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Abstract. Particle concentration measurements with under-
wing probes on aircraft are impacted by air compression up-
stream of the instrument body as a function of flight velocity.
In particular, for fast-flying aircraft the necessity arises to ac-
count for compression of the air sample volume. Hence, a
correction procedure is needed to invert measured particle
number concentrations to ambient conditions that is com-
monly applicable to different instruments to gain compara-
ble results. In the compression region where the detection of
particles occurs (i.e. under factual measurement conditions),
pressure and temperature of the air sample are increased
compared to ambient (undisturbed) conditions in certain dis-
tance away from the aircraft. Conventional procedures for
scaling the measured number densities to ambient conditions
presume that the air volume probed per time interval is deter-
mined by the aircraft speed (true air speed, TAS). However,
particle imaging instruments equipped with pitot tubes mea-
suring the probe air speed (PAS) of each underwing probe re-
veal PAS values systematically below those of the TAS. We
conclude that the deviation between PAS and TAS is mainly
caused by the compression of the probed air sample. From
measurements during two missions in 2014 with the German
Gulfstream G-550 (HALO — High Altitude LOng range) re-
search aircraft we develop a procedure to correct the mea-

sured particle concentration to ambient conditions using a
thermodynamic approach. With the provided equation, the
corresponding concentration correction factor £ is applica-
ble to the high-frequency measurements of the underwing
probes, each of which is equipped with its own air speed sen-
sor (e.g. a pitot tube). £ values of 1 to 0.85 are calculated for
air speeds (i.e. TAS) between 60 and 250 m s~!. For differ-
ent instruments at individual wing position the calculated &
values exhibit strong consistency, which allows for a param-
eterisation of & as a function of TAS for the current HALO
underwing probe configuration. The ability of cloud particles
to adopt changes of air speed between ambient and measure-
ment conditions depends on the cloud particles’ inertia as a
function of particle size (diameter Dp). The suggested iner-
tia correction factor u (Dp) for liquid cloud drops ranges be-
tween 1 (for D, <70 um) and 0.8 (for 100 ym < D}, <225 pum)
but it needs to be applied carefully with respect to the parti-
cles’ phase and nature. The correction of measured concen-
tration by both factors, & and u (D)), yields higher ambient
particle concentration by about 10-25 % compared to con-
ventional procedures — an improvement which can be consid-
ered as significant for many research applications. The calcu-
lated £ values are specifically related to the considered HALO
underwing probe arrangement and may differ for other air-
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craft. Moreover, suggested corrections may not cover all im-
pacts originating from high flight velocities and from inter-
ferences between the instruments and e.g. the aircraft wings
and/or fuselage. Consequently, it is important that PAS (as
a function of TAS) is individually measured by each probe
deployed underneath the wings of a fast-flying aircraft.

1 Introduction

Clouds constitute one of the most important regulators of the
Earth’s energy balance. The radiation net effect of various
cloud types it is not ultimately known yet. The albedo effect
and the greenhouse effect of clouds are driven by the cloud
element’s microphysical properties (e.g. the particles’ num-
ber, size and shape). In a first-order estimate the cloud par-
ticle size is mostly determined by the cloud particle number
concentration, since the available water vapour for condensa-
tion is distributed via diffusion over the number of particles
present within a cloud. Cloud particle number concentrations
are highly variable (e.g. Kriamer et al., 2009), typically rang-
ing from a few thousandths up to hundreds of particles per
cubic centimetre, since specific mechanisms of cloud forma-
tion are determined by local dynamics (e.g. Spichtinger and
Gierens, 2009; Kircher and Lohmann, 2002).

Airborne in situ investigations related to the microphysi-
cal properties of cloud particles, ice crystals and hydrome-
teors are essential for answering many scientific questions
and therefore measurement methods by means of under-
wing probes are widely used (cf. Baumgardner et al., 2011;
Wendisch and Brenguier, 2013). Airborne in situ measure-
ments of cloud elements are generally influenced by aero-
dynamic conditions at the instrument’s individual mount-
ing position, i.e. due to specific flow fields around the air-
craft’s fuselage and wings (Drummond and MacPherson,
1985; Norment, 1988). Local fluctuations of the air den-
sity may occur in the vicinity of measurement instruments
and their sensing volumes (MacPherson and Baumgardner,
1988), which can affect typical measurements like particle
number concentrations and subsequently derived distribu-
tions of surface areas or volumes. Consequently, if possible,
the thermodynamic conditions during particle detection need
to be considered for gaining accurate and comparable results.

Two scientific missions were carried out in 2014 with the
German Gulfstream G-550 (HALO - High Altitude LOng
range), the sister ship of the US research aircraft HIA-
PER (High-Performance Instrumented Airborne Platform for
Environmental Research) (Laursen et al., 2006): (1) ML-
CIRRUS, from 24 March to 30 April with a total of ~71
measurement flight hours at midlatitudes over Central Eu-
rope (Voigt et al., 2016), and (2) ACRIDICON-CHUVA, dur-
ing September, with overall ~ 96 local mission flight hours
in tropical regions, over the Amazonian basin, Brazil. During
both missions, several independent underwing probes were
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deployed (e.g. the Cloud Combination Probe — CCP; the
Small Ice Detector — SID3; the Cloud, Aerosol and Precipita-
tion Spectrometer — CAPS; the Coud and Aerosol Spectrom-
eter — CAS; the Precipitation Imaging Probe — PIP; and the
Particle Habit Imaging and Polar Scattering Probe — PHIPS)
for studies concerning cloud particle microphysical proper-
ties at relative high flight velocities reached by HALO (up to
Mach 0.75). Thus, the impacts on the air flow conditions to-
wards underwing probes, previously considered numerically
for flight velocities between 50 and 130 ms~! (Norment and
Quealy, 1988) and empirically for up to 100 ms~! (MacPher-
son and Baumgardner, 1988), need to be reassessed for the
air compression accompanied with high flight velocities.

The diagram in Fig. 1 shows an aircraft fuselage under
flight conditions when passing a field of enhanced particle
concentration, e.g. a cloud. By means of avionic (meteoro-
logical) sensors in the air data boom (cf. Fig. 1b; also referred
to as nose boom) the ambient static air pressure (p;) and
temperature (77) are almost undisturbedly measured. The dy-
namic pressure proportion provided by the aircraft avionic
sensors is transferable into the true air speed (TAS) accord-
ing to Bernoulli’s law and describes the aircraft speed relative
to the current motion of air.

The underwing instrument probes are contained inside
Particle Measuring Systems (PMS) standard canisters (with
outer diameter of ~ 177 mm) which, in the HALO configura-
tion, are pairwise mounted at an underwing pylon such that
the instrument is placed 360 mm (430 mm) underneath the
aircraft wings. The instruments’ detection volume is posi-
tioned ~ 100 mm upstream of the wing’s leading edge. This
particular underwing positioning of the cloud probes partly
results from pioneer work done in the past by comprehen-
sive investigations concerning the impact of the air flow in
the vicinity of an aircraft’s wing on cloud particle trajecto-
ries (King, 1984; King, 1986a, b; Norment, 1988). Further-
more, detailed computational fluid dynamics (CFD) simula-
tions were performed to optimise the particular underwing
probe positioning on HALO, as well as for other purposes.
However, the publication of any result of these doubtlessly
valuable studies, for which detailed aircraft geometry data
of the G550 HALO were used, is not permitted as a conse-
quence of a proprietary information agreement with the air-
craft’s manufacturer (K. Witte, German Aerospace Centre,
personal communications, 2016).

The instruments’ probe head has a quasi-aerodynamic
shape (individual probe head designs of three different in-
struments are shown in Fig. 6). The individual probe head of
the respective instrument is additionally characterised by ex-
tension arms that include the detection laser optics or other
annexes such as the CAS winglet. Although the probe heads
are generally of streamlined shape, the moving probe con-
stitutes a flow resistance during flight due to the instru-
ment body’s cross-sectional area perpendicular to the direc-
tion of the air flow (cf. Fig. 1a). Thus, a compression re-
gion forms in a distance of 0.3—0.5 m upstream of the probe
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Figure 1. Illustration of the aircraft geometry, different types of probes and their underwing position and air compression effects. (a) The
moving aircraft induces an increase of particle concentration in particular upstream of the underwing probes (grey-shaded area). Parameters
used for deriving a thermodynamic correction are listed for ambient (undisturbed) conditions (green box) and for measurement conditions
(blue box). Note that specified velocities refer to the moving aircraft or instrument relative to the air or the particles. (b) The top-view
diagram of the aircraft indicates the probe’s mounting position during the ML-CIRRUS and the ACRIDICON-CHU VA field missions. Data
originating from the probes indicated in red are used for this study. (Instrument name acronyms are specified in the text.)

head (Wendisch and Brenguier, 2013) and the strength of
compression is a function of aircraft speed. Further flow-
dynamical influences resulting from the proximity of the in-
struments to the wings or the fuselage of an aircraft may con-
tribute to the modifications on the flow conditions (Drum-
mond and MacPherson, 1985; MacPherson and Baumgard-
ner, 1988). Primarily, the air compression due to the moving
instrument body decelerates the air speed measurable at the
probe, as the probe air speed (PAS) (DMT, 2009), whereby
the rate of deceleration is a function of TAS. Furthermore,
the compression of air results in the densification of the air-
borne particles at the point of measurement, i.e. well inside
the compression region. This means that the particle concen-
trations measured under compressed conditions need to be
scaled to ambient condition.

We aim to formulate an expression that is based on a ther-
modynamic approach to provide a correction factor for in-
verting measured particle number concentrations to ambient
conditions. The variables contained in the corrective expres-
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sion should be available from meteorological data that are
generally measured during research flights. Further variables
of the measurement conditions should be available from the
instrument itself, provided that it is equipped with a pitot
tube. The effective correction may vary for the different in-
struments, the aircraft type and the position of the probe rel-
ative to the aircraft wings and/or fuselage. However, if the
instrument is not equipped with a pitot tube, or the pitot tube
is inoperative, the air speed at the point of measurement is
unknown. In such a case the herein provided parameterisa-
tion of the compression correction serves as a guideline for
adopting the TAS from the aircraft data after adjustments. In
the following, the application of both the derived thermody-
namic correction and the unadjusted aircraft TAS on a data
set of atmospheric measurements illustrates the sensitivity of
the results to the employed procedure. Furthermore, we show
that the thermodynamic correction is relatively insensitive to
the instrument position with respect to the aircraft fuselage,
and the correlations of instrument-specific correction factors
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demonstrate robustness and consistency of the suggested ap-
proach.

2 Method

In this section, we describe a new method for determining
the number concentration of particles in a given air volume
from measured quantities and from basic thermodynamics.
We will particularly emphasise the difference between our
approach and the conventionally used methods, which focus
exclusively on geometrical considerations but neglect effects
of air compression.

For the following examination some definitions need to be
particularly introduced: all velocities that are specified as air
speeds (v1, vz, TAS, PAS) and the velocities of particles (vp)
refer to the moving aircraft or instruments relative to the air
as the reference system. Measurement conditions are those
under which the measurement occurs in the detection region
that is impacted by compression. Ambient (undisturbed) con-
ditions relate to the initial state far away from the aircraft.

2.1 Ambient versus measured particle number
densities

The measured number concentration Nyeys (in units of num-
ber per air volume) detected with underwing probes that have
a free stream detection volume Vieas 1s defined as

1 1 _n
As- Up At Vieas ’

ey

Nmeas =1 -

Here, n denotes the number of particles detected during the
time interval At (in seconds), and v, denotes the velocity (in
ms~ 1) of particles penetrating the sample area A (in square
metres).

With PAS = v, the detection volume is defined as

Vineas = Ag - v2 - AL 2

The ambient particle number concentration in the undis-
turbed ambient air is given as

Namb
Vi

Namp = s (3)
with the number of particles n,mp and the ambient air volume
V1 (in cubic metres).

Due to the compression of air upstream of the instruments,
the ambient volume V; converts into the volume V,. Under
the preliminary assumptions that

1. the particle number per mass M of the air sample is not
affected by compression (i.e. remains constant and thus

Namb _ Mmeas
b = ~oeas) and

2. the particles’ inertia is negligible for given stream-
lines and the ideal gas law (p-V =M - Ry - T; with
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[pl=kgms~2, [VI=m?, [M]=kg, [T]1=K) ap-
plies, where Rg denotes the specific gas constant (in
Jkg= ' K~!; while J =kgm?s~2),

we end up with the following equation:

Ry T
p1-Vi

. A o
meas p2 . V2 .

n t:>
— = const. 7 amb
M

Then we can derive the expression for determining the ambi-
ent particle number concentration:
Namb'Rs'i=Nmf:as'Rs'QU§l;2 Namb=Nmeas'ﬂ'E~ (5)
P P2 r2 T

As will be shown later on (cf. Sect. 2.4), the assumption that
the particle mixing ratios within the flow field upstream of
an underwing cloud probe remain constant (i.e. " = “meas)
only partially reflects the reality. Essentially the particles’ in-
dividual inertia causes a modification of the measurable par-
ticle mixing ratio compared to ambient state, which is gen-
erally of increasing importance with increasing particle size
(mass) and with the increase of the aircraft’s flight speed.

2.2 TAS-based particle number concentrations

If the air speed at the probe (v2) during measurements is un-
known, e.g. for the case that the probe is not equipped with
a pitot tube or when a present pitot tube is frozen, it is com-
mon practice to make the generalised presumption that the
particle speed (vp) equals the TAS (vy) to determine particle
number concentrations (cf. Eq. 1).

Equivalent to using the TAS, the same resulting concen-
tration is achieved when alternatively using the velocity ratio
%g (.e. Z—f) as the factor for multiplication with measured
particle number concentration (Npegs, cf. Eq. 1), i.e.:

%) n

Nmeas T —

%) n
V1 Ag-t-vo vl_AS~t‘U1.

(6)

If pitot tube measurements of PAS are available, the treat-
ment of resulting Nmeas With the factor %g lacks any physi-
cal rationale and relies only on the geometrical consideration
that Vi -t~! =TAS - A and that V, -t =1 =PAS - A. Never-
theless, as both procedures yield identical results with the
same error level, in the following the use of TAS for de-
termining a particle number concentration is treated synony-

mously to correcting Npeas (as defined in Eq. 1) by the factor
PAS
TAS ) . . . . .

This approach results in significantly underestimated par-

ticle number concentrations with respect to the ambient con-
ditions for following reasons:

1. By presuming v; as the speed of air while penetrating
Ag it is insinuated that a certain number of particles per
At was detected while probing a linearly enlarged air
volume per At¢. The compression of air causes a decel-
eration of the air flow upstream of an underwing probe.
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Thus, if based on vy, the air volume probed per time
interval is overestimated as the volumetric compression
occurring in reality is not accounted for.

2. The dynamic pressure proportion gauged by means of
pitot tube sensors is the measure of the air speed towards
the pitot tube. Thus, the ratio of air speeds %g solely
results from the dynamic pressure proportions, or rather
the ratio thereof, obtained from two different sensors,
the data boom and the instrument’s pitot probe. The
compression upstream of the instrument, however, pre-
dominantly impacts the absolute pressure at the point of
measurement in comparison to ambient conditions. This
means that the difference between the ambient state and
measurement conditions, i.e. the compressed state of air
within the detection region, is not accounted for by the

- - PAS
ratio TAS -

Indeed, it needs to be taken into account that for suscepti-
ble particles the compression of air upstream of the probe in-
duces changes in a particles’ motion out of the initially undis-
turbed ambient state, e.g. if the particles are small enough
such that they exhibit sufficient mobility. Thus, at the point
of detection the changed particle motion excludes the non-
restrictive use of vy to describe the particle velocity through
the detection region of the instrument.

Instead, dependent on their size (mass), the particles can
be assumed to pass the instruments’ detector with a velocity
(vp) that ranges between vy and vy (i.e. v < vp < v2), while
vy is generally smaller (by up to 30 %) than v;. Strong indica-
tions for the trustworthiness of recorded vy (PAS) are given
by the imaging technique of CIP-type instruments (also re-
ferred to as OAPs — optical array probes). This instrument
type records image slices by means of a linear diode detector
for subsequent reassembling to full 2-D images of respec-
tive particles. The scanning frequency and imaging rate of
the linear diode detector is triggered by the air speed mea-
sured by the probe’s pitot tube. Consequently, a significant
deviation or falsification of this PAS measurement would re-
sult in distorted images. Laboratory calibrations are regularly
performed by using a spinning disc of known rotation speed.
Non-transparent circular spots on the disk are moved through
the instruments sample area to simulate penetrating particles.
The calibrations at relatively low penetration speeds (~ 23—
25ms~!) compared to airborne measurements reveal that a
deviation of the probe-measured air speed considerably ex-
ceeding 10 % relative to the disc speed already causes a visi-
ble deformation of taken images as illustrated in Fig. 2. The
strength of image distortion as a function of air speed devia-
tion can be expressed by the aspect ratio of the taken images
(Fig. 3) from a circular object that penetrates the instrument’s
detection region when the probe is calibrated with the spin-
ning disc. The relationship between the image aspect ratio
and the percentage of PAS deviation is almost linear, which
appears to be plausible as the diode array scanning frequency
should be proportional to the values of PAS. Thus the devi-
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Figure 2. Shadow cast images of non-transparent circular spots
on a spinning disk (for calibration purposes) passing the probes’
sample area Ag with constant velocity (~ 23-25ms~1). For this
illustration, in the data acquisition program, the probe air speed
(PAS) is manually varied stepwise with the finest available reso-
lution for triggering the timing of imaging. Manually shifting the
PAS causes a positive or a negative deviation (APAS) of the air
speed relative to the constant disk rotation speed vRrei. Deformed
images relative to the dashed red circles of identical diameter (ac-
cording to APAS ==+0 % if vro =PAS, marked in blue) indicate
image distortion that becomes significant for APAS exceeding 10 %
(red boxes). PIP images are slightly shifted as vre; of two radially
opposed points on the edges of a Smm sized disk spot increases
with distance from the disk’s centre.

ation between PAS and particle penetration speed exhibits a
linear relationship with the image aspect ratio. Appropriate
analyses of images taken from initially spherical particles,
i.e. from droplets, may suffice for qualitatively evaluating
measured PAS compared to the factual particle penetration
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Figure 3. Aspect ratios of taken images as a function of the deviation of the probe air speed (PAS) from the penetration speed of a circular
object through the instrument’s detection region. The image aspect ratio provides a measure of the distortion strength when the PAS setting
is manually shifted in the data acquisition software compared to the constant penetration speed of a circular object on the spinning disc used
for calibrations of an optical array probe (OAP). (a) The Cloud Combination Probe’s CIPgs; (b) the Precipitation Imaging Probe (PIP).

speed. At higher air speeds (e.g. up to 250 ms~! for HALO) it
is expected that even smaller uncertainties of measured PAS
related to the true particle penetration speed cause severe dis-
tortion of resulting images. Thus, for measured v, we assume
the uncertainty to range within ~ 10 % if recorded particle
images of droplets do not systematically exhibit a strong and,
therefore, obvious deformation.

2.3 The cloud particles’ mobility

The ability of particles to adapt to changes in air speed, the
particles’ mobility, depends on the particle size, mass and
thus inertia and can be expressed by the calculable relaxation
time (Hinds, 1999; Kulkarni et al., 2011, and Willeke and
Baron, 1993, respectively). Cloud particles, for example, of
sizes smaller than 100 um diameter, moving with 70 ms~! at
atmospheric pressures of 300 hPa and temperatures of 240 K,
have relaxation times (at the most 9 milliseconds) on the
same order of magnitude as the compression timescales (2—
4 milliseconds at flight speeds from 125 to 250ms~!; cf.
Sect. 3.2). To assess the ability of larger cloud particles to
adapt to changes in air speed, about 400 particle images
from Cloud Imaging Probe greyscale (CIPgs) measurements
over two flights “AC07” and “AC13” during the HALO mis-
sion ACRIDICON-CHUVA (for further details see Sect. 3.4)
were analysed. The aspect ratio of images taken from pre-
sumably spherical cloud particles was charted as a function
of particle size. The images of spheroidal objects were se-
lected by means of an automated image analysis algorithm
after carefully filtering the particle images with respect to the
atmospheric conditions during measurement and appearance
(for details cf. Appendix B). Generally, only images were
analysed with image geometries greater than 75 um in diam-
eter (along both directions of the image’s main axes). Most
of the analysed particle images exhibit a Poisson spot as a
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result of Fresnel diffraction (Korolev, 2007). With increasing
distance (Z4) of a particle from the object plane when pene-
trating the OAP detection region:

1. the size of resulting Poisson spot increases and

2. the optical aberration is amplified; i.e. the particle image
exhibits an expansion compared to the true dimension of
the detected cloud element.

The cloud droplet size is reconstructed from the image di-
mension in relation to the Poisson spot’s size as described
by Korolev (2007) — thus, reproduced particle sizes may be
smaller than the 75 pm threshold for the image size. Particle
images emanating from cloud elements which passed the de-
tection region in a distance that was too far away from the
object plane (Z4>4) were discarded from further analysis.
The automated analysis is based on the Bresenham algorithm
(Bresenham, 1965), approximating an ellipse to the shape of
the particle images (of 15 um image resolution) that remain
after the selection process. The 395 selected particle images
of the data set of two flights that fulfil the criteria to be further
analysed are then charted in terms of image aspect ratio as a
function of reconstructed particle size. In fact, the lengths of
the main axes of the approximated ellipse are used to deter-
mine the aspect ratio of the individual image.

Figure 4a depicts the result of this analysis. The scatter of
the single data points (Fig. 4a) is statistically processed by
calculating the aspect ratio median with percentiles (10, 25,
75 and 90 %) in particle diameter size bins of 15 um (Fig. 4b).
Images of particles with diameter smaller than 70 um show
distortions of about 13 %, which is synonymous with a v, —
PAS — deviation of less than 13 % (cf. Fig. 3). For droplets
of diameter between 70 and 100 um the image aspect ratios
increasingly scatter, but the resulting median does not indi-
cate that v, deviates from PAS by more than 20 %. The im-

www.atmos-meas-tech.net/9/5135/2016/
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Figure 4. Aspect ratios as a function of the image’s main axis
dimension as revealed from the automated reanalysis of ~ 395
individual particle images acquired by the CCP during two
ACRIDICON-CHUVA mission flights, “AC07” on 6 September and
“AC13” on 19 September 2014, over the Amazonian basin, Brazil.
The automated procedure to identify spherical particles and to de-
termine their images’ aspect ratio by means of the equivalent-ellipse
approximation is described in detail in Appendix B. (a) The deter-
mined aspect ratio of the individual images of spherical particles
and (b) the statistically analysis provided as median of the aspect
ratios together with 10 %, 25 %, 75 % and 90 % percentiles.

ages of particles with diameter larger than 100 um exhibit
increasing distortion as the image aspect ratios approach val-
ues, suggesting a v,—PAS deviation of up to 20 %. The ob-
servations indicate that the driving forces arising in the flow
field upstream of an underwing probe overcome the inertia
resistance of small cloud elements (D, <70 um) but not of
larger cloud elements of diameter larger than 100 um. This
supports the suggestion that the penetration speed of the vast
majority of detected particles through an OAP’s detection re-
gion may be best described by PAS <v, < TAS. Thus, be-
side the correction to account for the compression, a further
correction concerning the particle inertia may be applied to
resulting particle number concentrations.
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CFD simulations of the pressure field and resulting droplet
trajectories in the close vicinity of an OAP instrument (CIP,
cf. Sect. 3.1) were performed (using CFX 17.0 by AN-
SYS Inc.). For this investigation the aircraft’s structure as
well as the particular geometry of the HALO underwing
probe configuration had to remain unconsidered (cf. Sect. 1).
With respect to the flow field boundaries a comparatively
large model domain was initialised with edge lengths of 15
times the instrument’s width and 15 times the instrument’s
height. The model’s mesh comprised 2.17 x 10 nodes and
8.2 x 10° elements containing 15 inflation layers. The flow
field was calculated by solving the Navier—Stokes equation
for a steady state, compressible (transport of enthalpy includ-
ing the kinetic energy effects) and turbulent flow. The shear
stress transport k—w-based turbulence model (e.g. Menter et
al., 2003) was used. The calculations were set up with a tur-
bulence intensity of 5 %. The particle traj