31
ep

The Angstrém exponents (AE) are calculated from:

o (axp(/m) EQ 32

Oxp(A2)

xAE=— log (11/ A2)

By solving EQ 32 for g, (A1) and assuming a valid Angstrom exponent the resulting equation EQ

33 is used for wavelength adjustments

i EQ33
0y (A1) =axp(,12)-(ﬁ) AE

For the particle coefficient o, the corresponding osp, Oep, OF 0ap Can be put into calculations EQ
32 to obtain the absorption Angstrom exponent (AAE), extinction Angstrém exponent (EAE) and
scattering Angstrom exponent (SAE), accordingly.

The error propagation is determined by Gaussian error propagation:
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where oy, = {0¢, 05p 0ap}

Those equations can be expanded, if the instruments are not calibrated properly, as Sherman 10
proposed, but the equations are in accordance with the BIPM (Bureau International des Poids et
Mesures)

Data Averaging

For each experiment run, a different aerosol mixture was generated with different optical
properties and allowed to reach steady state, including a waiting period of approximately
15 minutes due to the slow time response of the low flow NEPH. At steady state conditions, we
measured that the size and optical properties fluctuating less than 2% over time with the OPC,
CAPS PMssa, and NEPH. All instruments recorded data at a 1 second rate. Reported data points
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are given as averages of 100 seconds of stable aerosol production. This value was chosen to
obtain a minimum in data precision and detection limits as determined from Allan Standard
Deviation plots by Massoli >’ for the CAPS extinction measurements and Ogren *° for filter-based
absorption measurements. Averaging for longer periods would only increase variances due to
transmission (TAP) and baseline drift (CAPS).

7.1.6 Aerosol Optical Property Measurements

Pure aerosol types

The measured size parameters and calculated intensive parameters of the pure aerosol types are
summarized in Table 4. The errors reported in Table 4 are calculated from error propagation. The
size distributions of the different aerosol types were measured with a Grimm SMPS and are
shown in Figure 25 are set to 1000 particles per cubic centimetre. The Angstrém exponents for
the pure substances fall within typical ranges for these types of aerosols and size distributions
reported in literature. For example, the SAE decreases from a value of 3.22 for 40 nm AS particles
which is close to the SAE value of 4.0 for air molecules with increasing particle diameter. Thus,
the SAE drops to 0.76 for 130 nm compact AQ particles but increases to 0.99 for 140 nm fractal
agglomerate soot. The shape of AQ is assumed to be more compact than the soot agglomerates,
such that their scattering and electrical mobility behaviours are dependent mainly upon their
physical diameters. In contrast, the scattering behaviour of the fractal soot agglomerates is due
mainly to the distribution of primary particles, whereas their electrical mobility diameter is more
dependent upon the major axis of the agglomerate. As expected by EQ 33, the SSA increases with
decreasing wavelength ?7. The AAE for fractal combustion soot is close to 1.0 as reported for the
mini-CAST soot generator 101,

2000

1000 ~
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T
10 100 1000
Mobility Diameter [nm]

Figure 25. Measured size distributions by SMPS for the pure aerosol types used, set to an assumed
total concentration.
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Table 4. Overview of the measured intensive optical properties of the pure aerosol types.

AS MB BC AQ Soot
Count Median 40 nm 85 nm 105 nm 130 nm 140 nm
Diam. 1.60 1.50 1.55 1.65 1.65
Geometric
Standard
Deviation
SSA 630 1.0 0.85+0.02 0.26+0.03 0.37+0.03 0.20 £0.02
(NEPH, CAPS)
SSA 450 1.0 0.92+0.07 0.32+0.04 0.44%0.02 0.26 £0.08
(NEPH, CAPS)
SAE (630/450) 3.22 + 2.16+0.37 1.71+0.13 0.76+0.06 0.99 +0.08
(NEPH) 0.09
AAE (630/450) - 1.34+0.12 1.16+0.03 0.44+0.02 1.08 £0.02
(TAP)
EAE (630/450) 3.21+ 2.03+0.38 1.43+0.65 0.52+0.10 1.10+£0.10
(CAPS) 0.08

Extensive Parameters of Aerosol Mixtures

First, the extensive parameters must be validated for all instrument combinations to ensure the
reliability of the intensive parameters derived from them. We have chosen to use external
mixtures of AS and AQ particles for these studies as they are both readily atomized, generating
highly stable aerosols for the necessary time periods for averaging. We note that AQ absorbing
aerosols are commonly used as a reference material for instrument comparisons . The results
for mixtures of AS with the other absorbing aerosol types are included in Table 6 -Table 9.

The two CAPS PMssa monitors (450 nm and 630 nm wavelengths) measured the extinction
coefficient of particles directly with a small precision error of around 2% . In Figure 26, we show
scatter plots of these direct extinction coefficient measurements (X-axis) in comparison to the
absorption coefficient measured using TAP and the scattering coefficient measured using NEPH
combined using Equation EQ 30 in the form: g, (NEPH,TAP) = 04,(TAP) + 05,(NEPH) (y-
axis) for wavelengths of 450 nm (right panel) and 630 nm (left panel).
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Figure 26. Scatter plots of the extinction coefficients for different AQ-AS external mixtures at 630
nm (left) and 450 nm wavelengths (right). The y-axes show the extinction coefficients derived by
combining TAP absorption and NEPH scattering coefficients versus the CAPS PMssa monitor direct
extinction coefficient measurements. The colour code represents the SSA of the analysed mixed
aerosol measured at 630 nm wavelength. In addition, an error band of +10% was added to the
1:1 line.

Here, the measured 630 nm SSA colour code serves as a proxy for the mixing ratio of the external
mixtures of nebulized AQ and AS particles. The measured 630 nm and 450 nm extinction
coefficients align with the 1:1 line within 10% across a broad range of extinction values as well as
SSA values, ranging from 0.3 to close to 1. The 10% was chosen to show the fulfilment of the
requirements for monitoring systems 192 for aerosol properties. This shows that the instruments
are not sensitive to the SSA of the particle type used at either wavelength of interest.

The measured scattering coefficients at 450 and 630 nm wavelengths are compared using
scatterplots for the different techniques in Figure 27. Here, we use the NEPH and the integrating
sphere channel of the CAPS PMssa instrument capable of measuring the scattering coefficient
directly. In addition, we calculated the scattering coefficients using a Differential Method (DM),
solving EQ 30 for the scattering coefficient by subtracting the absorption coefficient measured
by the TAP from the extinction coefficient measured by CAPS PMssa. The NEPH is used as
reference because it has well proven correction functions for light absorption particles, as
described in Section 2.4.1.
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Figure 27. Comparisons of measured light scattering coefficients at 450 nm and 630 nm
wavelengths for mixtures of AQ and AS aerosols. The y-axes show the CAPS PMssa (integrating
sphere) or the Differential Method (CAPS extinction minus TAP absorption) scattering versus
NEPH scattering measurements at 450 nm and 630 nm wavelengths. The colour code represents
the SSA value of the measured aerosol mixture. An error band of #10% was applied to the 1:1 line.
Error bars shown represent instrument precisions (1 o).

The measured scattering coefficients at both 450 nm and 630 nm wavelengths agree within 10%
for the majority of measurements. There is no apparent dependence of measured scattering
coefficients with scattering coefficient magnitude (over the range measured) nor with aerosol
SSA, an indicator of the external mixing ratio. Several outliers are visible, particularly for points
with SSA values around 0.35, indicating nearly pure AQ aerosols. For the scattering coefficients
derived using the Differential Method (CAPS extinction minus TAP absorption), some of the
scatter may be due to the larger uncertainties associated with the filter-based absorption
measurements, as discussed in the Reno Study . The outliers in the CAPS vs NEPH plots,
especially at 450 nm wavelength, are currently unexplained and are likely due to apparent
stability issues for these points.

Particle light absorption coefficient measurements are the most complicated, as none of our
optical instrument techniques directly measure absorption. We have two methods for measuring
absorption coefficients: (1) Differential Method following EQ 30, using either oap(CAPS,NEPH) =
Oep(CAPS) — 0sp(NEPH) or 0ap(CAPS,CAPS) = 0ep(CAPS) — 0sp(CAPS); and (2) filter-based TAP
measurements. As the filter-based method requires the application of multiple, empirical
correction schemes, we have chosen oap(CAPS,NEPH) as the reference for the comparison of the
0ap(TAP) and oap(CAPS,CAPS) values.
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Figure 28. Scatter plots of measured 450 nm and 630 nm wavelength absorption coefficients of

external mixtures of AQ and AS for different instrument combinations. The colour code represents

the SSA value of the respective data point. An error band of £20% was applied to the 1:1 line,

which is required for monitoring systems 1 for light absorption measurements. Error bars shown

represent propagated instrument precisions (1 o).

In Figure 28, the light absorption measurements at wavelengths of 450 nm and 630 nm are

compared. We chose to include 20% error bands for these comparisons, though the overall

uncertainty for filter-based absorption measurements is often estimated to be 30% 2. Most of

the data points shown fall within the 20% error band, with some exceptions for aerosols with low

absorption and high SSA values.

Table 5. Linear regression results of scattering, osp , extinction, gep, and absorption, oap, for

external mixtures of AQ and AS particles, given as slopes (m), Pearson R, and y-axis intercepts

(b).

Osp (CAPS) Osp(CAPS,TAP) Oep(NEPH,TAP) Oap(TAP)

Vs. VS. Vs. Vs.

Osp (NEPH) Osp(NEPH)) Oep(CAPS) Oap(CAPS,NEPH)
630 nm
m 1.07 £0.03 1.08 £0.05 0.99 £0.03 0.92 +0.07
R 0.99 0.97 0.99 0.95
b [Mm™] -1.84 £0.57 -2.15+1.12 0.91+0.93 0.78 +0.68
450 nm
m 0.99 +0.05 1.06 £0.03 0.98 £0.03 1.04 £0.08
R 0.97 0.99 0.99 0.96
b [Mm™] 1.14+£2.27 -4.60£1.51 337171 2.13+0.64
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The high Pearson correlation (R > 0.95) coefficients in Table 5 indicate that the correlations are
highly linear. The primary focus for this study was to have most of the experimental runs exhibit
light extinctions between 5 Mm™ and 150 Mm™, representative of atmospheric conditions. The
slopes are all close to unity within the expected errors ranges, or at least single instrument
uncertainty, indicating closure has been achieved for these optical measurements. Thus, the
extensive parameters can be trusted for instrument comparison, especially for the light
scattering and light extinction information. We provide regression analyses for all other
absorbing aerosol types externally mixed with AS in Table 8 and Table 10.

Excellent agreement (R>0.97) is shown for o, measurements of the NEPH and the CAPS PMssa
scattering channel, indicating that the CAPS PMssa scattering channel can be considered as a
substitute for the nephelometer scattering measurement. Trade-offs in the CAPS PMssa versus
NEPH comparison include the three wavelengths and backscatter measurements of the NEPH
versus the single wavelength of the CAPS PMssa, countered by the additional extinction
measurement of the CAPS PMssa allowing for absorption and SSA values to be simultaneously
measured.

In addition to regression analyses, where outliers and/or high values can dominate the fitted
slope of the regression, another statistical approach is to investigate the ensemble averaged
instrumental ratios (0ap (instrument #1) / 0ap (instrument #2)), which is more sensitive to errors
at low values. Resulting 630 nm and 450 nm wavelength absorption coefficient ratios are
tabulated in Table 6 and Table 7, respectively. The average ratios are calculated from the points
shown in Figure 28 for AQ and AS mixtures and from results obtained for the other absorbing
particle types externally mixed with AS particles.

Table 6. Ensemble average ratios of oap (TAP) / 0ap (CAPS, NEPH) at 630 nm wavelength. N
denotes the number of experiments used for the average.

630 nm BC AQ SOOT MB
wavelength

Oap (TAP) / 0ap 1.2242.57 0.97 +0.22 1.10+1.22 0.88+0.17
(CAPS,NEPH) (N=36) (N=28) (N=25) (N=8)

Oap (TAP) / 0ap 1.08+0.19 0.94 +0.10 0.86+0.13 -
(CAPS,NEPH) for (N=24) (N=11) (N=6)

samples with oap

>10 Mm™

Table 6 demonstrates that the light absorption values agree for the different methods in general.
With an ensemble average for the ratio oap (TAP) / 0ap (CAPS,NEPH) of 0.97 + 0.22, good
agreement is confirmed with over 60% of all datapoints for external mixtures of AQ and AS falling
within a range of oap (TAP) / 0ap (CAPS,NEPH) = (0.8 — 1.2). These results support the linear
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regression results in Table 7, though exhibit larger scatter due to the greater sensitivity to small
errors at low values.

The average ratios for other externally mixed absorbing aerosol types deviate more from unity
than AQ mixtures. Most of this scatter can be ascribed to the greater sensitivity of the ratio to
small errors at low values. By filtering these ratios for points with o2 > 10 Mm?, approximately
80% of the data are within the range of 0.8-1.2, The ratios for oap < 10 Mm™ exhibited almost no
modal value in the relative frequency distributions, confirming that scatter in low values
significantly affects the average ratios.

Table 7. Ensemble average ratios of cap (TAP) / 0ap (CAPS, NEPH) at 450 nm wavelength. N
denotes the number of experiments used for the average.

450 nm BC AQ SOOT MB
wavelength

Oap (TAP) / 0ap 1.0311.72 1.06 £0.38 0.89+1.05 1.28+2.91
(CAPS,NEPH) (N=36) (N=28) (N=25) (N=8)

oap (TAP) / 0ap 1.08%0.33 101 £0.13  0.84+0.27 -
(CAPS,NEPH) for (N=24) (N=11) (N=6)

samples with oap

>10 Mm?

Repeating this analysis for 450 nm wavelength, the light extinction and scattering of smaller
particles increases compared to the values at 630 nm wavelength. As a result, the errors in
calculating the 450 nm wavelength absorption coefficients from the Differential Method also
increase. As demonstrated in Table 7, only the variance for the ratio Gap (TAP) / 62 (CAPS, NEPH)
for compact AQ particles was less than 1 (i.e., <100%), with over 50% of the data being within
the range of 0.8-1.2. All ensemble average ratios were close to 1; however, with an associated
error of up to £1.7 (i.e., £170%), these values are not significant, which means that the ratios
scatter widely with no clear modal value. Again, filtering the 450 nm data for oap >10 Mm greatly
improves the results, with ratios oap (TAP) / 0ap (CAPS, NEPH) =1.08 % 0.33 for BC. The best
instrumental ratio of 1.01 £ 0.13 is shown for AQ mixtures in Table 6 at 450 nm wavelength.
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Figure 29. Variance of the measured absorption coefficients [aap (CAPS, CAPS) ) / 0ap (TAP)] for
Differential Method calculations relative to TAP measurements for AQ and AS external mixtures.
The ratios are plotted against the aerosol measured SSA values [SSA(CAPS, CAPS)]. The red line
represents the calculated relative errors using Gaussian error propagation of the uncertainties of
the DM Method with 1 as 100%..

In order to demonstrate the dependency of the uncertainties associated with the Differential
Methods for deriving o, values on the SSA, the ensemble variance ratios of s, (CAPS, CAPS) /
Oap (TAP) are shown as functions of SSA in Figure 29. For SSA values greater than 0.9, light
absorption coefficients derived for the DM methods have propagated uncertainties over 100%

independently of their load. The experimental data align within these calculated relative

uncertainties.
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Table 8. Linear regression results of scattering, osp, extinction, oep, and absorption, oap,

coefficients for external mixtures of BC and AS particles, given as slopes (m), Pearson R, and y-

axis intercepts (b).

BC Osp(CAPS) Osp(CAPS,TAP) Oep(TAP,NEPH) Oap(TAP)
Osp(NEPH) Osp(NEPH) Oep(CAPS) Oap(CAPS,NEPH)

630 nm

m 1.02£0.03 0.99 £ 0.05 0.94 £0.02 0.90 £ 0.02

R 0.98 0.96 0.99 0.99

b [Mm1] -0.69+0.7 -2.13+1.01 3.59+0.60 2.57+0.11

450 nm

m 0.99 £ 0.02 1.06 £ 0.06 0.94 £0.03 0.86 £ 0.05

R 0.99 0.95 0.98 0.97

b[Mm?] 5.36+1.45 -0.59 £ 3.86 0.97 £3.17 2.98 +0.48

Table 9. Linear regression results of scattering, osp, extinction, oep, and absorption, oap,
coefficients for external mixtures of SOOT and AS particles, given as slopes (m), Pearson R, and
y-axis intercepts (b).

SOOT Osp(CAPS) Osp(CAPS,TAP) Oep(TAP,NEPH) Oap(TAP)
Osp(NEPH) Osp(NEPH) Oep(CAPS) Gap(CAPS,NEPH)

630 nm

m 1.06 £ 0.04 0.9+0.20 0.99 +0.08 0.76 +0.11

R 0.99 0.74 0.97 0.92

b [Mm] 0.05+0.56 1.57+3.21 1.80+1.72 3.93+1.68

450 nm

m 0.81+0.03 0.77 £0.07 0.92 +0.04 0.70+0.10

R 0.99 0.97 0.98 0.91

b [Mm™] 1.73+0.45 2.64+£0.91 3.26+2.24 1.75+0.82
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Table 10. Linear regression results of scattering, osp, extinction, oep, and absorption, oap,
coefficients for external mixtures of MB and AS particles, given as slopes (m), Pearson R, and y-
axis intercepts (b).

MB Osp(CAPS) Osp(CAPS,TAP) Oep(TAP,NEPH) Oap(TAP)
Osp(NEPH) Osp(NEPH) Oep(CAPS) Oap(CAPS,NEPH)

630 nm

m 0.96 £ 0.03 1.05 +£0.03 0.96 £ 0.03 0.57+0.10

R 0.99 0.99 0.99 0.94

b [Mm?] 0.42+0.79 -0.95+0.53 0.99+0.51 1.06 +£0.38

450 nm

m 1.02 £0.02 1.00+0.16 0.89+0.11 0.21+0.14

R 0.99 0.95 0.97 0.58

b[Mm?] -1.85+0.78 -0.82 £6.04 4.58 +4.88 3.43+0.91

For 630 nm wavelength results, high Pearson coefficients (R>0.96) with negligible offsets (b<1
Mm™) and slopes ranging from 0.90 to 1.05 demonstrate good agreement (i.e., closure) for
scattering and extinction coefficient measurements. Especially for MB and SOOT, the TAP
measurements tend to overshoot the Differential method value by 20-40 %, whereas for BC the
difference is only 10%. The reason could be that soot is a fractal agglomerate and in-situ methods
as well as filter-based methods give different results as a function of the primary particle size
(Sorensen et al., 2010) as well as of the previous mentioned filter-based artifacts, including
changes of the slope at higher o.p (TAP) values. We measured values for BC ranging from 14 to
400 Mm™for Gep,630nm, 1 t0 322 Mm for oap,630nm, and 12 to 174 Mm™ for Gsp,630nm. For SOOT, we
measured values ranging from 12 to 158 Mm™ for Gep 630nm, 1 to 322 Mm for Oap,630nm, and 5 to
80 Mm-! for 0sp,630nm.

For 450 nm wavelength results, similar slopes, Pearson R, and y-offset values are reported. Linear
regression slopes for SOOT decrease at the lower wavelength to a value of 0.77 for light
scattering and 0.7 for light absorption. This decrease may well be an effect of the primary
particles size of agglomeration, since those relationships change with the wavelength. For MB,
the light absorption measurements using the DM method shows the highest difference
compared to the TAP measurement with a regression slope of 0.21 £ 0.14. The reasons could
include different absorption behaviour (i.e., filter-based artifacts) for filter-based method
relative to in-situ measurements 19, Unfortunately, no clear understanding of the MB particle
shape, phase, or uniformity could be made during this study.
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Intensive Parameters of Aerosol Mixtures
Single scattering Albedo (SSA)

The Single Scattering Albedo (SSA), an important climate parameter, is investigated here as a
relative measurement using a number of different methods of derivation to determine if closure
between the different methods can be achieved.

The SSA for different combinations of instruments are derived using EQ 31 with the instruments
used denoted in parentheses in Equations EQ 37 - EQ 40.

0sp(NEPH) EQ37

A(NEPH,TAP) =
SSA( TAP) 0ap (TAP) + o, (NEPH)

0,,(CAPS) — o,.,,(TAP EQ 38
SSA(CAPS,TAP) = en( - )(CAP‘;;( ) Q
ep
_Osp (CAPS) EQ39
SSA(CAPS, CAPS) = o (CAPS)
_ 0sp(NEPH) EQ 40
SSA(NEPH, CAPS) = o (PS5

We have chosen to use the SSA(NEPH, CAPS) derived SSA values as a reference for these studies,
as this method allows us to test the CAPS measured SSA with an independent, established
method 3. However, a strong argument could be made that the CAPS PMssa Monitor derived SSA
values should be the true reference here, as the CAPS-derived SSA values were obtained by
simultaneously measuring the scattering and extinction of same aerosol sample within a single
instrument.

. AQ
1:1 Line
10% emor

L& 4‘

.

SSA (CAPS, CAPS)

00 02 04 08 08 10 0o 02 04 06 08 10
10 SSA NEPH, CAPS) E SSA NEPH,CAPS)

630 nm wavelength

SSA (CAPS TAP)
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Figure 30. Scatter plots of derived SSA values from various combinations of measurements at 630
nm wavelength obtained for AQ/AS mixtures (y-axis) versus SSA(NEPH, CAPS) as the reference on
the x-axis. The colour code indicates oap(TAP) values shown in Mm™.
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Figure 30 shows the SSA values obtained by the three combinations of measurements at 630 nm
wavelength. The correlations show reasonable results relative to a £10% error band, with the
best correlation obtained for the SSA(CAPS, CAPS) versus SSA(NEPH, CAPS) measurements. In
general, the higher the SSA values, the lower the measured absorption coefficients, oap, reflecting
that there are just fewer particles of Aquadag in the external aerosol mixture. The exception to
this trend and the points exhibiting the greatest number of outliers (>10% from 1:1 line) are the
points with high absorption coefficients (>50 Mm™). The largest outliers are observed in the
instrument combinations that include the TAP and may be due to a nonlinear response in the
TAP under high aerosol loadings.

Similar to the previous section, we calculated the ensemble instrument-to-instrument
measurement ratio averages, using the SSA(NEPH, CAPS) values for reference, as another way of
examining the correlations. The SSA values for all absorbing aerosol types (externally mixed with
AS) are summarized in Table 11. The largest variance deviation is visible with combustion soot
for TAP related data. The deviations of the reported mean from 1 are less than the relative
uncertainties which range around 0.09.

Table 11. Ensemble instrument-to-instrument measurement ratio averages and standard
deviations for different instrument combinations used to derive SSA values at 630 nm
wavelength using SSA(NEPH, CAPS) as reference.

Instrument combinations used BC AQ SOOT MB
for SSA calculations

SSA (CAPS, CAPS) 1.00 + 101+ 1.07 + 1.00 +
/SSA(NEPH, CAPS) 0.08 0.07 0.07 0.04

SSA(NEPH,TAP) 0.96 = 1.02+ 1.04 + 1.00 +
/ SSA(NEPH, CAPS) 0.08 0.08 0.29 0.03

SSA(CAPS,TAP) 0.98 + 105+ 1.07 1.00 +
/SSA(NEPH,CAPS) 0.16 0.16 0.51 0.03
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Figure 31. Scatter plots of Differential Method derived SSA values for different instrument
combinations at 450 nm wavelength using AQ/AS mixtures versus SSA(NEPH, CAPS). The colour

code indicates oq.p(TAP) values shown in Mm™.

Figure 30 shows the SSA values obtained by the three combinations of measurements at 450 nm
wavelength for all AQ/AS external mixtures. Observed patterns are comparable to the 630 nm
wavelength results in Figure 30. For absorption coefficients up to 50 Mm?, all methods agree
within 10%. Above 50 Mm™, the largest outliers are again observed in the instrument

combinations that include the TAP instrument.

Table 12. Ensemble instrument-to-instrument measurement ratio averages and standard
deviations for different instrument combinations used to derive SSA values at 450 nm

wavelength using SSA(NEPH, CAPS) as reference.

Instrument BC AQ SOOT MB

combination used for

SSA calculation

SSA (CAPS, CAPS) 1.17+0.21 1.04 £0.13 1.11+0.13 0.98 +0.02
/ SSA(NEPH,CAPS)

SSA (NEPH, TAP) 1.07 £ 0.08 1.02 £0.08 0.96 £0.19 1.04 £0.13
/ SSA(NEPH, CAPS)

SSA (CAPS, TAP) 1.11£0.13 1.03+0.14 0.64 +0.38 1.05+0.14

/ SSA(NEPH, CAPS)
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Table 12 summarizes the 450 nm wavelength ensemble instrument-to-instrument measurement
ratio averages, using the SSA(NEPH, CAPS) values for reference. The pattern that fractal aerosol
optical properties appear to differ most from the reference values as the wavelength decreases
is visible here, too. The fresh combustion soot aerosol shows the largest deviation from 1 (0.64
+ 0.38) for SSA (CAPS, TAP) measurements. But, overall, all the instrument-to-instrument ratios
are unity within the observed variances.

Angstrém Exponents

Angstrom exponents are calculated from extensive parameters measured at different
wavelengths. Even a small error in the extensive parameter measurements can result in a
significant uncertainty in the derived Angstrom exponents, considering error propagation. Some
of the optical instruments used in the current study are operated at slightly different
wavelengths, such that the derived Angstrom exponents exhibit slight biases due to these
wavelength difference; these biases are small relative to the observed variances and are thus
assumed negligible.

The following equations, based on EQ 32, are used to derive the Angstrém exponents for
extinction, scattering, and absorption using different instrument combinations with their specific
wavelengths indicated:

lo pral(lnstrumentl,Instrument 2) EQ a1
axplz(Instrumentl,Instrument 2)

xAE(Instrument1, Instrument 2) = — Tog L/ 1)

Tepa1(CAPS)
Tepiz (CAPS)

EAE(CAPS) = — log (450/ 630)

EQ 42a

0epa1(0ap(TAP)+asp (NEPH))
Gepaz(0ap(TAP)+osp(NEPH))
log (450/ 630)

log(
EAE(NEPH, TAP) = — EQ 43b

1 (M)
SAE(NEPH) = — —\spr2 PP/

log (450/ 700) EQ44c

05p21(0ep(CAPS)—0qp(TAP))
Tspaz (cep(CAPS)—0qp (TAP))

log (450/ 630) EQ 45d

SAE(CAPS, TAP) = —

%ap ;Ll(TAP))

1
AAE(TAP) = — 8 ("amz(TAP)

log (467/ 652) EQ 46e

aap,h(cep(CAPs)—csp (NEPH))
aaplz(o'ep(CAPS)—Gsp (NEPH))

og
AAE(CAPS,NEPH) = — log (450/ 630)

EQ 47f
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Extinction Angstrém Exponents (EAE)

The derived EAE(NEPH, TAP) and EAE(CAPS) values are shown in Figure 32 as a scatter plot and
in Figure 33 as a ratio versus the 630 nm wavelength SSA(NEPH, CAPS) values. The EAE(CAPS)
values were used as the reference measurement. When directly comparing EAE(NEPH, TAP) to
EAE(CAPS), the EAE values agree within 10% variance. The highest measured EAE values for the
AQ and AS mixtures, around 3, were close to the EAE values measured for the pure AS particles
distributions with CMD of 40 nm. The measured EAE(NEPH, TAP) / EAE(CAPS) ratios exhibited no
systematic dependence on the o0ap(TAP), or SSA(NEPH, CAPS) values. Measured
EAE(NEPH, TAP) / EAE(CAPS) ratios for all absorbing aerosol types (externally mixed with AS) are

listed in Table 13.
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Figure 32. Scatter plot of EAE(NEPH, TAP) measurements compared to EAE(CAPS) measurements for
AQ/AS mixtures. An error band of 10% is shown.
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Figure 33. The extinction Angstrém exponent EAE(NEPH, TAP) / EAE(CAPS) ratios as a function
of 630nm wavelength SSA(NEPH, CAPS) values for AQ/AS mixtures. The 630 nm wavelength
light absorption coefficient, gep(CAPS), is used as the colour code.
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Scattering Angstrém exponent (SAE)

The derived SAE(CAPS, TAP) and SAE(NEPH) values are shown in Figure 34 as a scatter plot and
in Figure 35 as a ratio versus the 630 nm wavelength SSA(NEPH, CAPS) values. The SAE(NEPH)
values were used as the reference measurement. All SAE(CAPS, TAP) and SAE(NEPH) values agree
within 10% variance and the measured SAE(CAPS, TAP) / SAE(NEPH) ratios exhibited no
systematic dependence on the os,(CAPS) for 630 nm wavelength, Figure 34, or SSA(NEPH, CAPS),
Figure 35, values. The measured SAE(CAPS, TAP) / SAE(NEPH) ratios for all absorbing aerosol
types (externally mixed with AS) are listed in Table 13.
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Figure 34. Scatter plot of SAE (CAPS, TAP) measurements compared to SAE(NEPH) measurements
for AQ/AS mixtures. An error band of 10% is shown.
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Figure 35. The scattering Angstrém exponent ratio, SAE(CAPS, TAP) / SAE(NEPH), as a function of
630nm wavelength SSA(NEPH, CAPS) values for AQ/AS mixtures. The 630 nm wavelength light
absorption coefficient, o4p(TAP), is used as the colour code.
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Absorbing Angstrém exponent (AAE)

The absorption Angstrém exponent (AAE) depends entirely on the absorbing particle type and
coatings and should not differ when the light absorbing particles are externally mixed with non-
light absorbing particles. Thus, scatter plots of AAE values should exhibit a single point. Figure 36
shows the derived AAE(CAPS, NEPH) values relative to the derived AAE(TAP) values for pure AQ
and for AQ/AS external mixtures. The AAE(TAP) values were chosen as the reference
measurements here, despite the potential for known filter-based artifacts. The pure AQ
measurements in Figure 36 exhibit a compact cluster around AAE of 0.4, indicating a well-defined
(i.e., small variance) set of AAE measurements were obtained for both AAE measurements. The
measured AAE for pure AQ particles of 0.4 is consistent with the “close to zero” results reported
by Wang 104,

The externally mixed AQ/AS results show a significantly different result. For the AQ/AS mixtures,
the AAE(TAP) exhibited a similar variance as for the pure AQ aerosols, while the AAE(CAPS, NEPH)
values exhibited a much larger variance, including unphysical negative values. One reason for the
larger AAE(CAPS, NEPH) variances observed for the externally AQ/AS mixtures relative to the
pure AQ is that the mixed AQ/AQ samples were conducted at significantly lower AQ loadings (i.e.,
lower oap values). Another reason is that the pure AQ aerosols exhibited the lowest SSA values
(of 0.37 from Table 4) relative to the AQ/AS external mixtures.

Figure 36 shows the ratio AAE(CAPS, NEPH) / AAE(TAP) versus the 630 nm wavelength SSA(NEPH,
CAPS) values. As predicted in the propagated error analysis shown in Figure 29, higher SSA values
cause higher uncertainties in Differential Method calculated light absorption coefficients,
0ap(DM), and, therefore, the derived AAE(CAPS, NEPH) values. In fact, since the derived
AAE(CAPS, NEPH) values depend upon 0a5(DM) measurements at two different wavelengths, the
AAE uncertainties will be significantly higher than the corresponding oa.p(DM) uncertainties,
especially at high SSA values. Figure 37 indicates that lowering the absorption coefficients below
50 Mm™ or increasing the SSA above 0.5, the derived AAE(CAPS, NEPH) values begin to vary
strongly relative to the AAE(TAP) values. For laboratory studies, aerosols with similar low SSA
values and high absorbing particle concentrations can be readily achieved, but are rarely present
in the ambient atmosphere. Therefore, extreme caution is justified when attempting to derive
AAE(CAPS, NEPH) values for atmospheric measurements.
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Figure 36. Scatter plot of AAE(CAPS, NEPH) measurements compared to AAE(TAP) measurements
for pure AQ and AQ/AS external mixtures. Measured precision error bars are shown for individual
AQ/AS externally mixed measurements.
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Figure 37. The absorbing Angstrém exponent ratio, AAE(CAPS, NEPH) / AAE(TAP), as a function
of 630 nm wavelength SSA(NEPH, CAPS) values for AQ/AS mixtures. The 630 nm wavelength light
absorption coefficient, o4(TAP), is used as the colour code. Measured precision error bars are
shown for individual measurements.

Table 13 summarizes the averages and standard deviations of the measured Angstrém exponent
ratios, EAE(NEPH, TAP) / EAE(CAPS), SAE(CAPS, TAP) / SAE(NEPH), and AAE(CAPS, NEPH) /
AAE(TAP). The average Angstrom exponent ratios for light extinction (EAE) and scattering (SAE)
fall within 10% of unity, with SOOT exhibiting the large variances. The average Angstrom
exponent ratios for light absorption (AAE) exhibit large deviations from unity with even larger
variances. A large deviation for the AAE ratios value is associated with weak absorption
coefficients of the aerosol mixtures used. Therefore, the AAE values show the biggest differences
within the instrument-to-instrument ratio analysis.
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Table 13. Ensemble averages and standard deviations for the instrument-to-instrument ratios
of the Angstrom exponents (EAE, SAE, AAE) derived from multiple instruments relative to those
derived from single instruments as reference.

Angstrom coefficient BC AQ SooT MB

ratio

EAE(NEPH, TAP) / 0.92+0.07 1.05%0.15 0.99 +0.56 0.97 +0.15
EAE(CAPS)

SAE(CAPS, TAP) / 1.13+0.10 0.99+0.15 1.43+0.61 1.09 +0.15
SAE(NEPH)

AAE(CAPS, NEPH) / 1.72+0.85 0.39+1.70 1.1940.93 0.91+2.32
AAE(TAP)

7.1.7 Summary on uncertainty measurements for aerosol optical properties

A major goal of this study was to determine if the intensive optical aerosol parameters, single
scattering albedo and Angstrém exponents, for externally mixed absorbing and non-absorbing
aerosols could be measured within reported optical instrument extensive measurement
uncertainties (i.e., optical closure). Closure within reported instrument uncertainties was
achieved for all measured extensive optical properties (i.e., extinction, scattering, and
absorption) and most intensive optical properties (i.e., single scattering albedo, extinction
Angstrém exponent and scattering Angstrém exponent). Unsurprisingly, the measurements with
the largest variances were the absorption coefficient measurements derived from the
Differential Method (i.e., absorption = extinction minus scattering) and the related absorbing
Angstrém exponent (AAE). While the absorption coefficient measurements were within reported
uncertainties, the derived AAE values exhibited average values and standard deviations far
greater than the other Angstrém exponent but are within the expected range.

We conducted an instrument intercomparison laboratory study employing several widely used
measurement techniques suitable for long-term ambient observations. The optical instrument
suite included two CAPS PMssa monitors measuring extinction and scattering at 450 and 630nm,
a TSI integrating Nephelometer (NEPH) measuring scattering at 450, 550, and 700 nm, and a
Brechtel Tricolor Absorption Photometer (TAP) measuring absorption at 467, 528, and 652 nm.
External mixtures of absorbing (Aquadag, combustion soot from a laboratory flame generator,
Cabot carbon black, and acrylic Magic Black paint) particles and non-absorbing ammonium
sulphate particles were generated with single scattering albedo (SSA) values between 0.2 and 1.0
and extinction values between 15 — 150 Mm%, representative of atmospheric aerosols. However,
our study does not explicitly address real-world ambient aerosols that can be internally or
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externally mixed or both, contain particles with liquid, solid, and/or semi-solid phases, and may
contain multiple sources of absorbing material.

Overall, we were able to show that measured extensive optical parameters agree within the
limits of uncertainty for the individual or combined instruments. In particular, we report that the
scattering coefficient measurement by the CAPS PMssa agrees with the TSI integrating
Nephelometer within 10% relative error (i.e., optical closure). Therefore, The CAPS PMssa
monitor could be considered as a replacement for the TSI Nephelometer, as the NEPH is no longer
produced. Trade-offs in the CAPS PMssa versus NEPH comparison include the three wavelengths
and backscatter measurements of the NEPH versus the single wavelength of the CAPS PMssa,
countered by the additional extinction measurement of the CAPS PMssa allowing for absorption
and SSA values to be simultaneously measured.

Measurement differences were observed as a function of absorbing particle type. For light
absorbing compact aggregates, we achieved the highest correlations for light extinction,
scattering, and absorption coefficients. For fractal-like absorbing combustion soot particles, the
correlation for light absorption between the in-situ and filter methods weakened but stayed
within instrument uncertainty ranges. These observed differences might be due to the combined
effects of small flickers from the inverted flame generator during the experiment, the overall
filter correction schemes, and/or the physical behaviour of agglomerates. For more compact
particles, the scattering is stronger 1%. For the TAP filtered-based method, changes in the
backscattering of light is not considered in the correction schemes, which might be responsible
for the disagreement.

Uncertainties increased for intensive optical parameters, especially for the absorption Angstrom
exponent (AAE) parameter that relied on the differential method to calculate light absorption as
the difference between light extinction and light scattering. The intensive parameters for the
scattering and extinction Angstrém exponent were within 10% relative error (i.e., optical
closure), regardless of which instrument combination was used for parameter derivation. In
contrast, absorption Angstréom exponent (AAE) values required low SSA values (<0.5) and high
particulate absorption values (>50 Mm™) were necessary to reach satisfactory levels of
measurement uncertainty. Similar AAE results were recently reported for rural background

sampling?0®

Finally, a global analysis study for climate relevant aerosol properties 0% recently stated
measurement requirements for GCOS (Global Climate Observing System) applications for
attributing and detecting changes to climate feedback. The reported requirements for the
climate-critical intensive optical properties, specifically the single scattering albedo (SSA), are
measurement techniques with relative measurement uncertainties less than 20%. In our study,
SSA values were measured for all instrument combinations of CAPS, TAP, and NEPH within 10%
relative error at 630 nm wavelength and within 15% at 450 nm wavelength. Therefore, the
measured SSA averages and variances using our optical instrument suite for externally mixed
laboratory particles indicates that these instruments meet these proposed requirements.
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7.2 CAPS characteristics and LOD estimation

To estimate the lower detection limit of the CAPS-System, an Allan deviation approach was
done by using measurement data of an aerosol free air flow °7.
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Figure 38. Allan Deviation calculations for fresh cleaned mirrors (LOSS=500, green makers) and
dusted mirrors (LOSS=1600, red markers) for the CAPS instrument.

In a self-written Python code using the Jypter Notebook and several libraries like pandas,
matlabplotlib and allantools, the Allan Deviation was calculated to estimate the lower detection
limit of the instrument response. As an indicator for the “dirtiness” of the mirrors, the
instruments deliver the LOSS value. At a value of 500 or below the mirrors are clean and can
deliver a lower detection limit of down to 0.05 Mm™L. As soon as a LOSS of over 1600 is reached
for clean air, the mirrors are highly dusted, but can still deliver a lower detection limit down to
0.25 Mm™ for 100 s integration time. This is in accordance with previous values visible in Figure
39.
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Figure 39. Allan Variance for CAPS measurements obtained by Massoli *7.

As a next step, ammonium sulphate was nebulised and sorted in different electrostatic mobility
sizes. The measured number concentrations with their particle sizes were used for Mie
calculation to compare those with the light extinction coefficient of the CAPS PMssa.
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CAPS Measurements compared to calculations
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Figure 40. CAPS light extinction measurement compared with Mie Theory as a function of the
particle number concentrations separated for 50, 80, 100 nm particles selected by the DMA.

Those ammonium sulphate particles have a refractive index of 1.53 and the extinction coefficient
was calculated using Mie theory for different particle sizes, as well as for a range of particle
concentrations. The aerosol light extinction is linear towards the particle concentrations, as long
as the size distribution is fixed. To show the size dependency, the calculations were done for
450 nm wavelengths CAPS PMex and compared with the instrument response for particle
diameters smaller than 100 nm. As it is shown in Figure 40, the aerosol light extinction signal
shrinks drastically, at particle diameters lower than half of its wavelength even for large aerosol
number concentrations. Even at very polluted conditions, shown here with particle number
concentrations of over 10000 1/ml, the aerosol light extinction is close to zero for 50 nm particles.
The size dependency for aerosol extinction is strong.

Qualification of the CAPS

The CAPS-module includes one cavity for nitrogen dioxide, two aerosol light extinction tubes for
450 nm wavelength and the last for 630 nm wavelength. The most important ones will be
mentioned here, even though the entire set-up was manufactured in the in our workshop. A Light
emitting diode provides a square wave modulated radiation at a controlled frequency. The cavity
consisting of a 27cm tube and two high reflective spherical mirrors. The cavity is loaded with light
as long as the LED is switched on. The cavity is discharged as long as the LED is switched off. On
the other side a photodiode measures the amount of light that passes through the high reflective
mirrors. Between those parts are multiple apertures and an Pérot-Fabry-Interferometer (etalon).
Only radiation of a distinct frequency in resonance to the etalon is transmitted. A detailed setup
instruction guide with a stepwise approach has been written for future builds but is not discussed
here. The phototube must detect small changes in the light and is therefore provided with an
inverter operational amplifier. This device boosts the signal significantly since the negative
feedback resistor Rf is a 100 G Ohm component. For the non-inverting amplifier, the amplified

R
Voltage Vout reads: Ve = Vi, (1 + R—f>
g
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7.2.1 Intercomparison Campaign for CAPS NO2

The CAPS NO; System was tested during an intercomparison campaign at Forschungszentrum
Julich in 2019. The CAPS directly measures the NO; absorption in the electromagnetic spectrum
at 450 nm (blue region). In contrast to CLD, there is no chemical conversion in CAPS systems and
thus they are free of interference from other nitrogen-containing species such as PAN, nitrate,
or HNO3. The CAPS System is compared with two chemiluminescence detectors (CLD). The Eco
Physics AG (CLD TR 780, Duernten, Switzerland) was operated by Franz Rohrer, Benjamin Winter
and Robert Wegener. Another CLD monitor (Teledyne API T200, San Diego, USA) fitted with a
molybdenum converter to convert NO2 to NO was operated by Claus Nordstroem, Jesper
Nygaard and Tom Jensen from Aarhus University. In Figure 41 a set of measurement data from
November 2019 is plotted. The slope between the Teledyne APl T200 and CAPS is 0.99 with a
high correlation of r? = 0.99.
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Figure 41. Intercomparison of between two CLD instruments and the CAPS.

In Figure 42 the time series during that day is shown. Prior to the measurements, 14 ppb NO was
flushed into the ring line. At minute 90, 14 ppb NO; was added as well as 15 ppb Ozone. After
that the NO; decreased as the time went by. During the intercomparison all instruments were
subject to from periodically occurring concentration variations, since all instruments were
connected to one ring line and the pressure changed due closing valves of self-calibrating
instruments.
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Figure 42. Time Series of the NO; intercomparison starting at 10am from the 16th of October
2019.

8  Flight Simulation Test Stand

A schematic diagram of the experimental set-up of the Flight Simulation Test Stand is shown in
Figure 43. In order to provide a steady and constant particle production in size distribution and
number concentration, a constant output atomizer (Model 3076, TSI Inc.) was used, which
nebulizes a constant stream of a salt solution %%; (TSI Inc. Model 3076 Manual). After the aerosol
flow passes through a diffusion dried tube, the relative humidity reaches levels of below 5%. It
follows a charging process by passing through a radioactive AM-241 neutralizer and the
classification in a monodisperse aerosol takes place by a Vienna-type Differential Mobility
Analyzer (DMA, Model M-DMA 55-U, Grimm). This aerosol enters the low-pressure zone by
passing through a critical orifice. The aerosol is diluted within the mixing chamber. The pressure
is controlled there as well by a LabVIEW program by means of multiple mass flow controller with
an PID approach. Furthermore, the relative humidity is actively controlled by mixing a stable
humidified saturated air flow into the system through the mixing chamber. The provided aerosol
sample flow relative humidity is limited to approximately 30%. After passing the mixing chamber,
the aerosol flow is provided to the measuring instruments using individual isokinetic, iso-axial
samplers located in the centre of the sample line. Here, a Sky-CPC 5.411 (Grimm) was used as a
well characterized butanol condensation particle counter (Bundke et al. 2015). An aerosol
electrometer was used as a traceable reference instrument for particle counting measurements
(FCE, Model 5.705, Grimm). For fresh flame soot measurements, the nebulizer as well as the
dehydration tube were replaced by a Miniature Inverted Flame Soot Generator (Argonaut
Scientific Corp., Edmonton, AB, Canada).
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Figure 43. Flight Simulation Test Stand: Flow schematic of the laboratory set-up for the low-
pressure characterisation with two aerosol sources. The inline pressure is PID controlled balancing
the volumetric in- and out flow via mass flow controllers (MFC) as control elements; the aerosol
size classification is ensured with a differential mobility analyser (DMA) and the faraday cup
electrometer (FCE) functions as a reference instrument for particle counting).
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Figure 44. The CMD with the relationship of the concentration of the nebulised salt solution.

The nebuliser generates salt particles in correlation to the salt concentration in solution of the
supply bottle as visible in Figure 44.

8.1 FCE Data treatment

A significant issue for the measurement of nanometre-sized particles using a DMA is the presence
of multiple charged particles. These have the identical electrical mobility as singly charged
particles but are larger in size. This effect leads to a notable difference in the counting rate
between a condensation particle counter and an aerosol electrometer as described below. To
address this artefact, the correction scheme and routine was used, which was introduced by
Bundke > 107,
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From Bundke et al. (2015) %°: “Using a diffusion charger in combination with a DMA and using
FCE as reference instrument it must be considered that particles passing the DMA may carry
multiple charges. If a particle exiting the DMA carries n charges the FCE will count these particle
n times whereas a CPC will register just one particle. Thus, a multi-charge correction must be
applied to the FCE data:

[oe]

Negc(Dyy = D nN* (D, (U,m))n(n, Dy (U, 1)

n=0

EQ 48

For technical reasons — only charged particles will pass the DMA — and as a good approximation
we limit the sum to (1<n<2). Thus, only single and double charged particles are considered. Here,
N*(Dp ) denotes the ‘true’ particle number per time interval as a function of the electrostatic
mobility particle diameter D , (U, n), U denotes the DMA voltage and n(n, D ) the normalised
charge distribution of particles carrying n charges. For the latter, we use the approximation by
Wiedensohler (1988) 108;

S g4 Dp EQ 49
n() = 1050 0s(z) a
The approximation coefficients ajare defined by:
Table 14. Approximation coefficients 108,
n
ai(n) -2 -1 0 1 2
a0 -26.3328 -2.3197 -0.0003 -2.3484 -44.4756
al 35.9044 0.6175 -0.1014 -0.6044 79.3772
a2 -21.4608 0.6201 0.3073 0.48 -62.8900
a3 7.0867 -0.1105 -0.3372 0.0013 26.4492
ald -1.3088 -0.1260 0.1023 -0.1544 -5.7480
as 0.1051 0.0297 -0.0105 0.032 0.5059
Thus, Nrce(op) joins as:
Npcg(Dy) = N - (Dp(U,n = 1))n (n =1,0,(U,n= 1)) +2N EQ50
. (Dp(U,n = 1))n (n =2,D,(Un= 2))
Equivalent the number concentration of Ncpc of the CPC is given by
Nepe(Dy) = N - (Dp(u,n = 1))n (n =1,D,(U,n = 1)) +N EQ51

-(Dp(U,n = 1))n (n = 2,D,(U,n = 2))
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Using this equation, the ratio Ncpc/Nrce gives the correction factor §(Dyp).

For Using

A= N (D,W,n=1))y(n=1,D,,n=1)) EQ 52

And

B= N* (Dp(u,nzz))n(nzz,pp(u,nz 2)) EQ 53
¢ can be expressed as

Nee A4B 1 EQ 54

" Npcg A+2B

*B
¢ A
2+§

Substituting the expressions of

4 N (Dp(U,n = 1)) n (n =1,D,(U,n = 1))

By (Dp(W,n=2)) 1 (n=2D,U,n=2)) e

using:

. N*-(Dp(U,nzl)) @zr](nzl,Dp(U,nzl))

N*- (Dp(U,n = 2)) 1 (n =2,0,(U,n = 2))

Therefore, the factor € is calculated by using the size distribution measurement. Here, the
diameters Dy(U,n=1), Dp(U,n=2), are associated with the different DMA voltages U. They are
calculated by solving the implicit equation:

_ neC(Dy) 2nLU EQ55
T 3mu Ta

In (Ti) QSh
With n as the number of charges, e as elemental charge of 1.6022*10°1°C, p as the gas viscosity,

L the DMA length, ra the DMA outer radius, ri the DMA inner radius and Qs as the sheath flow
and C(Dp) denotes the Cunningham correction factor.

14

The factor D is calculated using the equation EQ 49
Finally, the multiple charge correction can be expressed by
Ngge = f(Dp)NFCE

as Nggc as the corrected electrometer number concentration and § as the calculated correction
factor.
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Figure 45. Multi charge correction function adapted from Bundke et al., (2015)°°.

Figure 45 shows the multi-charge correction factor &(Dp) as a function of the particle diameter.
The red line shows the first order approximation ignoring the actual size distribution by setting
€ = 1. The first order approximation deviated significantly (up to 15%) from the & (D) curve.
Thus, the actual size distribution measurement needs to be considered. “

8.2 Characterisation of the MAGIC CPC

This chapter is based on the manuscript: Weber, P., Bischof, O. F., Fischer, B., Berg, M., Hering,
S., Spielman, S., Lewis, G., Petzold, A., and Bundke, U.: Characterisation of a self-sustained, water-
based condensation particle counter for aircraft cruising pressure level operation, Atmos. Meas.
Tech., 16, 35053514, https://doi.org/10.5194/amt-16-3505-2023, 2023.

This manuscript provides the characterisation of the Moderated Aerosol Growth with Internal
water Cycling CPC (MAGIC, Aerosol Devices Inc., Fort Collins, CO, USA) at low-pressure conditions
at cruising altitude as low as 150 hPa and describes the mechanism to improve the hardware
control parameters for robust aircraft operations. In Figure 46 the main principle of this kind of
CPC is shown. Water-based CPCs have an inverted temperature design. The cooling step is
located prior of the warming stage regarding the air flow. The design of the MAGIC added
another cooling step, to let water condense on the wick to recycle water.
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Figure 46. Principle of Operation of the MAGIC-CPC 12,

This study is part of the development of a new air quality instrument for IAGOS in response to
flight safety aspects, which prohibits to bring flammable liquids onboard on passenger aircraft.
The new water-based condensation particle counter (MAGIC 210-LP; Moderated Aerosol Growth
with Internal water Cycling — Low Pressure) for low-pressure applications down to 300 hPa
characterised in this study was recently introduced to the market by Aerosol Dynamics Inc. and
is based on the standard MAGIC CPC, which contains a pre-humidifier, where the aerosol
sampling flow is guided to a continuous wet wick with different temperature zones. The
humidified sample flow starts with the cold conditioner region, followed by the warm initiator
and a cold moderator zone before finally passing the optics head °°. The MAGIC 210-LP CPC was
subjected to counting efficiency experiments for a pressure range down to 200 hPa and different
types of test aerosol particles representing salt particles and non-soluble particles. The
conducted experiments were part of the qualification of the individual components of the new
IAGOS air quality instrument.

8.2.1 Methods and Test-Set-up for CPC low Pressure Calibration

A schematic of the experimental set-up is shown in Figure 47. We used a nebuliser to atomise an
ammonium sulphate (AS) solution to provide a steady and constant particle production in size
distribution and number concentration (constant output atomizer, Model 3076, TSI Inc.,
Shoreview, MN, USA) %%; (TSI Inc. Model 3076 Manual). After the aerosol flow passes through a
diffusion dryer tube, the relative humidity reaches levels below 5%. The sample flow follows a
charging process by passing through a radioactive Am-241 source and the classification in a
monodisperse aerosol takes place by a Vienna-type Differential Mobility Analyzer (DMA, Model
M-DMA 55-U, Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany). The aerosol enters
the low-pressure zone by passing through a critical orifice. The aerosol is diluted in the mixing
chamber with aerosol-filtered air. The pressure is controlled by a LabVIEW program through
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multiple mass flow controllers with a PID (proportional-integral-derivative controller) approach.
At 200 hPa, the measured standard deviation was less than 0.1 hPa with an integration time of
100 s. Furthermore, the relative humidity is actively controlled by adding a stable humidified air
flow into the system through the mixing chamber, which is limited to approximately 30% relative
humidity. Temperature, inline pressure, and relative humidity are measured in the mixing
chamber. Water vapour can be added to test particle activation growth effects for different
relative humidity levels. The volume of the mixing chamber is 500 ml with a flow rate of 10 I/min.
This leads to a flushing time of roughly 3 sec and an e-folding time of 1.8 sec for 63%. After
passing through the mixing chamber, the aerosol flow is guided to the measuring instruments
using individual isokinetic, iso-axial samplers located in the centre of the sample line. The
diffusion losses are similar for all instruments. The flexible conductive sampling tubing length
from the line to the instruments is set to 25 cm for instruments sampling at a flow of 0.6 I/min
and adjusted proportionally to instruments with a different sampling flow. A Sky-CPC 5.411
(Grimm) was used as a well-characterized butanol condensation particle counter (Bundke et al.
2015). An aerosol electrometer was used as a traceable reference instrument for particle
counting measurements (FCE, Model 5.705, Grimm). The instrument of interest was the newly
developed Moderated Aerosol Growth with Internal Water Cycling CPC (MAGIC 210-LP, Aerosol
Dynamics Inc, Berkeley CA, USA). For the fresh flame soot measurements, the nebuliser and the
dehydration tube were replaced by a Miniature Inverted Flame Soot Generator (Argonaut
Scientific Corp., Edmonton, AB, Canada). Prior studies provide greater detail > 107,

™
O
3 1/min a |O
Nebuliser > 3 X
B S x Particle Filter
g 3
X[
Inverted Flame { Dma = Critical Orifice
Soot - >
>1 |/min L
Generator
----MH- g ___________ -
X |
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Mixing —
Chamber I

Low Pressure 1000-200 hPa

Figure 47. Flow schematic of the laboratory set-up for the low-pressure characterisation with two
aerosol sources. The inline pressure is controlled via mass flow controllers (MFC); the aerosol size
classification is ensured with a differential mobility analyser (DMA) and the faraday cup
electrometer (FCE) functions as a reference instrument for particle counting). Adapted from

Figure 43.

The DMA was operated stepwise for 30 seconds for each voltage level corresponding to different
particle sizes starting at an upper limit of 140 nm and going down to 2.5 nm. This size limit is set
by the fact that we used the 8.8 cm tube and a 6 |/min sheath flow for a high accuracy and low
mobility size half-width. To avoid transition effects and to achieve an uniform aerosol inside all
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measuring instruments, the first 15 seconds for each particle size setting of the DMA were
excluded from the dataset. Earlier experiments have shown that this time is sufficient to flush
the system.

The inverted flame soot generator was operated with an oxidation-air-to-propane ratio of 7.5
L/min air to 0.0625 L/min propane. This flow setting ensures stable low organic carbon soot
production %> %,

An exponential function EQ 56 introduced by Wiedensohler et al. (1997) 19 is used to give
quantitative information about the cut-off efficiencies. Here, the revised formulation by Banse 1!
provides a more quantitative description of the particle counting efficiency curves compared to
the electrometer.

n=A—-Bx(1+exp <( 1)))- Fase

where n is the counting efﬂuency, Dy is the particle size, and A, B, D1, and D; are fitting
parameters of this four-parameter exponential function. The fitting parameter A is the maximum
of the function and gives the value of the plateau.

8.2.2 Optimisation of pressure dependent control variables for Laser Power and Detector

Two critical variables for low-pressure measurements automatically control the MAGIC 210-LP
CPC counting efficiency. The first variable is the laser power which is adjusted to compensate for
variations in droplet size as a function of the operating pressure. With decreasing pressure levels,
droplet growth is affected, making the droplets smaller. The laser power automatically increases
as the internal instrument pressure decreases to compensate for the smaller droplet size. The
second variable is the detection threshold voltage which is adjusted to compensate for variations
in background scattered light (i.e., measured light with zero particle counts) as the laser power
varies, since the background light scattering on molecules increases with increasing laser power.
In the experiments, the MAGIC 210-LP CPC was operated with the temperature settings
recommended for low pressures by the manufacturer in the operational manual. During normal
(ambient, 1000 hPa) operation, the conditioner is maintained at 18 K below and the initiator at
17 K above the heat sink temperature, typically a few degrees above ambient temperature. The
moderator temperature is usually set as a function of input dew point to minimise water usage.
The user has the option of changing this temperature or setting fixed temperatures. The manual
for the MAGIC 210-LP states, that the conditioner temperature should be kept at 2°C and the
moderator at 4°C for low-pressure operations. The initiator is fixed at 45°C to remain below the
boiling point when operating at pressures as low as 150 hPa. However, these working points
cannot be reached if the heatsink exceeds temperatures of 33°C. During measurement a
heatwave occurred, and it became clear that the thermoelectrical devices had reached their
limits. It was then observed, that in case the temperatures of the conditioner and the moderator
are about 3 K above their recommended values, the counting efficiency decreases by about 20%
from 100% to 80% overall counting efficiency at pressure levels 250 hPa and below. This
limitation, however, is solvable by maintaining the AT between all temperature zones of the
sections of the growth tube equally.
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The manufacturer’s settings were not optimised for operating pressure down to 200 hPa. For
250 hPa, we found, that the required laser power was increased so high by the firmware to
compensate for the smaller droplet sizes, thus the electronics could not compensate the baseline
voltage correctly. By adjusting the values for the laser power and detector threshold, we solved
this issue. Therefore, the MAGIC LP-210 is now able to operate even below 250 hPa. The new
settings are applicable for the complete pressure range without change.

Based on this study, Aerosol Dynamics Inc. has updated their low-pressure CPCs to operate down
to 200 hPa.

Figure 48 shows an idealized signal from the optics electronics. The analogue signal is compared
to the “detector threshold” (normally 250 mV) which produces a digital pulse that increments a
counter in the microcontroller.

The “baseline voltage”, i.e., the signal with no particles present, could be above or below 0 volts
due to imperfection in the optics and electronics, as shown in Figure 49. There is always some
stray light that reaches the photo detector, and all operational amplifiers have some non-zero
offset. To compensate, a “detector offset” is added to the analogue signal to adjust the baseline
voltage to zero.

Since the stray light reaching the photodetector is proportional to the laser power, the firmware
automatically adjusts both the laser power and detector offset with pressure. The specific
relationship between laser power and detector offset are set at the factory and vary from
instrument to instrument.

To operate the MAGIC 210-LP at pressures lower than then it was designed for, voltage offset
and detector thresholds had to be determined experimentally below 300 hPa. At 250 hPa, we
found that the required laser power was so high that the electronics was incapable of zeroing
out the baseline voltage. To compensate, the detector threshold was increased above the factory
setting of 250mV (Figure 50).
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Figure 48. Ideal signal from one particle passing through the optics detector 112,
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Figure 49. Effect of imperfections in optics and electronics on the baseline voltage.
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Figure 50. Detector threshold is increased to compensate for inability of the electronics to
completely cancel out the baseline signal at lowest pressure.

As the absolute pressure during operation decreases, also the droplet growth is reduced resulting
in smaller droplets, which need to be counted. This is compensated by adjusting the laser power
and the detector threshold. The instrument firmware makes these adjustments automatically
based on a lookup table, and the 1 Hz absolute pressure reading. Concentrations are reported
with respect to laboratory conditions of 25°C and 1013 hPa.

The following optimisation step was applied. The MAGIC 210-LP was designed for operation at
pressure levels as low as 300 hPa. We were able to extend the range of operation down to
200 hPa by the adjustment of the initial laser power to different pressure levels. In Figure 51 the
counting efficiency is expressed as the number concentration measured by the MAGIC
instrument divided by the number concentration measured by the G-CPC instrument and is
shown at different pressure levels for 100 nm sized particles for a range of initial laser power
settings. To compensate the effect that particles grow less efficiently at lower pressures the
threshold and the laser power are controlled as a function of the internal measured pressure.
Here the laser power is increased, and the offset is lowered with decreasing pressure values. At
250 hPa the adjusted detector threshold reaches 0 V and only the constant parameter of the
detector threshold limits the counted signals. The detector offset adjusts for non-ideal
electronics and optics so that the signal without any particles present is at zero volts. The
detector threshold is the voltage level that is used to determine if a particle is in the laser beam.
In Figure 51 each graph was obtained from measurements at a detector threshold setpoint of
250 mV. The only exception is the “250 hPa optimised”. To compensate for the increased stray
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light, the detector threshold was increased from 250 mV towards 400 mV. This series of
measurements was conducted with the increased 400 mV detector threshold. This method of
adjusting the initial laser power setting increased the secure bandwidth of laser power that could
be applied, without false counts. A stable counting rate was obtained for the set point at 500 uW
for all pressure ranges. For higher pressure levels, the offset must be set to a value of over 300
mV to compensate for the higher threshold of 400 mV at ground pressure levels.
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Figure 51. Counting Efficiency response for different initial laser power settings (Lset) and
pressure levels for 100 nm particles.

To give an overview of the two particle types we used for the evaluation studies, the aerosol size
distribution for the test aerosol is shown in Figure 52.
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Figure 52. Particle size distributions were measured by Electrometer and sized by DMA for
ammonium sulphate and fresh combustion soot. For this work, the particle mobility sizes were
measured to 138 nm, so the size resolution at smaller sizes is suitable for the cut-off
characterisation. The full particle size distributions are available %2,
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To achieve a high resolution for smaller particle sizes, we used the Model M-DMA 55-U. The
8.8 cm DMA tube and a 6 |/min sheath flow as operational parameters determining upper and
lower size limits. The upper size limit is at 138 nm mobility particle sizes. This upper size limit
sufficient to characterize the ammonium sulphate size distribution, but this size limit covers only
parts of the fresh combustion soot size distribution. The ratio of the sample flow to sheath flow
rate of 0,12 leads to a narrow mobility size half-width.

The overall counting efficiency, the cut-off diameter and the linearity of the two condensation
particle counters are compared to the electrometer used as a reference instrument. This is
essential for the instrument validation for IAGOS operation conditions. The measured particle
concentrations were compared to the electrometer concentrations corrected for multiple-
charged particles. First, we demonstrate the overall efficiency of the instrument by using
ammonium sulphate as a particle type. Ammonium sulphate is a common particulate matter
compound in the atmosphere. Fresh combustion soot as a second aerosol type is interesting
because it may serve as a proxy for anthropogenic aerosol. In particular, the MAGIC should be
able to measure non-volatile particle matter emissions from aircraft engines operating on IAGOS.
Figure 53 shows the particle size-dependent counting efficiency of the SKY-CPC and the MAGIC
210-LP with respect to the multiple-charge-corrected FCE reference measurements. To offer a
clear picture of the cut-off diameter, we do not show detailed data above 50 nm since the
instrument reaches a stable plateau of the counting efficiency. In Figure 54, the scatter plot
demonstrates the overall linearity between the instruments by using the number concentration
distribution visible in Figure 52.
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Figure 53. Compilation of the efficiency ratio curves of the Sky-CPC 5.411 (SKY-CPC) (left) and the
MAGIC 210-LP CPC (right) to the FCE reference - at different operation pressures as a function of
the particle size using ammonium sulphate particles. The variance of the measurement is
indicated by vertical bars.

Using ammonium sulphate as a particle material, the instruments respond with an excellent
agreement with the FCE reference instrument, with a slope of 1.0 £0.05 regardless of the inline
pressure. The MAGIC 210-LP and the Sky-CPC scatter around the 1:1 line, showing counting
linearity for the full spectrum of particle concentrations.
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Figure 54. Comparison of the counting linearity between both CPC types and the Electrometer at
different pressure levels for nebulised ammonium sulphate.

When looking deeper into the detail at small particle sizes, both CPCs show a Dso cut-off diameter
of around 5 nm at all pressure levels (see Table 15). The reported Dso value is in accordance with
previous measurements performed with the standard MAGIC instrument, using ammonium
sulphate as aerosol material 3. When operated at reduced pressures, the SKY-CPC shows no
significant change in counting efficiency behaviour. The MAGIC 210-LP counts at least 90% of the
particles compared to the electrometer for pressure levels higher than 250 hPa and particle sizes
larger than 30 nm. As the operation pressure reaches 200 hPa, the counting efficiency suffers
from a small drop to about 80%, but only for particles smaller than 15 nm. The laser power and
detector threshold parameters were chosen to cover all pressures down to 200 hPa.

We used combustion soot as a second particle type utilising the Miniature Inverted Flame Soot
Generator %°. We used the second type to show the behaviour of an aerosol that does not
dissolve in a liquid. The experimental set-up was therefore adjusted by replacing the nebuliser
and its subsequent diffusion dryer with the inverted flame soot generator.
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Figure 55. Comparison of the efficiency ratio curves of the Sky-CPC 5.411 (SKY-CPC) (left) and the
MAGIC 210-LP CPC (right) to the electrometer reference at different operating pressures as a
function of the particle size using fresh combustion soot. The variance of the measurement is
indicated by vertical bars.

Figure 55 and Figure 56 show the comparison between the Grimm CPC, MAGIC 210-LP and
Electrometer for the freshly generated combustion aerosol at different operating pressure levels.
The SKY-CPC and the MAGIC 210-LP show nearly identical behaviour for counting efficiencies at
pressures higher than 250 hPa. For lower pressure, the SKY-CPC continues to measure with the
same efficiency. As with a gradual shift with decreasing pressure to 200 hPa, the Dsg cut-off of
the MAGIC 210-LP increases to around 15 nm and its Dgo to about 40 nm.
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Figure 56. Comparison of the counting linearity between CPC and Electrometer at different
pressure levels for fresh combustion soot.

As an insoluble hydrophobic substance, fresh combustion soot is not activated for droplet
formation inside a CPC as efficiently as hydrophilic substances 4. Therefore, soot particles need
to be more prominent in diameter for nucleus activation than hydrophilic particles, which
explains the increase of the Dsg compared to our ammonium sulphate experiments. For overall
airborne measurements, it is unlikely to encounter fresh combustion soot. The only case where
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we have identified fresh soot emissions at these heights are areas of crossing fresh aircraft plume
visible as 1-2 second peaks in the timeseries in heavily used flight corridor routes. Furthermore,
fresh combustion soot is a good proxy for non-hydrophilic substances.

Table 15 and Table 16 give an overview of the counting linearity of the CPC-type instruments
with respect to the FCE reference instrument, for both aerosol types. The Pearson correlation
coefficient r? never drops below 0.99 for each measurement. Concerning the instrument linearity
for soot particles, the MAGIC 210-LP and the Sky-CPC underdetermine particle number
concentration compared to the FCE with increasing total number concentrations at 700 hPa.
However, this effect was not observed for the other pressure ranges. The average counting
efficiency for the 700 hPa trials is still within the overall uncertainty (10%) %> for all counting
efficiency measurements; see parameter A in Table 15 and Table 16 for details.

Looking at the Dsgvalue in Table 15 and Table 16, both Instruments show a cut-off diameter close
to 5 nm for ammonium sulphate. This agrees with the reported detection limit for both
instruments from the manufacturer and publications 197116,

The overall trend for the MAGIC 210-LP becomes apparent when looking deeper into the cut-off
efficiency measurements. The difference between Dso and Dgo increases with decreasing
pressure, resulting in a less steep decrease in the counting efficiency towards smaller particle
sizes. This feature then causes a higher uncertainty for measurements of the total number
concentration of an aerosol with a strong Aitken mode, particularly for low-pressure
surroundings. Whereas the Dsg value does not change significantly, the Dgg increases significantly.
The overall difference between Dsg and Do indicates a shallow decrease in counting efficiency
over a wide particle size range. Switching the particle type to soot, the lower size detection limits
increase because of its less efficient activation.

Table 15. Coefficients of the exponential function of the Counting Efficiency Curves for the Sky-
CPC 5.411 (SKY-CPC) and the MAGIC 210-LP CPC and for different line pressure values and
ammonium sulphate.

Instrument Line A B D1 D, Equation Exp. Equation
Pressure [nm] [nm] calculated Dso calculated
Dso [nm] Dso
[nm] [nm]
SKY-CPC 200 096 2 2.8 1.8 4.9 4.8+0.7 9.1
MAGIC 210-LP 200 0.97 2 0.1 55 6.6 5.5+0.8 18.2
SKY-CPC 250 1.0 2 1.7 2.6 4.6 5.5+0.8 9.4
MAGIC 210-LP 250 0.97 2 1.6 3.4 5.5 5.5+0.8 12.9
SKY-CPC 500 0.98 2 3.0 1.4 4.6 5.510.8 7.5
MAGIC210-LP 500  0.95 2 2.5 2.2 5.2 5.5+0.8 10.6
SKY-CPC 700 1.0 2 1.5 2.5 4.2 4.3+0.7 8.9
MAGIC210-LP 700 1.0 2 01 41 4.6 43107 123
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Table 16. Coefficients of the exponential function of the Counting Efficiency Curves for the Sky-
CPC 5.411 (SKY-CPC) and the MAGIC 210-LP CPC for different line pressure values and fresh
combustion soot.

Instrument Line A B D1 D2 Equation Exp. Equation
Pressure [nm]  [nm] calculated Dso calculated
Dso [nm] Do
[nm] [nm]
SKY-CPC 700 092 12 59 3.2 8.0 7+1.0 19.0
MAGIC 210-LP 700 093 14 59 3.6 8.7 9+1.3 19.7
SKY-CPC 500 1.02 2 3.6 3.8 7.6 8+1.0 14.2
MAGIC 210-LP 500 0.97 2 3.6 5.2 9.6 9+1.3 21.0
SKY-CPC 250 0.99 094 9.2 4.2 8.6 7+1.0 19.1
MAGIC 210-LP 250 1.03 2 33 8.9 11.9 11+1.4 27.6
SKY-CPC 200 1.01 1.03 6.6 4.2 6.7 5.5+0.8 15.9
MAGIC 210-LP 200 0.93 2 3.8 7.6 13.4 1315 35.7

Analysing the behaviour of the fitting parameter A, which represents the plateau of the fit
function, and the derived parameter Dsg of the fitting function in Table 15 and Table 16, no clear
trend is visible for the two aerosol types and instruments. The values of Dso, deduced from the
fitting curves, are close to 5 nm for both condensation particle counters and all pressure levels
in the case of ammonium sulphate (Table 15) and fit the experimental data. For fresh combustion
soot (Table 16), Dso values for the Sky CPC instrument are slightly larger at a value of 8 nm, while
for the MAGIC 210-LP, the increase in Dsp compared to ammonium sulphate is more pronounced.
Overall, the agreement between values derived directly from the experiment and values deduced
from the fitting procedure is within the error margin of the individual mobility size.

At lower pressures, the particle counting efficiency drops for small particle sizes in the Aitken
mode range and below. Because of particle line losses during sampling, the overall efficiency of
the measurement system is determined by the instrumental efficiency times the inlet efficiency.
Thus, inlet line loss impacts the quality of the measurements directly. In case of the foreseen
application of the instrument onboard passenger aircraft equipped with IAGOS instruments using
a sampling line of more than 1 meter length line losses are significant: Here 50% (85%) of 5 nm
(13 nm) particles will penetrate to the instrument (at 150 hPa, and 2.4 L/min total flow) >> mostly
caused by diffusion losses. We show curves for the expected inlet efficiencies, including losses,
in the SI (see Supplementary Information Figure 5). Yet, the overall uncertainties must be
determined by modelling MAGIC 210-LP and Sky CPC instrument responses for different aerosol
size distributions, mainly with and without a nucleation mode, for IAGOS—characteristic sample
line lengths.
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8.2.3 MAGIC low-pressure application summary and recommendations

The MAGIC CPC was recently introduced as a new water-based CPC with excellent overall
performance compared to a standard Butanol CPC 1% 116 |n this work, we characterised a
modified “LP” (Low Pressure; Version: MAGIC- LP 210) model of that water-based CPC design for
flight altitude pressure levels as low as 200 hPa. We recommend testing each unit for low-
pressure applications and adjusting the manufacturer settings when operating at pressures lower
than 500 hPa if necessary. The factory settings were sufficient for operating the instrument at
pressures >500 hPa. We briefly examined the performance of five MAGIC-LP 210 units at
laboratory pressure and found that the inter instrumental scatter plots follow the 1:1 correlation
between unit. However, a side-by-side analysis of the cut-off diameter for different pressures
has not been performed yet. For the units we tested, we found that laser power and detector
threshold are critical for a high counting efficiency at all tested pressures. It is noted that since
this study, the manufacturer has acted on the insights from this work and modified the firmware
and design of the MAGIC 210-LP we tested to improve the performance at high altitudes.
Automatic adjustments in the laser and detector settings with operating pressure were
incorporated in the newest model MAGIC 250-LP. We will apply these new settings as part of the
evaluation of the additional MAGIC-LP 210 models planned for the IAGOS payloads and
recommend this for all low-pressure applications of the MAGIC 210 LP.

The MAGIC 210-LP operates at all pressure levels tested and reports reliable particle
concentrations with overall detection efficiencies close to 100% for particles larger than 40 nm.
For the continuous operation on IAGOS aircraft packages, its water recycling mechanism makes
the instrument attractive for long-term operation in harsh conditions with limited opportunities
for instrument access and maintenance. To evaluate the instrument performance, and in
particular, the counting efficiency, as a function of the aerosol type and pressure, an aerosol
electrometer and a butanol condensation particle counter were used as established reference
instruments. For ammonium sulphate particles, the MAGIC 210-LP CPC shows excellent stability
of the Dso cut-off diameter and overall linearity with an r? of 0.99. Verified by experimental data
and shown with parameters of an exponential function, the overall counting efficiency reaches
100% for pressure levels higher than 200 hPa and particles larger than 30 nm, regardless of the
particle type. However, at 200 hPa, the counting efficiency for particles smaller than 30 nm drops
notably to 90% compared to the electrometer or the butanol CPC. When the MAGIC 210-LP is
exposed to a hydrophobic and insoluble particle type like fresh combustion soot, the water
condensation particle counter shows similar behaviour for almost all particle sizes down to 30
nm for ambient pressure levels down to 250 hPa with linearity within 95%. This pressure range
covers the operational conditions present during IAGOS aircraft flights. For pressures down to
200 hPa, the efficiency of the MAGIC 210-LP reaches 100% linearity towards the reference
instrument for an extensive particle range. For particles smaller than 30 nm, the counting
efficiency is lower than 90 %, decreasing to 70% (60%) for 20 nm (15nm) particles. Because of
the reduction of the counting efficiency for particles smaller than 30 nm for operational pressure
levels below 250 hPa, the uncertainty of the reported number concentration is enhanced,
particularly when sampling an aerosol with a strong nucleation mode, and the lower counting
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efficiency of the MAGIC 210-LP for smaller particle sizes results in a higher uncertainty of the
total particle count.

8.3 Particle loss considerations

The final sampling line loss during operation on the aicraft is the product of two settings. Here,
the main aerosol sampling line with a flow rate of 4 |/min for the final instrument package and a
length of 1 meter till the splitting point, where the MAGIC-LP has a flow rate of 0.3 I/min and 30
cm distance. An aerosol size distribution was folded with the transmission functions for line
losses at 1013 and 200 hPa shown in Figure 57.
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Figure 57. Particle Line Loss calculations for 1000 hPa (Ground) and 220 hPa (Air).

Aerosols tends to impact, sediment or are lost by diffusion with the walls of the tubing. The
airflow and the length of the tube are crucial for the sampling line losses. The length of between
the instrument package and the aerosol inlet was estimated to 0.7 m and from the aerosol inlet
towards the condensation particle counter of around 30 cm. The air flow of the instrument
package is around 4 |/min, whereas the MAGIC is limited to 0.3 I/min. Those values were used in
the line loss calculation shown in Figure 57.
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Figure 58. Fraction of the particles that are transmitted through the inlet line for two different
pressure levels at ground-level (P=1013 hPa and cruising altitude P=200 hPa considering diffusion
losses only.

Figure 58 shows the ratio of the raw aerosol towards the aerosol that can pass the tube without
wall impaction in dependence of its particle diameter. Particles with a diameter of 13 nm
experience a loss of 10% at a pressure level of 1000 hPa. At 220 hPa, same diffusion loss is
enchanted and particles with a diameter of 26 nm are at 90% loss rate.

8.4 Portable Optical Particle Spectrometer

The Portable Optical Particle Spectrometer (POPS) is a light-weighted optical particle sizer
designed to measure individual particles in the size range of 140 nm to 3 um’~. It was originally
developed by Ru-Shan Gao 7. With our enhancements the instrument has an extended range of
125nm — 4um and is able to withstand the pressure difference between cabin air and cruising
altitude pressure levels onboard an airplane and was custom-built in our laboratory.

This device was chosen to be one essential part of the air quality package 2e. The most convincing
characteristics of this instrument are besides of the reliable measurement principle, its small size,
weight and power consumption. It is operated with a 405 nm laser diode, which give it an
advantage towards the Grimm optical particle counter operated at 655nm. An overview of the
instrument can be seen in Figure 59. The Laser beam crosses the sample volume orthogonally
and is distinguished in a light trap. A mirror is placed beneath the optical active sampling volume
to redirect the scattered light with a scattering light intergrading volume of 30° into the
photomultiplier tube (PMT).
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Figure 59. Simplified overview of the core components of the POPS.

In Figure 60 a more detailed picture of the components can be viewed. Between the laser diode
and the sample volume, four slits are located, which focus the laser and reduces scattered light,
which would perturb the measurements.

Light Trap Exhaust slit 3 slit 1
Mirror Slit 4 Slit 2 Laser Bracket

Sample Inlet Nozzle
Figure 60. Top view of the POPS components.

The instrument measures the voltage of the PMT. Without particles, this electronic device has
still a background level of white noise. This level depends on the gain factor of the PMT adjusted
by the driving electronics. An observed voltage peak in the time series of the PMT signal
corresponds to a particle passing through the sampling volume and scatter the light of the laser
diode. This scattered light is proportional to the intensity of radiation and analysed by the
software of the POPS. To be counted as a particle signal, the peak must be higher than 40
arbitrary units above the baseline, indicating the lowest channel boundary. In Figure 61 this
mechanism is illustrated with its pressure dependency. While the baseline has a small drift of
around 70 a.u. from 1000 hPa to 200 hPa, the lower channel boundary is coupled with this
behaviour. This means, there is no effective pressure dependency.
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Figure 61. lllustration of raw data of a single particle (left) and the baseline shift at different
pressure levels (right).

The Device was calibrated with PSL particles like the CAPS PMex. For this device, the intensity of
the signal is equivalent to an optical size. Since the size of the PSL particles are known, those can
be related to an instrument response. For a first view, the number of channels is enlarged to 100
to visualise the instrument response in a better way. This is shown in Figure 62 and with a larger
PSL size, the particle response is sorted in a higher channel as well.
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Figure 62. Measurements of different PSL diameters with the POPS channel response.

The raw signal is monitored and can be used for calibration. In a self-written MATLAB code, the
raw data can be read, averaged, and calibrated with the PSL particle size. At a last step, the
calculated Instrument response curve using the geometry of the optical arrangement using Mie
theory to scattering calculation were visualised. With this step it, the calibration curve can be
fitted, and it is visible, if parameters for the POPS code or hardware had to be adjusted. Those
adjustments include the laser power or thresholds for detection limits. A well fitted curve with
reported particle responses and PSL sizes is visible in Figure 63.

— Patrick Weber Page 88 of 124



PhD Thesis

10°

Scattering Intensity in a.u.

10" &
10*

Patrick Weber

Measured Values
J
10°
Diameter in nm

Figure 63. Computed Mie curve with measured raw data.

In a last step, the over a broad angel smoothed calculated instrument response curve is used to

assign the measured scattering intensity to a channel. This is done for any number of channels.
The procedure outcome can be viewed in Figure 64.
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Figure 64. Matched Scattering intensity with 16 channel boundarys.

The final goal of getting a series of POPS operational needs the unification of the data output.
Therefore, the configuration file located at the SD-card data storage is used to store individual

parameters adjusted during the calibration/initialization process. Three parameters are useful to

reach a unification. The laser power can be controlled, as well of the highest and lowest count
threshold that particles have to reach to be counted as a particle.
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POPS Counting Efficiency for different particle diameters
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Figure 65. POPS Counting Ratio against the MAGIC-CPC.

The Counting efficiency of the POPS as function of Particle size is shown in Figure 65 in
comparison with the MAGIC-CPC. As mentioned earlier, the POPS reaches its Dsoy cut-off at a
particle diameter of 123 nm and can reach 100% counting efficiency for particles larger than

140 nm.

On the more technical aspects of the individual components of the IAGOS air quality package,
the behaviour and reduction of false counts for larger particles has to be explored for
measurements for the optical particle sizer POPS. It was observed, that for high scattering
intensity, the data output of the POPS is measuring additional smaller particles. Those small
particles in the lowest size channels are visible in the raw data but are too close to be real
particles. This however is an issue for all optical particle counters and is shown in Figure 66. To
meet this problem a software-based step is considered to eliminate close-by peaks, that are
misinterpreted as particles, by adding a minimum time distance between peaks.
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Figure 66. Data output of OPC for monodisperse aerosols measured by Sang-
Nourpour (2019) 17,
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9 A new Working fluid substituting Butanol

IAGOS operates two instrument packages that are capable of measuring aerosol properties. The
first package that was custom designed for this application was designated P2c. The design of
P2c allowed it to measure the aerosol number concentration as a volatile and non-volatile
fraction as well as the size distribution with some limitations *°. In-situ aerosol measurements
are a necessity for the atmosphere research 1% 1%, The package 2c was developed to cover the
gas to particle conversion with the total number concentration. The volatile to non-volatile
particle ratio gives hints e.g. about the anthropogenic aerosol contamination of the
atmosphere 120, The aerosol size information is important to cover the number of particles, which
are available for condensation growth and cloud formation 121122, P2¢c was later replaced by the
newly developed instrument package P2e.

The requirements to the packages are manifold *°: The instruments have to operate with no
supervision, automatically and with no maintenance over at least three months. The packages
have to operate at an altitude equivalent of 170 hPa. The size of the box is limited to 56 x 40 x 28
cm and has to weigh less than 30 kg. All materials that are used inside the boxes have the
requirement of zero flammability.
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Figure 67. Schematic of the package 2c *°

Figure 67 shows the flow chart of the aerosol package 2c. It operates with two butanol-based
condensation particles counters and an optical particle counter for the size range of 250 nm to
3 um. The butanol containers (BSC; BRC) are the very reason for the issues occurring with aerosol
package 2c certification. The characteristics of butanol make it a great working fluid for the
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operation pressure ranges from 1000 hPa down to 200 hPa, but its flammability is the reason,
why the package 2c is no longer allowed to operate on passenger aircraft. The day we became
aware of this information in mid-2022, my supervisor Ulrich Bundke approached me about what
substitute working fluid | would put in a condensation particle counter with similar
physicochemical properties. With my background as a chemist, | immediately reported several
substances. The following section will report the findings of a small laboratory study.

9.1 Dimethyl Sulfoxide as A New Working Fluid

This chapter is based on the manuscript: Weber, P., Bischof, O. F., Fischer, B., Berg, M., Schmitt,
J., Steiner, G., Keck, L., Petzold, A., and Bundke, U.: A new working fluid for condensation particle
counters for use in sensitive working environments, Aerosol Research, 1, 1-12,
https://doi.org/10.5194/ar-1-1-2023, 2023.

This manuscript proposes a promising substance to substitute butanol in condensation particle
counters. The proposed new working fluid is not unknown to the community, since it is an
intermediate step of the well-known chemical reaction beginning with DMS (dimethyl sulfide).
Its final product is sulphate, which functions as a cloud condensation nuclei 1?3, Enhanced DMS
emissions are caused by enhanced phytoplankton growth by an increased ocean temperature.
The enhanced earth albedo by the DMS induced cloud formation introduce a negative climate
feedback stabilizing the Ocean temperature (CLAW-hypothesis of Charlson et al. (1986))'%4;
Dimethyl sulfoxide (DMSO) is therefore an omnipresent chemical for atmospheric science.
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Figure 68. Schematic of the chemical reaction of DMS and DMSO in the atmosphere and aqueous
mediums 123,

Our search for a new, non-toxic, non-flammable, odourless working fluid was motivated by the
requirements of aviation authorities that severely restrict the use of instrumentation on
passenger aircraft. The European research infrastructure “In-Service Aircraft for a Global
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Observing System” (IAGOS; www.iagos.org) has been created to monitor essential climate
variables of the atmosphere, including aerosol particles 12>, The monitoring takes place through
regular and global-scale measurements conducted on board a fleet of commercial passenger
aircraft equipped with automated scientific instrumentation. The IAGOS aerosol package “P2c”
uses a butanol-based CPC as described in detail by Bundke et al. (2015) and provided two years
of measurement onboard the IAGOS CARIBIC flying laboratory. It obtained special permission of
German airline Lufthansa and its use included the observation of the Raikoke volcanic ash plume.
However, the fact that butanol is a flammable liquid strongly hinders the international
certification of this instrument for use aboard passenger aircraft.

This study is part of the ongoing development of the IAGOS aerosol instrument, in response to
these flight safety aspects. For the next generation of the IAGOS aerosol package, we will operate
two butanol condensation particle counters (model 5411 Sky-CPC; Grimm Aerosol Technik,
Ainring, Germany, a variant of Grimm model 5410 CPC using aviation-grade components and
materials) alongside an optical particle counter (OPC, model 1.129, Grimm). One CPC is dedicated
to measure the total aerosol concentration and the other is equipped with a thermodenuder
operated at 250 °C upstream to measure only the non-volatile fraction of aerosol particles.

The new working fluid dimethyl-sulfoxide (DMSO; C;Hs0S; CAS-Nr. 67-68-5; 99,9%) that we
introduce in this study is hitherto unknown for use in a CPC. The principal benefit of DMSO for
use on passenger aircraft is that it does not require any safety regulations according to the
Globally Harmonized System of Classification and Labelling of Chemicals. According to this
internationally agreed-upon standard, it does not have any physical or health hazard
characteristics. Therefore, this working fluid does not present an obstacle during the certification
process for aviation operation. An effect on measuring stations, that observe DMSO and DMSO
products, is considered as minimal as the amount of DMSO released by the CPC exhaust in the
environment, compared to the natural background.

9.1.1 Introduction to CPC Working Fluid Characteristics

A working fluid's physical characteristics are important for condensation particle counter
performance. For all working fluids, the detection efficiency has been characterised over a
specific range of operating pressures >> 126128 which demonstrated the applicability of each
working fluid for low-pressure operation CPCs. It should be noted that both butanol and
isopropanol have a strong, unpleasant odour and adverse effects when inhaled over prolonged
periods and that their use is limited by the fact that both are highly flammable liquids. In contrast,
water has the advantage of avoiding the health and safety concerns of alcohol. The disadvantages
of water are that it has a three times higher mass diffusion coefficient 13- 12° which increases the
consumption of the working fluid during operation and the possible growth of organisms during
prolonged times of inactivity. Further with water as the operating fluid, the activation of particles
can be hindered, e.g. by aerosol properties like water solubility and lipophilicity. In the past, there
were several attempts to find an optimal working fluid. A theoretical approach for working fluids
was demonstrated by Magnusson et al 3% including mostly alkanes, organic acids, aromatic
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compounds and alcohol substances, while sulphuric compounds were not included. Diethylene
Glycol (DEG) was discovered by lida, et al. 13! with great application for sub 3-nm particles, but
droplets only grow to very small sizes, so a “booster” CPC is needed. Dibutylsebecat (DOS/DEHS)
and more substances were tried by Kupper, et al. 132 with the advantage of not being classified
as hazardous by the international Globally Harmonized System (GHS), but those were only
applicable for high temperature (above 100°C) in the CPC saturator.

One governing parameter is the maximum saturation ratio which can be achieved in a specific
CPC design. Our first objective was to find a substance with similar physical-chemical properties
to butanol or water, which are widely used as working fluids in condensation particle counters.
The second motivation was to address any safety restrictions that make the working fluid suitable
for sensitive working environments such as hospitals, schools, public spaces, industrial
manufacturing, but also commercial passenger aircraft. DMSO was eventually identified as a
candidate substance based on the authors’ experience with organic solvents. Besides the
advantages of not having any physical or health hazard characteristics, DSMO is also soluble in
water. Therefore, the relatively high freezing point of DMSO of 18°C can be adjusted to -100°C
or even below simply by adding a defined amounts of water 133,
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Figure 69. Saturation ratio of three working fluids as a function of the droplet diameter for a
sodium chloride particle with an initial diameter of 13 nm 23, For DMSO, a surface tension of
0.043 N/m, a molecular weight of 0.078 kg/mole and the liquid density of 1100 kg/m? is used CRC
Handbook, 134,

To understand the influence of the working fluid on the activation process inside a CPC, the
process can be summarised as follows. The vapour pressure above the curved particle surface is
described by the Kelvin Kéhler equation*® as visualized in Figure 69 and calculated with EQ 22.
Here the saturation ratio is defined by the ratio of the actual vapour pressure to the vapour
pressure above a flat surface at a given temperature. Particles smaller than the critical diameter
grow or shrink in equilibrium with the vapour in their vicinity. If the critical saturation ratio is
exceeded in the particle vicinity the particle will grow past the critical diameter. If the saturation
ratio is above 1 (i.e., supersaturation) then the particles will experience non-equilibrium growth.
This process is known as particle activation. The critical supersaturation depends on the initial
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size of the aerosol particles and will be higher for smaller particles 23. As shown in Figure 69, the
saturation ratio necessary to activate a sodium chloride particle of an initial size of dp =13 nmis
at 1.012 for DMSO, 1.007 for butanol and 1.002 for water. The necessary supersaturation for
activation increases with decreasing particle size. For example, for DMSO, particles with
diameters 6 nm and 3 nm require saturation ratios of 1.037 and 1.078, respectively. Solving the
Antoine equation for two temperatures and taking the ratio of the two results yields the
supersaturation for this calculated temperature difference. For DMSO, the component-specific
constants are a= 5.23; b= 2239.2; and c=-29.2 13,
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Figure 70. The theoretical saturation vapour pressure of butanol, water and DMSO as calculated
by the Antoine equations 47 13¢,

As can be seen in Figure 70 and calculated with EQ 23, the saturation vapour pressure of DMSO
is far below that of butanol, but with a similar slope of 0.031, while the slope is 0.026 for water.
This indicates the same supersaturations could be achieved with the same temperature
difference between the saturator and condenser of condensation particle counters, but with a
much lower consumption of the working fluid. For DMSO, we achieved a supersaturation of
about 10% (saturation ratio of 1.1) with a saturator temperature of 40 °C and a temperature drop
to 5 °C in the condenser part of the CPC used. We are not certain if the signal is generated by
droplets or solid crystals, because the freezing point of DMSO is below the condenser
temperature.

The working fluid was tested on the flight simulation test stand shown in Figure 43, by replacing
the working fluid of one CPC unit with DMSO.
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Figure 71. Particle size distributions of ammonium sulphate (AS), sodium chloride (NaCl) and fresh
combustion soot as measured by the combination of DMA and electrometer.

As mentioned earlier, the atomiser was used to nebulise salt solutions. Sodium chloride (NaCl)
and ammonium sulphate were both used for this purpose. Additionally, fresh combustion soot
was measured. In Figure 71, the corresponding size distributions for these aerosol types are
shown. The DMA settings were chosen, to provide the greatest possible size resolution at the
smallest particle sizes near the range of the expected cut-off diameters. This resulted in a
maximum particle mobility size of 138 nm on the upper end for the salts and for the soot.
Complete particle size distribution for the soot were taken from previous experiments 2.

9.1.2 DMSO Droplet Size

The SKY CPC 5.411 reports an internal diagnosis of the particle growth which is displayed as the
C1/C0 value. The C1/CO reports the ratio of counts that have a higher and a lower detection
threshold, which is used as CPC-internal check for sufficient particle growth (described in Fig 6.).
Avalue below 1indicates, that the particles give a lower scattering signal due to a smaller particle
size or due to overall light scattering behaviour. Only particles reaching and exceeding both signal
threshold levels are counted. The C1/CO correction is implemented simply by dividing the
reported number concentration through the C1/CO value. In Figure 72, signals of different droplet
sizes are illustrated, along with detector thresholds CO and C1. By dividing the reported number
concentration by C1/CO, the CPC counts all particles that reach the first detector threshold.
DMSO droplets smaller than 2.5 um will not be counted.
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Figure 72. lllustration of the pulse height of DMSO-Droplets of different sizes with corresponding
detector threshold levels.

The very need for this correction is due to the low vapour pressure of DMSO. If less material is
available for condensation growth, the droplets cannot grow. The diameters of the DMSO
droplets, which correspond to the signal heights of CO and C1, are 2.5 —2.9 um and 4.0 — 4.6 um
respectively to the different thresholds. The values were estimated from the signal heights of
latex test particles, a model for scattered light intensities as a function of particle diameter for
the Grimm measuring cell, assuming spherical homogeneous particles, a wavelength of 660 nm,
linear polarization, and refractive indexes of 1.59 + 0.0i for latex and 1.47 + 0.0i for DMSO.

To parameterise the efficiency curves, an exponential fit function 37 was applied

(B — Dp) EQ57
—(C =5 In2)

Here, n is the counting efficiency, D, is the particle size, and A, B, C are fitting parameters

n=A(1—exp

calculated using a multi-parameter fit 1% 111 where C corresponds to the Dso cut-off diameter.

The fitted function was then used to robustly calculate the efficiency for the cut-off of Dgo. This
Equation is an updated formular of EQ 56 with the advantage of getting the Dso cut-off diameter
directly.

9.1.3 Summary and Results of CPC measurements using DMSO

During initial experiments we used DMSO from a bottle of our laboratory stock that was first
opened two years prior to these experiments. We started by completely drying a Sky CPC 5411.
Prior to filling it with DMSO, we performed a test run in the measurement setup and the dry CPC
reported zero counts. The instrument wick was then wetted with DMSO by the refilling valve and
worked as intended. The CPC internal fluid controls operated as they do with butanol. We
operated this unit, which from now on we refer to as the D-CPC, with the same parameters as
the structurally identical B-CPC which was also included in the experimental set-up. For the first
run we applied a particle filter to the inlet to check for homogeneous nucleation. No particle
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counts were observed during zero particle air measurements, independent of instrument
temperatures, humidity, or pressure levels. As we started aerosol measurements with pressure
levels below 700 hPa, the C1/CO value decreased to 0.9 and dropped further down, as soon as
the pressure decreased. As a consequence, we increased the saturator temperature from 36°C
to 40°C and decreased the condenser temperature from 10°C to 5°C. With this procedure, the
C1/C0 value stayed at 1 down to a pressure level of 250 hPa and only decreased slightly to 0.95
at 200 hPa. All values given as number concentration from the D-CPC are corrected by dividing
by the C1/CO0 value in order to report all particles at the lower counting threshold as explained
previously. The initial results were obtained with ammonium sulphate particles. The Dso cut-off
diameter is used as the primary criterion, as it describes the particle size where only 50% of the
particles are detected compared to a reference method. Figure 73 shows that the D-CPC has an
identical Dsg cut-off diameter as the B-CPC.
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Figure 73. Counting efficiency curves of the Sky CPC 5.411 operated with butanol (B-CPC) and
DMSO (D-CPC) at different operation pressures using ammonium sulphate particles.

As second step, we tested DMSO in a CPC of a different kind. For the CPC 3772-CEN the main
operating principle is the same, but there are slight differences to the Sky-CPC. The Sky-CPC has
a horizontal wick and a continuous draining of condensed water/butanol mixture located
downstream of the saturator working fluid reservoir. The 3772-CEN has a vertical wick, where
condensed water may flow through before reaching the fluid reservoir. This different design will
explain some differences we observed during long-term experiments described later on. To start
with, we dried the 3772-CEN for over two days until no particle counts were reported. We then
added the DMSO. We changed the temperature parameters to be equivalent to the D-CPC with
40°C at the saturator and 5°C at the condenser. Therefore, the 3772-CEN was not operated as
intended by the European Committee for Standardization (CEN). In order to highlight this, we will
refer to the 3772-CEN operated with DMSO as the D-CEN. As shown in Figure 74, counting
efficiencies for all CPC’s do not significantly differ from each other, regardless of the instrument
and applied pressure.
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Figure 74. Counting efficiency curves for sodium chloride particles with respect to the
electrometer reference instrument and corrected for multiple charge of the Sky CPC 5.411 (a) as
well as for the CPC 3772-CEN (b), both operated with butanol (B-CPC) and DMSO (D-CPC; D-CEN)
at different operating pressures.

To test another particle type, we chose fresh combustion soot aerosol, as it is a non-soluble
substance and is not hydrophilic. As in the previous experiments, the counting efficiencies for
the different CPCs do not differ (Figure 75).

We repeated all experiments using a mixture of 10% volumetric water to 90% DMSO in the Sky
CPC 5.411 (points labelled as DW-CPC in Figure 75). This mixture does not influence the
measurement performances. We observed, that the C1/CO value decreased to below 0.2 for
about a minute as soon we reached pressure levels below 250 hPa, indicating that water is
evaporating and influencing the particle growth. After a span of one minute, the C1/CO value
rapidly increased to over 0.98. Using this mixture, the lower range of operating conditions is
extended to -10°C.
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Figure 75. Counting efficiency curves with respect to the electrometer reference instrument and
corrected for multiple charges at different operating pressures using fresh combustion soot
particles for (a) Sky CPC 5.411 operated with butanol (B-CPC) and mixture of DMSO and water
(DW-CPC) and (b) Sky CPC 5.411 operated with butanol (B-CPC) and the CPC 3772-CEN operated
with DMSO (D-CEN).

The counting efficiency of the D-CEN for soot particles at 700 hPa exhibits a sudden increase at
around 5 nm as shown in Figure 75b. This phenomenon needs further investigation because it
could not be explained.

We tested DMSO in our measurement set up at various conditions. For example, we increased
the inline humidity (RH) to 30%, although we normally measure at RH below 5%. Even then, the
counting efficiencies as well as the overall behaviour did not change. The instrument cut-off
diameters for Dsg and Dgo do not differ significantly from each other regardless of particle type,
operating fluid or pressure level. In Table 17 the fitting parameters and the derived values for
the Do cut-off diameter are reported for the lowest pressure level studied (either 200 hPa or
250 hPa, depending on experiment). The significant parameters for the high of the plateau (A;
+0.05) and the cut-off diameter Dso (Parameter C; £1.5) did not change significantly at different
pressure levels (200 — 700 hPa) and humidity levels (0-30 % RH).
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Table 17. Coefficients of the exponential function of the counting efficiency curves and the D90
cut-off diameter (at either 200 or 250 hPa) for different particle types for the Sky CPC 5.411
operated with Butanol (B-CPC) and DMSO (D-CPC); DMSO-Water mixture (DW-CPC) and CPC
3772-CEN operated with DMSO (D-CEN).

Particle Type Instrument A B C Dgo
[nm] [nm]
NaCl B-CPC 0.99 3.9 6.7 13.6
NaCl D-CPC 0.96 3.9 6.3 13.5
NaCl D-CEN 1.02 1 6.7 18.6
AS B-CPC 0.98 2.1 4.8 11.9
AS D-CPC 1.02 2.8 6.5 14.2
Soot B-CPC 0.95 3.4 6.8 17.8
Soot DW-CPC 1.02 2.7 5.6 11.7
Soot D-CEN 0.95 3.7 7.5 19.8

After the characterization in the lab we conducted several measurements of outside air at the
campus of Forschungszentrum Jilich. The longest measurement lasted 5 consecutive days, both
the D-CPC and the B-CPC measured the same particle concentrations (Figure 76a). We observed
that the 3772-CEN had issues during the measurements caused by DMSO. Here the valves for
draining and priming got blocked by a swollen gasket. First of all, we needed to extract excess
fluid from the device manually. Since the overall ambient humidity ranged between 60 and 80%,
it is certain that water condensed at the condenser and dropped into the wick of the 3772-CEN,
weakening its activation efficiency. This is seen in Figure 76b, where the D-CEN trace is lower
than the B-CPC trace starting around minute 45. Because DMSO appears to affect the drain and
priming valve gaskets the instrument needed to be manually drained (minute 60 to minute 80 in
Figure 76). After that, the 3772-CEN returns to the same concentration levels as the B-CPC.

For the ambient aerosol measurement, we recorded the consumption rate: the Sky-CPC was
filled with 5 ml of DMSO, whereas the second Sky-CPC was filled with 20 ml butanol. We ran
those measurements overnight. The B-CPC ran dry in the late morning as expected and was
refilled, the D-CPC was still running and counting. For the first set of ambient measurements, the
C1/CO0 value of the D-CPC stayed at 1 and decreased slowly until it oscillated around 0.8. At a
second approach we added a Water/DMSO mixture and the C1/CO value decreased towards 0.6
slowly going up again to 0.8. Anyhow, the D-CPC number concentration was corrected with
simultaneously logged data of the C1/CO0 value, which was ranging around 0.8 in Figure 76.
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Figure 76. Ambient air as measured by the Sky CPC 5.411 operated with (a) Butanol (B-CPC) and
DMSO (D-CPC) as well for the (b) CPC 3772-CEN operated with DMSO (D-CEN), that needed
manual extraction of condensed water, which caused the number concentration to drop.

Figure 77 demonstrates that the measurements made using DMSO as the working fluid are not
distinguishable from the measurements performed with butanol. The overall linearity for the
new working fluid is shown in Figure 77. The slope of the linear correlation is 1.01 +0.02 (r?>0.99)
for laboratory measurements as well as ambient for air measurements. For atmospheric
measurements we used the B-CPC as well-known reference.
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Figure 77. (a) Comparison of the concentration linearity of two Sky CPC 5.411 units to the
electrometer reference at different pressure levels for ammonium sulphate and (b) comparison
of correlation between B-CPC and D-CPC on ambient air.

9.1.4 Precautions for using DMSO as a Working Fluid

As already mentioned, the CPC 3772-CEN needed manual draining and refilling, and the Sky CPC
5.411 needed manual refilling as well. This is because rubber parts soak themselves with DMSO
and swell, so they increase in size. With this behaviour, the o-rings expanded inside the valves
for refilling and could no longer perform as intended, although it took several days to weeks
before the valves stopped working. In order to address this issue, we exchanged those parts with
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silicon o-rings. We operated the instruments for at least three months with the new working fluid
and apart from the valves, no essential parts were affected since the device kept working. We
repeated the process using DMSO as the operating fluid in a third Sky CPC 5.411 - this unit
performed the same as the D-CPC in the first experiments, including agreeing well with the B-
CPC and the swollen o-ring. As can be seen in Figure 78, the o-ring, as well as the stamp of the
valve, increased by about 1 mm in seen diameter.

s
[ 13
B

L

g 0
Figure 78. Picture of the CPC o-ring (left, top and bottom), and the stem of the liquid supply valve
(right). (1) indicates operating fluid was butanol and (2) indicates operating fluid was DMSO.

)

With this increase in size, the sealing ring blocked the stamp and prevented the further flow of
liquid to the wick. The continuous pump for draining in the Sky CPC 5.411 was still working as
intended.

Cross-sensitivities between DMSO and several reactive atmospheric substances were not tested.
We measured atmospheric aerosol for several weeks using instruments with DMSO as the
operating fluid. We did not observe any significant shift in measured particle number
concentrations between the reference B-CPC and the D-CPC. However, higher ozone or nitrogen
oxides concentrations could trigger secondary organic aerosol activation within the instrument
using DMSO.

In the CPC 3772-CEN, one of the critical orifices in the supply line of the working fluid started
leaking and had to be replaced. It is not clear whether this issue can be attributed to the use of
DSMO, as the instrument’s maintenance state or operational errors could also have been causing
factors.

DMSO can bring chemicals into the body by transporting dissolved chemicals through the skin
and bacteria can convert DMSO into dimethyl sulphide, DMSO should not be disposed of into the
sewer 138,

Another precaution that should be mentioned here is that DMSO should not be heated to
temperatures above 150°C, since at that threshold it will lose its thermal stability. When
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exceeding 150 °C, DMSO slowly starts to degrade into its by-products, which may have different
characteristics.

From an instrument manufacturer's point of view, DMSO seems to be an interesting alternative
working fluid to the commonly used butanol. Furthermore, at first glance, the modifications
required for the correct and safe operation of a Grimm 5411 Sky-CPC appear to be relatively
straightforward. However, as demonstrated in the experiments shown here, there is a need to
adapt the CPC design to the specific properties of DMSO, specifically material durability. Also,
the detailed condensation process so far remains an open question that needs to be addressed
in future studies in order to adapt and optimize the particle detection in upcoming CPC models.

Equally important, the benefits of using DMSO as a substitute working fluid by far exceed the
effort needed to prepare a CPC for its use, from a user or an instrument manufacturer’s
perspective. In TSI’s most recent generation of butanol-CPCs, there are only few places where
DMSO comes in contact with materials that it could degrade or swell quickly. In practice this
means that those o-rings and gaskets that are by default made of polycarbonate (PC),
polyvinylidene fluoride (PVDF) like Kynar®, or polyvinyl chloride (PVC), will need to be exchanged
by their silicone equivalents. While this is not technically difficult, the exact replacement should
be assessed and approved separately for every CPC generation and model by the manufacturer.
Also, all modifications will need to be tested over much longer periods of time than the brief test
period in this work as components such as the instrument optics might get impacted only after
several weeks or months of exposure to DMSO. Of course, this would change with the
introduction of a next-generation of alcohol-based CPCs that are designed for use with DMSO
from the beginning.

9.1.5 DMSO as a suitable working fluid for low pressure applications

In this work, we have introduced dimethyl sulfoxide (DMSO) as an appropriate new substance to
replace butanol as the working fluid in alcohol-based condensation particle counters (CPC).
DMSO is an odourless, non-flammable and non-toxic substance. We would like to emphasize that
DMSO overcomes the notable health and safety concerns that arise when using butanol in
sensitive working environments, and this fact alone makes it a desirable candidate for operation
of instruments on aircraft. Secondary benefits include the lower consumption when operating
CPCs and its lower cost.

In our experiments we have demonstrated that the two different CPC models that we tested
continued to operate as expected under several operational conditions. When changing the
operation pressure from ambient level down to 200 hPa, which corresponds to the cruising level
of passenger aircraft used within the IAGOS research infrastructure, the DMSO-operated CPC
units displayed the same counting efficiencies as the butanol-operated CPCs. Even in very humid
environments with a relative humidity of around 80% RH, the CPC operated with DMSO
performed equivalent to a butanol CPC. It should be noted that at those high levels of humidity,
the CPC 3772-CEN had to be drained frequently, while the Sky CPC 5.411 had to be corrected
using its internally recorded C1/CO value. Nevertheless, for all pressure levels and particle types
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investigated, the DMSO-operated CPC performed essentially identical to the equivalent butanol-
operated CPC. Further investigations with different temperatures for saturator and condenser
are planned.

The introduction of DMSO as the working fluid requires no significant modifications of a CPC’s
hardware apart from minor changes to its liquid supply valve and a replacement of any gasket
that comes in contact with the working fluid. Our initial results also indicate that the lower
detection limit of the CPC might even be smaller with the new working fluid as a higher
supersaturation can be achieved. This is due to the fact that DMSO has a far higher flaming point
than butanol. This will be investigated further in cooperation with CPC manufacturers by using a
custom-designed saturator block, heating and reservoir.

10 Conclusions and Outlook

The overarching objective of the work reported in this thesis was the improvement of the
experimental foundations of aerosol measurement technology suitable for the conduction of
regular aerosol in-situ observations on airborne platforms. Regular observation of aerosol
properties on a fleet of passenger aircraft - as scheduled in the research infrastructure IAGOS —
would help closing an important gap in the global climate observation system. The specific target
of this studies was the optimisation and evaluation of an IAGOS instrument package for air quality
related aerosol properties aligned with NO2 measurements, thus covering the key air quality
indicators together with ozone measured regularly by IAGOS. The steps necessary for reaching
this target included the evaluation of the individual instrument components for measuring
aerosol number concentration and size distribution together aerosol light extinction as proxy for
the mass concentration of airborne particulate matter.

The evaluation of all components was successfully accomplished for the full range of operation
conditions. The instrumentation of the IAGOS air quality package (Package 2e) is shown to be
stable and operational at aircraft cruising altitude conditions. With the two CAPS PMey, it is
possible to deliver robust aerosol light extinction in-situ measurements at 450 and 630 nm
wavelength. Taken this into account, it is possible to calculate the aerosol light extinction
Angstrom exponent. Together with the total number concentration counted by the water-based
condensation particle counter (MAGIG-LP) and the optical size distribution of the accumulation
mode down to 125 nm measured by the optical particle counter (POPS), it will become possible
to validate satellite- borne aerosol products by means of IAGOS observations. Furthermore, the
size information in the accumulation mode covers the range of particles, that are crucial for the
formation of clouds!? 132, With the derived number concentration of all particles below 125 nm,
it is possible to provide information of the number of particles, that have formed by gas-to-
particle conversion. As an additional indicator for air quality, the NO, measurement as low as 0.1
ppbv gives a solid ground for global air quality assessment. As it was shown, those measurements
can be used to observe the long-range transport of particulate matter and as a source
identification.
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Aerosol observations on board of passenger aircraft fill the gap between ground-based networks
and satellite observations, since IAGOS operates in the upper free troposphere and is therefore
located in the “middle” of these sensing networks and by providing vertical profiles. This is
illustrated in Figure 79.

Satellite Observations
A-Train, e.g. MODIS (AOD)
Sentinel 5p (TROPOMI)
CALIPSO (LIDAR)
ADM Aeolus (LIDAR)
EarthCARE (LIDAR)

Ground-Based Networks
AERONET (AOD)
ACTRIS (LIDAR)

Figure 79. Schematic of the IAGOS satellites validation strategy.

The IAGOS data was already used to validate spacecraft carried active sensing instruments 4% or
other forms of remote sensing techniques 1. A new satellite is about to launch, which is called
EarthCARE (earth.esa.int/eogateway/missions/earthcare). As it is promoted as the “largest and
most complex earth explorer to date”, it is a great opportunity for IAGOS datasets and products
of the air quality package, to serve as the ground truth for the remote sensing techniques on this
new satellite. In the same direction, the IAGOS air quality package will deliver essential data for
the evaluation of the TROPOMI instrument on the SENTINEL-5 Precursor Mission of ESA. This
instrument delivers data on the aerosol optical depth, i.e., the vertical integration of the aerosol
light extinction coefficient, and the NO2 column load.

As these are important is the future applications for observation data by the IAGOS air quality
package, a proof of concept was already performed. A prototype was operated on a research
aircraft in August 2015, with the flight pattern shown in Figure 81. During the flight a vertical
profile close to the observatory of the German Weather Service at Lindenberg, Germany was of
special interest, since the area was highly polluted and it was possible to compare those
measurements with Raman-LIDAR remote sensing measurements conducted at Lindenberg. The
intercomparison of light extinction data from the air quality package and from the LIDAR showed
excellent agreement for the total light extinction coefficients as well as for the closure performing
calculations of the extinction coefficient using the measured aerosol size distribution applying
Mie-theory calculations of the extinction coefficient. The offset of Mie calculations of light
extinction coefficient, visible in Figure 80, compared to the LIDAR data as observed by Bundke
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(2016) can easily be explained by the insufficient lower size detection limit of the instrument
applied during this test with a minimum diameter of 250 nm. With the lower size limit of the new
optical sizing instrument POPS, this gap may vanish since particles below 100 nm are hardly
contributing to the light extinction coefficient.
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If those measurement could be done frequently, those high-resolution in-situ measurements can
be used to validate remote sensing networks such as Aeronet or the research infrastructure
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Figure 81. Geographical information of the flight route and measurement data of the CAPS
aerosol light extinction coefficient 143,
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Based on the results of this thesis, this concept can be further improved by implementing several
changes. Those improvements include the addition of two CAPS tubes for measuring light
extinction coefficients at multiple wavelenghts. A water-based condensation particle counter
(MAGIC CPC %) was added as well, and as a last improvement, the original optical particle
counter was exchanged with another model with a smaller laser wavelength to reduce the size
limitations (POPS 7%).

The new working fluid gives possibilities to continue the operation of butanol-based
condensation particle counters, without the need to replace already installed instruments
namely at the IAGOS aerosol package. In addition, the use of DMSO in regular alcohol-based
condensation particle counters can increase the range of application, since safety restrictions on
flammable liquids are avoided. With this, alcohol-based condensation particle counters can be
used in sensitive working areas.

The two IAGOS instrument packages suitable for aerosol measurements are essential for a global
monitoring of aerosol properties. The importance of in situ aerosol optical properties
measurements can be rated as very high, as the increase in global temperature is linked to solar
brightening from aerosol reduction!*4. A recent report of the DWD (Deutsche Wetterdienst)
accounted this effect to 2 W/m? per decade for germany*°.

In the near future, we will deal with the very first flight analysis. Furthermore, additional air
quality instrument packages will be built and installed to cover more routes such as in the
Canadian air space, since there are a boreal forest fires prominent. Continuous airborne
measurements will give deeper insight into the behaviour and long-range atmospheric transport
of those aerosols.

Another future project is planned for done with the new working fluid DMSO, as it has to be
tested with extended temperature (Delta T >40 — 90 °C) settings for temperature differences
between the saturator and condensator temperatures. We expect that this will lower the cut-off
diameter below 3nm. The CEN-CPC is operated with specific temperature settings for butanol to
fulfil standards and to have a cut-off efficiency around 13 nm. It is yet to be proven if this can be
redone with DMSO. These kinds of experiments will also show, if the particle grow is initiated by
the formation of droplets or by crystal formation. Another study will be conducted to show, if an
expensive and cooled stage condensator is not needed for DMSO, if the saturator temperature
is e.g. 80°C or higher.

The pending patent also states another promising chemical for condensation counters. Yet this
substance is usually solid but has a relatively high vapour pressure of 5.15 mmHg, whereas
butanol has a vapour pressure of around 6 mmHg at 23 °C. Initial tests were already done and
passed first quality checks. Those quality checks include zero-counts with a particle filter installed
in front of the CPC-inlet and a sudden increase to over 200.000 particles per cubic centimetre,
when exposed to an aerosol source (lighter).
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To summarise this thesis, it could be shown that the IAGOS air quality instrument is a reliable and
accurate instrumentation that is suitable for use on passenger aircraft. It measures all
parameters that are necessary to validate spacecraft carried active sensing instruments and
operates as a measuring instrument for continuous environmental measurements. As a side
product, several improvements and solutions were developed for condensation particle counters
that deal with concerns of flammability of alcohol-based condensation particle counters or low-
pressure applications of water-based condensation particle counters.
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