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1 Rationale

Atmospheric aerosols affect climate directly through scattering and absorbing solar radiation
[Charlson et al., 1992] and indirectly through acting as cloud condensation nuclei, thereby altering
the microphysical properties of clouds [Albrecht, 1989; Twomey, 1977]. Despite the recognized
importance of aerosols in cloud formation and for the radiative balance of the Earth, there are still
large knowledge gaps regarding processes that shape the atmospheric aerosol population and its
spatiotemporal distribution. This incomplete knowledge contributes to a large uncertainty regarding
anthropogenic aerosol effects on climate and hampers our understanding of past and future climate
sensitivity [Heintzenberg and Charlson, 2009; Lohmann and Feichter; 2005, IPCC, 2013].

Although the abundance of particulate mass in the upper troposphere (UT) and lowermost
stratosphere (LS) (8-12 km at mid-latitudes) is much lower compared to the atmospheric boundary
layer, the UTLS aerosol may still significantly impact the radiative balance of the Earth. Aerosol
particles in this region may serve as surfaces for heterogeneous chemical reactions that may impact
the stratospheric ozone [Bell et al., 2005; Borrmann et al., 1997; S¢vde et al., 2007]. The formation of
ice clouds [Kramer et al., 2009; Karcher, 2003] also depends on the properties of aerosol particles.

In order to determine the influence of aerosol particles on the climate system global aerosol models
are used. In these models the radiative forcing caused by aerosol particles and hence their climate
effect is based on simplified descriptions of aerosol microphysical processes and properties. In order
to assess the quality of the model predictions, validation of the predicted aerosol parameters from
measurements are needed [Ekman et al., 2012]. Remote sensing from satellites or on ground based
sensors (lidar), partly lack the spatial resolution to resolve the microphysical processes and are
limited to the optical active particles larger than about 100 nm diameter. Consequently, for the UTLS
only regular, long-term in situ measurements from passenger aircaft (i.e. IAGOS) can provide the
needed data.

In the framework of IAGOS, a robust instrument for the routine measurement of the aerosol particle
size distribution and the integral numbers of particles and for non-volatile particle cores aboard long-
haul in-service aircraft was developed. The aerosol size information for the so-called accumulation
mode covers the range of particles available for the formation of liquid water and ice clouds. The
total number concentration provides information on gas-to-particle conversion and particle
nucleation at flight altitude level. The number concentration of the non-volatile particle cores yields
complementary information on the anthropogenic contribution to the atmospheric aerosol burden.
Also, non-volatile soot particles emitted by aircraft are thought to play a role in the indirect aerosol
effect on climate by acting as ice nuclei for cirrus particles.

2 Description of Method

2.1 Equipment

The instrument is designed for the autonomous measurement of aerosol particles in the atmosphere.
IAGOS-P2c measures the aerosol particle size distribution by means of an optical particle counter
(OPC) and the integral number concentrations of aerosol particles and of non-volatile particle cores
by means of condensation particle counters (CPC). A thermodenuder (TD) is applied to separate
volatile and non-volatile particle components. This device vaporizes all compounds with a boiling
point less than 250 °C. Thus, if a particle consists only of vaporizable substances or the residual
particle is smaller than the cutoff diameter of the CPC (13 + 1 nm), the difference between the CPC
sampling the total aerosol and the unit connected to the TD is the number-concentration of
vaporizable aerosol particles. The system is described in detail in Bundke et al. (2015).
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Figure 1: Left: Top view of instrument P2c; Right: view of instrument P2c including the Butanol supply
system mounted in the Airbus A340
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Figure 2: Schematic flow diagram of P2c; dashed lines indicate Butanol-containing tubing, solid lines
refer to gas-containing tubing. Butanol supply and reservoir and inlet plate are external provisions.

Optical Particle Counter

The optical particle counter (OPC) measures the particle size distribution in the particle diameter
range 0.25 < d, < 32 um by light scattered from the detected particles. The OPC infers the particle
size from the amplitude of the light pulse scattered by the individual particles into a well-defined
solid angle range while crossing a laser beam, and counts the particles into 31 scattering pulse
amplitude bins. This pulse amplitude histogram is transferred into a particle size distribution by
relating the pulse amplitude to particle size, based on regular calibrations of the OPC by particles of
known shape (assumption of spherical shape allows application of Mie-theory) and chemical
composition (i.e., of known complex refractive index).
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Table 1: Description of sub-assemblies and auxiliary parts

Part or assembly Abbr. | function / description

Optical particle counter OPC Detector for particles larger than 0.25 um in diameter,
based on the detection by light scattering.

Condensation particle counter (2 units) CPC Detector for particles larger than 0.01 um in diameter;
based on condensation growth of particles in a Butanol-
saturated atmosphere and subsequent detection of
formed droplets by light scattering.

Thermodenuder TD Assembly for the removal of volatile material from
aerosol particles in a heated environment; operation
temperature T = 250°C.

Vacuum unit VAC Brushless membrane pump.

Butanol gas sensor BGS Unit for detecting Butanol leakages; mounted in the
ventilation system

Power Supply Board PSB and PSB Inlet and outlet filter, circuit breaker, DC28V/DC5V
Data Acquisition System (DAS) converter, relays, signal converter, logic parts; industrial
single board PC with interfaces for analogue and digital
I/Os, interface for aircraft signals, and cable assemblies.

Time Delay Circuit TDC Explosion proofed circuit to guarantee a well-ventilated
system prior powering up the system

Watchdog WD Electronic circuit to restart system if DAS fails

Butanol supply BS Double-walled aluminium cylinder containing approx. 5L
of the CPC working fluid Butanol.

Butanol supply line BSL Double-walled Butanol supply line providing working
liquid Butanol to the CPC units

Butanol reservoir BR Double-walled aluminium cylinder for storage of waste
CPC working fluid Butanol.

Butanol reservoir line BRL Double-walled Butanol supply line for draining waste
working liquid Butanol to the waste container

Pressurization line PL Unit for connecting BS and BR to the same pressure level
as the instrument package P2c.

Discharge line DL Assembly to discharge overpressure from BS and BR in
case of fire or overheat.

Condensation Particle Counter

Particles smaller than 100 nm in diameter are generally not accessible by optical light-scattering
methods since the light scattering intensity of particles less than this diameter scales with dp6. One
method to circumvent this limitation is the physical process of particle growth by condensing
material from the gas phase on the particle nucleus. The droplets forming by condensation are then
large enough for optical detection. It has to be noted, that information on particle size of the original
particles is lost during the condensation process. Thus, the method of condensation growth allows
only the counting of particles, but not particle sizing.

Condensation requires the super saturation of the condensable gas which can be obtained by
different approaches. The conductive cooling-type CPC as used here acquires super saturation of the
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working fluid Butanol (alcohol; molecular formula C4H1,0) by saturating the aerosol sample with
Butanol in the heated saturator and then by cooling the saturated aerosol sample so that finally
super saturation is generated and condensation growth of the droplets is initiated. Recently, CPC
based on water became available which would provide a strong benefit with respect to aeronautics
safety issues. However, long-term stability of these water-based CPC during unattended operation is
not yet demonstrated. This new instrument technology may be an option for next-generation CPC in
IAGOS.

Thermodenuder

The core instruments consist of the sensor units (OPC, CPC), one pump for maintaining the airflow
through the sensors, one heated section of the sampling line (Thermodenuder) for vaporising volatile
aerosol components, and one data acquisition system. The flow of sample air through the sensor
units is controlled by critical orifices. The total volumetric flow through the system is 2.4 L/min. The
pressure dependence of the volumetric flow of the critical orifice will be compensated by means of a
measured calibration curve. Figure 1 shows a top view of the unit P2c and its mounting position in
the Airbus A340-300 while Figure 2 shows details of the pneumatic system. Table 1 summarizes the
main components of the instrument including the abbreviations used in this document.

2.2 Instrument Operation

The instrument operates fully automatically. The functions of the instrument are controlled by a
single board PC via an interface board using LabVIEW software which also records the relevant
signals of the detectors (OPC signal, CPC signals, temperatures, pressures).

Externally required provisions for instrument operation are a 28 V power supply and the Weight-on-
Wheel (WoW) signal. The instrument uses the WoW signal from the a/c to switch between standby
(on ground) and normal operation (in air).

1. When the a/c is on ground, the instrument is in standby (instrument power is on, DAS is
running, and instrument components are switched on).

2. When WoW is set to zero, the pump (VAC) is switched on and the measurement program
starts data storage.

In the laboratory, the instrument can be operated by simulating the WOW signal externally.The
working liquid Butanol for operating the CPC is provided by a separate Butanol supply system and the
instrument has provisions to be connected to Butanol supply and reservoir cylinders equipped with
double-walled Butanol supply and reservoir lines. The instrument is connected to the outlets of the
cylinders via an inner FEP tubing (1/4” OD) of flammability class UL94-VO (alternatively flexible
stainless steel tubing) which is shielded by an outer flexible hose manufactured from flexible stainless
steel. The quick connectors are shut when not connected.

The operation of Package P2c requires the connection to an inlet line and to an exhaust line. The
inlet line connects package P2c to the IAGOS Aerosol Inlet System (AIS) mounted on the inlet plate of
the aircraft. The inlet line of Type Swagelok SS-XC4 SL3 TE8 25-F with an inner diameter of % inch is
connected to P2c and to the inlet plate by Swagelock fittings. During operation on the ground, the
IAGOS AIS generates a pressure drop of 32 hPa with respect to ambient air
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Figure 3: Pressure drop across the Aerosol Inlet System for different flows.

The exhaust line connects package P2c to the exhaust duct included in the inlet plate. The exhaust
line is manufactured from PTFE Tube (6mm OD, 4mm ID, 60 cm length) and connected to P2c and to
the inlet plate by Swagelock fittings of type SS-400.

Figure 3 shows the pressure drop generated by the IAGOS AIS. For operation in the laboratory,
respective connections to an inlet line and exhaust line and an inlet line simulator introducing a
nozzle comparable to the central aerosol inlet nozzle generating a total pressure drop of 32 hPa are
required.

3 Maintenance and Calibration
3.1 Test Procedure

Before and after each deployment, the following checks are mandatory:

(1) Visual inspection for loose, broken or overheated parts, to be identified by
discoloration

(2) Verification of electrical load during start up and operation
(specified value: max. 8 A, acceptable range + 10%)

(3) Verification of leakage rate
(specified value : < 25 hPa/h)

(4) Determination of the volumetric flow through the instrument by means of a DryCal
(or equivalent) flow meter (specified value: 2.4 L/min, acceptable range + 10%)

(5) Determination of instrument background with zero air filtered with PALL HEPA filter
capsule (specified values: Nepc < 1 cm™, Nope < 1 cm™)

(6) Determination of the lower CPC cut-off diameter and adjustment (specified value:
13 +1 nm)
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(7) Determination of instrument response with NaCl aerosol (refractory at TD
temperature of 250°C) against the Jilich reference CPC and OPC units

(8) Determination of OPC channel thresholds by polystyrene latex (PSL) spheres of
nominal diameters 300 nm, 450 nm, and 800 nm

3.2 Calibration Methodology and Standards

The instrument calibration procedure follows the calibration procedures of GAW World Calibration
Center for Aerosols (Hermann and Wiedensohler 2001; Rosenberg et al. 2012; Weigelt, 2014). In
summary, instrument components will be compared to reference instruments maintained at
Forschungszentrum lJilich. These reference instruments have to be calibrated once per year by the
instrument provider against a primary standard defined by the German Metrology Institute
(Physikalisch-Technische Bundesanstalt) in Braunschweig.

3.21

3.2.2

Required Equipment

Aerosol nebulizer, e.g. of type TSI Model 3076.

Electrospray aerosol generator, e.g. of type TSI Model 3482.

Faraday Cup Electrometer, e.g. GRIMM Modell 5.705, including external pump.
Differential Mobility Analyzer, e.g. GRIMM DMA System.

High-efficiency porous membrane filter capsule for operation at high air flow rates and low
differential pressure, e.g. PALL HEPA Capsule.

PSL standards (e.g. ThermoFisher or equivalent) dissolved in de-mineralized water.

Jilich reference OPC of type GRIMM Model 1.129 Sky-OPC including external pump for
maintaining sample flow through the reference OPC.

Jilich reference CPC of type GRIMM Model 5.410 Sky-CPC including external pump for
maintaining sample flow through the reference CPC.

Manifold with provisions to connect inlet and exhaust lines of the instrument and capable to
simulate in-flight conditions (p_inlet 1.0 - 0.25 bar; p_exhaust 1.0 - 0.15 bar) thereby
maintaining the excess flow of the zero air /calibration mixture.

Calibration Procedure
Determination of instrument background:

Connect the inlet of the instrument to an excess flow (> 2 standard litres per minute; SLM) of
dry, oil-free and particle-free zero air filtered by a Pall HEPA Capsule and the exhaust to a
vacuum manifold. The provisions must ensure that the pressures in the inlet manifold and
exhaust manifold can be adjusted for in-flight conditions, and that the flow of zero air
remains constant.

Apply the zero air to the instrument in automatic measuring mode sufficiently long for the
CPC and OPC signals to stabilize (approx. 10 min). Analyse the data in the same way as for
ambient measurements.

Calibration of CPC Counting Efficiency:

Connect the inlet of the instrument to an excess flow (> 2 SLM) of DMA selected aerosol-
containing sample air from the evaporation-condensation type generator. The sample flow
has to be split into one part sampled by the instrument another part sampled by the
reference instrument. Apply the aerosol sample air to the instrument in automatic measuring
mode sufficiently long for the CPC signals to stabilize (approx. 5 min). Analyse the data in the
same way as for ambient measurements.
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4.

Measurements have to be performed and ambient pressure and at reduced pressure
simulating aircraft conditions.

Determination and Adjustment of the CPC lower cut-off diameter

Connect the inlet of the instrument to an excess flow (>2 SLM) of DMA selected aerosol
containing sample. The sample flow has to be split into one part sampled by the instrument
another part sampled by the reference instrument FCE (Faraday Cup Electrometer).

Cutoff Determination: Select successively particles of different diameter starting at 20 nm
down to 6 nm. Calculate the CPC counting efficiency as function of particle diameter as
described in Bundke et al. 2015.

Cutoff adjustment: select particles of 13 nm diameter using the DMA. Alter successively the
temperature difference of CPC condenser and CPC saturator until the CPC calculated
efficiency equals 0.5 + 0.1. See Bundke et al. (2015) for details.

Calibration of OPC Counting Efficiency:

Connect the inlet of the instrument to an excess flow (> 2 SLM) of aerosol-containing sample
air from the aerosol nebulizer. The sample flow has to be split into one part sampled by the
instrument another part sampled by the reference instrument. Apply the aerosol sample air
to the instrument in automatic measuring mode sufficiently long for the OPC signal to
stabilize (approx. 5 min). Analyse the data in the same way as for ambient measurements.

Measurements have to be performed at ambient and reduced pressure for various PSL sizes.
Calibration of Pressure Transducers and Temperature Sensors:

The pressure transducers in the instrument must be calibrated against a calibrated pressure
gauge (zero offset and two points around the actual operating pressure.

Temperature sensors in the instrument must be calibrated against a calibrated thermometer.

The calibration data must be stored in the data base and included in the data analysis.

4 Data Flow and Uncertainty Assessment

4.1 Data Flow

Counting rates of CPC and OPC are recorded on a 1 Hz basis. Counting rates are converted to number
concentrations by division by the volumetric flow rate. Data are stored as particle number
concentration (CPC) and as particle number concentrations per size bin (OPC) locally as binary files.

4.2 Calculation of Results

Number concentration data provided by the sensor units (Nj.s) have to be corrected for standard
pressure and temperature conditions (Nsrp) from the ideal gas law by using pressure and
temperature data measured inside the instrument (index instr) and standard pressure and
temperature conditions (index STP; psrp =1013.25 hPa, Tsp =273.15 K).

Nep =N, « Psre xﬁ Eq.1

instr 7—
instr STP
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4.3 Uncertainty Assessment

4.3.1 Statistical uncertainty

The statistical uncertainty of the particle concentration measurements (CPC/OPC) arises from
Poisson counting statistics whereby the statistical uncertainty oy of a measured concentration N is
given by (in percent)

o= IV 100-—x100  Eq.2
N

JN

4.3.2 Number concentration

According to the Gauss error propagation law using (Eg. 1) the errors for Ncpc and Nepe at STP
conditions are derived as (Nstp corresponds to Ncpc or Nopc at STP conditions, respectively):

oN * (N * (on ED " (N > Ea.3
ANgpp = St My | +| 57 AT gy | +| S AT | +| =5 ADsrp | +| 2 AN gy
op oT, 0Tsrp — OPsre —5— oN

instr instr

Where aNSTP _ N/nstr STP . 6NSTP = N/nstrpmstrTSTP . aNSTP — p/'nstrTSTP

ap instr P STP T/‘nstr 0 T/'nsrr p STP (T/'nsir )2 ’ 6N instr ,0 STP 7:'nstr

For each individual calculation of the number concentration at STP conditions (Eq. 1) the associated
error can be calculated using (Eq. 2). In particular the error of the particle number concentration at
STP conditions calculated from cruise level (Pi.str = 250hPa , Tinsr = 230K) measurements is of the
order of 6%. It is dominated with about 5% by the instrumental number concentration measurement
error (ANi,sr = 5%; Petzold et al., 2011). A minor contribution (<1%) is associated with measurement
errors of temperature and pressure which are conservatively estimated to be ATy = 0.2 K, APjnsir =
2 hPa.

4.3.3 Particle sizing

In general the Particle sizing error using an OPC is dominated by the fact that the OPC is calibrated
using PSL articles with a given complex refractive index (m = 1.59+i0.00 at A = 630 nm) and spherical
shape; however, atmospheric particles can have shapes and refractive indices that can vary widely.
This leads to sizing uncertainties that are difficult to quantify. In order to avoid further assumptions
we will report this optical diameter which uses the manufacturer calibration. The Manufacturer
reports an uncertainty of 5% in optical diameter from measurement uncertainties when using a
spherical calibration particle of known refractive index. Referring to procedures published in
literature (Rosenberg et al., 2012; Weigelt et al., 2014), uncertainties of the order of 20-30% are
expected when taking into account uncertainties in shape and refractive indices.

4.3.4 Jilich reference instruments

The Manufacturer reports an uncertainty < 5% if the reference instrument is checked once per year.
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5 Specifications

Table 2: Specifications of IAGOS-Pllc-01-(xx)

Quantity Value Units Explanations/Comments
Dimensions 560 x 400 x 283 mm Lx W x H (envelope)
Mounting Mounting base plate with shock mounts for
vibration dampened fixation of instrument box.

Mass 30 kg Box with base plate and pneumatic lines
Connectors FDBA 50 14-5 PN K A246 Power in

FDBA 50 16-26 PN K A246  Aircraft control signals

RIF21G Ethernet

FDBA 50 16-26 PN K A246  Service

Electrical Load
Voltage:
Average Current:
Initial surge (3ms):
Start-up (1min):

Ventilation

Ambient Temperature

Inlet line

DIA, Length

Exhaust line

Butanol consumption
Sample flow rate total
Measured quantity

Method of detection

TD heater

Sensitivity CPC
Sensitivity OPC
Evaporation efficiency
TD (volatile fraction)
Data acquisition rate
Time resolution

Control signals

28V DC

5A

6A

8A

40 L/s

0°Cto 30°C
-30°Cto 70°C

stainless steel tube

8 mm OD, <1m

PUN vO tube 6mm OD
20 mL (max.)

2.4 Lpm

Aerosol number
concentration;

size 250 nm — 2.5 ym
Condensation
growth/optical detection

Light scattering
Heating unit at 250°C

<5cm?
<5cm>
>93%

10 Hz

1s

1s

1x 28V DC, <50mA

External fan and matching adapter required
Measurement specification
Storage

Swagelok tubing 8mm x 6 mm OD x ID

poly urethane UL94-v0
Continuous consumption per day per CPC

Total and non-volatile aerosol number
concentration for particles > 10 nm in diameter
Size distribution for particles > 250 nm in diam.
Particle growth by condensation of super-saturated
liquid on nuclei; subsequent optical detection by
light scattering

Particle size determination by light scattering.
Heating unit within the cylinder walls of the TD,
isolated from sample flow

Measured with 100 nm ammonium sulphate aerosol

CPCs
OPC (resolution with 16 channels; < 2.5 um)
a/c signal (WOW) required for automatic operation
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