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Abstract. Cirrus clouds play a critical role in the Earth’s radiation budget, yet their shortwave optical properties remain poorly

constrained. The asymmetry parameter (g), which governs the angular distribution of scattered light, is particularly sensitive

to ice crystal morphology, a property that varies widely in cirrus. To provide observational constraints on the magnitude of

g and to investigate its relationship with ice microphysical properties, we analysed simultaneous in situ measurements of

particle morphology and angular light scattering using the Particle Habit Imaging and Polar Scattering (PHIPS) probe. These5

measurements were conducted during the Cirrus in High Latitudes (CIRRUS-HL) campaign in June and July 2021, which

sampled both mid-latitude and Arctic cirrus across a range of cloud types and temperatures down to –63◦C. We found that

cirrus in both regions exhibited a consistently low median asymmetry parameter of 0.727
:::::
0.737. The observed g values were

largely insensitive to variations in temperature, humidity, and crystal aspect ratio, and showed only minor variation across ice

habits. A systematic decrease in g with increasing particle size was identified, ranging from 0.760
:::::
median

::
g
::::::
ranging

:::::
from

:::::
0.77610

for sub-30 µm particles in mid-latitude cirrus to minimum values of 0.707 and 0.703
::::
0.718

::::
and

:::::
0.713 for 175 µm particles in

mid-latitude and Arctic cirrus, respectively. The measured values are significantly lower than those commonly used in current

radiative transfer schemes, suggesting that cirrus clouds may contribute less to net atmospheric warming than often assumed.

These results provide improved observational constraints for the representation of ice cloud optical properties in climate models

and support efforts to reduce uncertainties in cirrus cloud radiative forcing.15

1 Introduction

To improve the representation of bulk radiative properties of cirrus clouds in climate models and remote sensing algorithms,

it is important to have a good understanding of the ice crystal single-scattering properties (Mishchenko et al., 1996; Zhang

et al., 1999; Yang et al., 2001). The key single-scattering properties used in a two-stream radiative transfer formalism are

the extinction coefficient, single-scattering albedo and the asymmetry parameter (g), from which the latter has a complicated20

relationship with ice crystal morphology in the solar spectrum. Ice crystal morphological properties, like crystal size, habit

as well as degree and type of crystal complexity, have been observed to vary greatly between different cloud types, in-cloud

temperature, and geographical location (e.g. Heymsfield et al., 2017; Wolf et al., 2018; Woods et al., 2018; Lawson et al.,

2019).
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Due to this high morphological variability, constraining the single-scattering properties of ice crystals in numerical simula-25

tions remains a major challenge. Numerical ray-tracing studies for the solar spectral range predict a wide variety ofg values,

typically between 0.74 and 0.94, with higher values associated with pristine hexagonal habits and lower values with complex

particle shapes or surface roughness (e.g., Iaquinta et al., 1995; Macke et al., 1996b, 1998; Um and McFarquhar, 2007; Yang

et al., 2008). However, it is important to correctly quantifyg as biases can lead to a signi�cant uncertainty in estimations of the

ice cloud radiative effect in climate models (Järvinen et al., 2018; Yi et al., 2013) or in retrieved cirrus microphysical properties30

from remote sensing observations (Yang et al., 2008; Yi et al., 2017a). Vogelmann and Ackerman (1995) estimated thatg must

be known within 2-5% in order to constrain computed shortwave �uxes to within approximately 5%.

Observational studies are needed to constrain the magnitude ofg in radiative transfer simulations. Unlike numerical esti-

mates of the ice crystal asymmetry parameter, measurements indicate a more moderate variability in the cirrus optical prop-

erties. Studies estimating the asymmetry parameter from radiometric observations have reported a low asymmetry parameter35

around 0.7 in a case study over the midwest USA (Stephens et al., 1990) and previous satellite-based multi-angle observations

have reported values for the visible asymmetry parameter below 0.8 (van Diedenhoven et al., 2013; Wang et al., 2014; van

Diedenhoven et al., 2014; Cole et al., 2014; van Diedenhoven, 2021). Similarly, lidar observations provide another means of

retrieving the asymmetry parameter, with recent studies also reporting values around 0.76 (Gil-Díaz et al., 2025).

The limitation of estimatingg from remote sensing observations is their dependence on an optical model. The retrieved40

values are inherently constrained by the model, meaning they can never be lower than the smallestg allowed by the model. As

a result, retrievals frequently converge on this lower limit (Järvinen et al., 2023). For example, studies that identify the severely

roughened hexagonal aggregate model as the best �t for observations consistently retrieveg values around 0.75 in the visible

(Cole et al., 2014; Järvinen et al., 2018; Wang et al., 2018; Forster and Mayer, 2022)

A more direct approach to measureg is by using a polar nephelometer. So far, measurements of three airborne polar neph-45

elometers have been reported in the literature: the Polar Nephelometer (PN; Gayet et al., 1998), the Cloud Integrating Neph-

elometer (CIN; Gerber et al., 2000), and the Particle Habit Imaging and Polar Scattering (PHIPS) probe (Abdelmonem et al.,

2016; Schnaiter et al., 2018). These measurements have shown median or averageg values between 0.73 and 0.79 (Gerber

et al., 2000; Auriol et al., 2001; Garrett et al., 2001, 2003; Gayet et al., 2004, 2006; Febvre et al., 2009; Gayet et al., 2012;

van Diedenhoven et al., 2013). However, direct measurements ofg have been limited to only a few airborne campaigns and50

to mostly tropical deep convective or midlatitude systems. So far, the only in situ measurement reported in Arctic cirrus has

been one case study of a cirrus spissatus band with a cloud top temperature of -46� C (Garrett et al., 2001). Moreover, prior

studies have typically focused on bulk optical properties, with limited information on howg relates to simultaneously measured

microphysical properties of the same ice crystal population.

The objective of this study is to expand the direct in situ observations ofg in cirrus by analyzing a comprehensive, multi-�ight55

dataset from both mid-latitude and Arctic cirrus, collected during the CIRRUS in High Latitudes (CIRRUS-HL) campaign

using the PHIPS instrument. This dataset enables a unique dual-regional comparison within the same season and includes

single-particle measurements that allow for a direct linkage between ice crystal microphysical properties and their angular light-

scattering characteristics. Beyond quantifying the magnitude ofg, this study investigates its dependence on key microphysical
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parameters, including effective radius, ice water content, habit, and aspect ratio. By combining bulk and particle-resolved60

analyses, the results provide new observational constraints for developing physically consistent optical parameterisations for

radiative transfer applications.

2 Methodology

2.1 The CIRRUS-HL airborne campaign

The CIRRUS-HL airborne campaign took place from 6 June to 28 July 2021 using the High Altitude and Long Range (HALO)65

research aircraft
::::::::::::::::::::::::
(Jurkat-Witschas et al., 2025). The original aim of the campaign was to investigate the microphysical and op-

tical properties of Arctic cirrus using in situ and remote sensing instrumentation, with operations initially planned from Kiruna,

Sweden. However, due to pandemic-related restrictions, the campaign base was relocated to Oberpfaffenhofen, Germany. This

logistical change broadened the scienti�c scope to include both mid-latitude and Arctic cirrus (see Fig. 1), as Arctic �ight

operations now required long transit legs and refueling stops in Scandinavia or Iceland. The revised campaign strategy focused70

on contrasting cirrus clouds in different regions and meteorological conditions. Accordingly, �ights were designed to sample

natural mid-latitude cirrus in diverse weather regimes, including warm conveyor belt systems, high-pressure in situ cirrus, and

convective out�ow, as well as cirrus potentially in�uenced by aviation emissions. Thetimeframe
::::
time

:::::
frame

:
of the campaign

coincided with pandemic air traf�c restrictions, resulting in a 65 to 80% reduction in daily commercial �ight activity compared

to the sametimeframe
::::
time

:::::
frame in 2019 (De La Torre Castro et al., 2023). The campaign period also overlapped with extreme75

rainfall events in central Europe, resulting in fatal �ooding in Germany and Belgium (Lehmkuhl et al., 2022).

Figure 1. Trajectories of CIRRUS-HL measurement �ights (F02 - F23) included to the analysis. Research �ights targeting Arctic cirrus were

performed as double �ights with a refuelling stop. These were F05/F06, F08/F09 and F10/F11.

2.2 Microphysical and optical measurements

During CIRRUS-HL in situ measurements of the ice crystal microphysical and optical properties were conducted with the

PHIPS airborne cloud instrument (Abdelmonem et al., 2016; Schnaiter et al., 2018). PHIPS is a combination of a single-
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particle stereo-microscopic imager and a polar nephelometer, which allow for a combined analysis of optical and microphysical80

properties at the level of individual ice crystals.

2.2.1 Derivation of microphysical properties from stereo-microscopic images

The PHIPS stereo-microscopic imager consists of two CCD camera and microscope assemblies with an angular viewing dis-

tance of 120� each acquiring 1360 by 1024 pixel bright �eld microscopic images of individual cloud particles at a maximum

acquisition rate of 10Hz. During CIRRUS-HL a magni�cation setting of 6x was used for both camera assemblies corre-85

sponding to an optical resolution of about 6 µm
:::
and

::
a

::::
�eld

::
of

:::::
view

::
of

::::::::::::
approximately

:::::::
1.1� 1.5

:::::
mm,

:::::::
limiting

:::
the

:::::::::
maximum

:::::::::
observable

::::::
particle

::::
size

:::
to

:::::
about

:::
1.5

::::
mm. For each image pair a set of microphysical parameters were retrieved using an

algorithm discussed in Schön et al. (2011). These microphysical parameters include the maximum dimension (Dmax ), area-

equivalent diameter (i.e., equivalent diameter of a sphere having the same cross-sectional area,Deq), projected area (Aproj ),

and the aspect ratio (AR).90

The stereo-microscopic images were also manually inspected and assigned to a habit class. A detailed description of the

habit classi�cation scheme can be found in the supplement of Järvinen et al. (2023). While the original habit classi�cation

scheme includes 18 categories, for the purposes of this study we reduced the habit classes to 9 cirrus-relevant classes. These

include:plate(encompassing also sectored and skeleton plates),column, frozen droplet, side plane, bullet rosette, mixed rosette,

capped column, andother, which contains crystals that could not be con�dently assigned to a speci�c habit. Additionally, we95

introduced anaggregateclass to account for particles composed of multiple crystals, even though it does not represent a

single-crystal habit in the traditional sense.

To account for measurement artefacts, a separateshatteredclass was introduced for particles identi�ed as fragments from

shattering events; theseparticleswere
:
.

:::::::::
Shattering

::::
was

::::::::
identi�ed

:::::::
through

:::::::
manual

:::::
visual

:::::::::
inspection

:::
of

::::::::::::::::
stereo-microscopic

::::::
images

::::
from

:::::::
PHIPS.

:::::::
Particles

::::
were

::::::::
classi�ed

::
as

::::::::
shattered

:::::
when

:::::::
multiple

:::::
small

:::::::::
fragments

::::::::
(typically

:::::
< 100 µm

:
)

::::
were

::::::::
observed100

:::::
within

::
a

:::::
single

::::::
image

:::::
frame,

::::::
which

:::
has

::
a

:::
size

:::
of

::::::::::::
approximately

:::
1.1

::::
mm

::
x

:::
1.5

::::
mm.

::::
The

::::::::
likelihood

:::
of

:::::::
multiple

:::::::::::
unconnected

::
ice

::::::::
particles

::::::::
naturally

::::::::
occurring

::::::
within

:::::
such

:
a
:::::
small

:::::
�eld

::
of

:::::
view

::
is

:::::::::
considered

::::
low

:::
for

::::::
cirrus

:::::::::
conditions,

::::::
where

:::::::
particle

::::::::::::
concentrations

:::
and

::::::::
clustering

:::::::::
tendencies

:::
are

:::::::
limited.

:::::::::::
Additionally,

:::::
larger

:::::::
crystals

::::
were

::::::::
classi�ed

::
as

::::::::
shattered

::
if

::::
they

::::::::
exhibited

::::::
broken

:::::
edges,

:::::::::
truncated

::::::::
branches,

::
or

::::::
jagged

::::::::
outlines

::::::::::
inconsistent

::::
with

:::::::::
physically

:::::
intact

:::
ice

:::::::
crystal

::::::
habits.

:::::
These

::::::::
particles

::::
were excluded from further analysis (see Sections 2.2.2 and 2.2.4). Representative stereo-images for each habit class

:::
and

:::
the105

:::::::
shattered

:::::
class are provided in the supplementary material.

2.2.2 Calculation of particle size distribution and bulk microphysical properties

Although the stereo-microscopic imager is limited to a maximum acquisition rate of 10Hz, the trigger system of the PHIPS

instrument can detect particles at a maximum acquisition rate of 13kHz. The sensitive area of the instrument is determined by

the overlap of the trigger system �eld of view and the scattering laser intensity distribution and varies between approximately110

0.3 and 0.9mm2, depending on the size of the particle (Waitz et al., 2021). This size-dependent sensitive area together with the

aircraft's true air speed is used to calculate the sampling volume of PHIPS. Due to the high velocity of a jet aircraft, compression
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of air occurs near probe and wing edges. To obtain the true ambient sampling volume, a thermodynamic correction described

by Weigel et al. (2016) is applied.

The sizing of individual ice crystals is primarily based on the stereo-microscopic images. The images of the same particle115

from two viewing angles are used to derive the meanDeq andAproj per particle. In case a particle trigger event did not generate

a stereo-image due to the limitations of the imaging rate,Deq andAproj were derived based on the
:::::::::
relationship

::::::::
between

:::
the

::::::
particle

::::::::::
geometrical

::::
size

:::
and partial scattering cross section measured by the nephelometer as discussed in Waitz et al. (2021).

::::::
Figures

:::
S2

:::
and

:::
S3

::::
show

:::
the

::::
Deq::::

and
:::::
Aproj :::::::::

calibration
:::
for

:::
the

:::::::::::
CIRRUS-HL

:::::::::
campaign. During CIRRUS-HL �ights, typically

70-80% of the particle triggers also produced stereo-images,with individual casesrangingfrom 10%to over90%.120

Thesingleparticledatawasusedto constructtwo typesof particlesizedistributions(PSDs):onestandardPSDincluding

all detectedparticles(i.e., all trigger events),andanotherincluding only the subsetof imagedparticlesthat weremanually

classi�edasintact(i.e.,notaffectedby shattering).For thestandardPSD,potentialshatteringeventswere�ltered by applying

an interarrival time thresholdof 0.1. The shattering-correcteddatasetwas usedto relate microphysicalpropertiesto the

simultaneouslyretrievedangularlight scatteringpropertieswhich were likewise derivedonly for manuallyclassi�ed intact125

particles(seeSec. 2.2.4). For both PSD types
:::::
which

::::::
means

::::
that

:::
on

:::::::
average

:::
the

:::::::
particle

:::::
sizing

::::
was

::::::
mostly

::::::
based

::
on

::::
the

:::::::::::::::
stereo-microscopic

:::::::
images.

::::::::
However,

::::::
during

::::
four

::::::
�ights

::::
only

:::::
below

:::::
50%

::
of

:::
the

:::::::
triggers

::::::::
produced

::
a

:::::::::::
stereo-image,

::
in

::::::
which

::::
cases

:::
the

:::::
sizing

::::
was

::::::
mostly

:::::
based

:::
on

::
the

::::::::::::
nephelometer.

:

:::
For

:::
the

:::::::::
calculation

::
of

:::::::
particle

::::
size

::::::::::
distributions, particles werebinned

:::::
sorted

:
into logarithmically spaced

:::
bins

:::::::
between

:::
15

:::
and

:::
700

:
µm

::
in Deqintervals,andnumber

:
.

:::::::
Number concentrations were computed by dividing the number of particles in each130

bin by the corresponding sampling volume. The bulk microphysical properties ice water content (IWC), extinction coef�cient

(� ext ), effective radius (r e� ), and mass-equivalent spherical radius (r �m ) were derived using the particle-resolved size and area

information.

The extinction coef�cient (� ext ) was calculated based on theAproj of individual particles, measured in discrete size bins.

For each size bini , the projected area concentrationdAproj;i was determined as135

dAproj;i =
P

k Aproj;i;k

Vi
; (1)

whereAproj;i;k is the projected area of thek-th particle in bini , andVi is the corresponding sampling volume for that bin. The

summation is performed over all detected particlesk within the bin.

The total extinction coef�cient was then obtained by summing over all size bins:

b�
:

ext = 2 �
X

i

dAproj;i ; (2)140

where the factor of 2 assumes randomly oriented particles and geometric optics (Bohren and Huffman, 1998).

The IWC was calculated in a similar way by summing the masses of individual particles detected within each size bin. The

massmi;k of each particlek in bin i was estimated from its projected areaAproj;i;k using the empirical power-law relationship

::::::
derived

:::
for

::::::::::
mid-latitude

:::
ice

::::::
crystals

:
from Baker and Lawson (2006):

mi;k = 0 :115� A1:218
proj;i;k ; (3)145
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whereAproj;i;k is the projected area of each particlek in bin i .

The mass concentration per bindmi was then calculated as:

dmi =
P

k mi;k

Vi
; (4)

whereVi is the bin-speci�c sampling volume.

The total IWC was obtained by summing over all size bins:150

IWC =
X

i

dmi : (5)

The effective radiusr e� was derived using:

r e� =
3
2

�
IWC

� ice � � ext
; (6)

where� ice is the bulk density of ice.

The mass-equivalent spherical radiusr �m was calculated as:155

r �m =
�

3IWC
4� N � ice

� 1=3

; (7)

whereN is the total number concentration. The mass-equivalent sphere radiusr �m represents the radius of a sphere with

the average mass per particle of the ensemble, and is useful for linking two-moment microphysical schemes to bulk optical

properties (Baran et al., 2025).

Figure2 presentsthemeanparticlesizeandprojectedareadistributionsfor mid-latitudeandArctic cirruscases,averaged160

overtheentireCIRRUS-HLcampaign.Distributionsareshownfor bothall detectedparticletriggersand

2.2.3
::::::::
Removal

::
of

:::::::::
shattering

::::::
events

:::
Two

:::::
types

:::
of

:::::::
particle

:::
size

:::::::::::
distributions

:::::::
(PSDs)

::::
were

:::::::::
generated:

::::
one

:::::::
standard

:::::
PSD

::::::::
including

:::
all

:::::::
detected

::::::::
particles

::::
(i.e.,

:::
all

:::::
trigger

:::::::
events),

::::
and

:::::::
another

::::::::
including

::::
only

:
the subset ofmanuallyclassi�ed intact particles.The most notabledifferences

betweenthe two PSDsoccur for small ice crystals(Deq < 100µm). In the standardPSDs,which use
::::::
imaged

:::::::
particles

::::
that165

::::
were

::::::::
classi�ed

::
as

:::::
intact

::::::
based

::
on

::::::::
objective

::::::
visual

::::::
criteria

:::::
from

:::::::::::::::
stereo-microscopic

:::::::
images

::::
(i.e.,

:::
not

:::::::
affected

:::
by

::::::::::
shattering).

:::
For

:::
the

:::::::
standard

:::::
PSD,

:::::::
potential

::::::::
shattering

::::::
events

::::
were

::::::
�ltered

:::
by

:::::::
applying

:
an interarrival time thresholdto �lter outshattering

artefacts,thenumberconcentrationincreasestowardsmallersizes.
::
of

:::
0.1

:::
ms,

:::::
based

:::
on

:::
the

:::::::::
appearance

::
of

::
a

::::::
distinct

:::::::::
secondary

::::
mode

:::
in

:::
the

::::::::::
interarrival

::::
time

:::::::::
distribution

::::
(see

::::
Fig.

::::
S1).

:::
We

:::::::::
emphasize

:::
that

:
a
::::::
visual

:::::::::::
classi�cation

:::
step

::
is

::::::::
essential,

::
as

:::
the

::::::::::
inter-arrival

::::
time

:::::::
method

:::::
alone

::::::
cannot

:::::
detect

::
all

:::::::::
shattering170

::::::
events.

:::
This

::
is

:::::::
because

::::::::
shattering

:::::::::
fragments

::::::
arriving

::::::
within

::::
very

::::
short

:::::::
temporal

::::::::::
separations

:::
(on

:::
the

::::
order

::
of

::
a

:::
few

::::::::::::
microseconds)

:::
fall

:::::
below

:::
the

:::::::::
electronic

::::
dead

:::::
time

::
of

:::
the

::::::
PHIPS

::::::::
detection

:::::::
system.

:::
At

::::::
typical

::::::
aircraft

:::::::
speeds,

::::
this

::::::::::
corresponds

::
to

::
a

::::::
spatial

::::::::
separation

::
of

:::::::
roughly

:
2
::::
mm.

::::::::::::
Consequently,

:::::::::
shattering

::::::::
fragments

::::
that

:::::
arrive

:::::
nearly

:::::::::::::
simultaneously

:::::
within

:::
this

:::::
small

::::
area

::::::
cannot

::
be

:::::::::::
distinguished

:::
by

::::::
timing

::::::::::
information

:::::
alone

:::
and

::::
may

::::::
appear

::
as

:::::::::::
independent

:::::::
particles

::
in

:::
the

::::::::::::
nephelometer

::::::
signal. However,
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this methoddoesnot fully eliminateshatteringevents,sinceshatteringfragmentscanbedetectedindividually andmaynot be175

distinguishablebasedon their timing alone.In contrast,themanuallycleanedPSDs
::::
these

:::::::::
shattering

:::::
events

:::
can

:::
be

:::::::
captured

:::
by

::
the

:::::::
imager,

:::::
which

:::
has

::
a

:::::
frame

::::
size

::
of

::::::::::::
approximately

:::
1.5

:::
mm

::
×

:::
1.1

::::
mm.

:

::::::::
Shattering

::::::
events

:::
not

:::::::
captured

:::
by

:::
the

:::::::::
interarrival

::::::::
threshold

:::::
were

::::::::
identi�ed

::
by

::::::::
manually

:::::::::
inspecting

:::
the

:::::::::::
stereo-scopic

::::::
image

:::::
frames

::::
and

:::::
using

:::::::::::
reproducible

:::::::::::::
morphological

:::::::
criteria.

::
A

:::::::
particle

::::
was

::::::::
classi�ed

::
as

:::::::::
shattered

::
if:

:::
(1)

::::::::
multiple

:::::::::::
unconnected

::::::::
fragments

::::::
smaller

::::
than

:::::::::::::
approximately

:::
100

::::
� m

:::::::
appeared

::::::
within

:::
the

:::::
same

:::::
image

:::::
frame

::::
(on

:::
one

::
or

::::
both

::::::
stereo

::::::
views),

::
or

:::
(2)

::
a180

:::::
single

::::::
particle

::::::::
displayed

:::::
clear

::::::::::::
morphological

::::::::
evidence

::
of

:::::::
breakage—basedonly on intact,imagedparticles—showa decrease

in numberconcentrationtowardsmallersizesfor both regions,indicatingmorereliableremovalof shatteringartefacts.The

discrepancybetweenthetwo PSDsis morepronouncedin themid-latitudecases,wherelargericecrystalsweremorefrequent

andmoreproneto shatteringuponimpact.
::::
such

::
as

:::::::
missing

:::::::::
hexagonal

:::::
facets,

::::::::
truncated

:::::
arms,

::
or

::::::::
irregular,

::::::
jagged

::::::::::
boundaries.

This differencein the representationof small crystalsbetweenthe two PSDshasimplicationsfor derivedmicrophysical185

parameters.Ther e� , whichisweightedbyparticleareaandextinction,is relativelyinsensitiveto thepresenceof smallshattered

fragments.As aresult,r e� showsonly minordifferencesbetweenthestandardandmanuallycleaneddatasets(seeFigureS2in

SupplementaryInformation).In contrast,r �m dependsdirectly on both
:::::
These

:::::::
features

:::
are

::::::::
physically

::::::::::
implausible

:::
for

::::::::
naturally

::::::::
occurring

:::::
cirrus

:::
ice

::::::
crystals

::::::
within

:::
the

:::::
small

::::::
PHIPS

::::::::
sampling

:::::::
volume,

:::::
given

::::::
typical

:::::
cirrus

::::::
number

:::::::::::::
concentrations

:::
and

::::::
spatial

::::::::::
distributions.

::::::
Visual

:::::::::
inspection

::::::::
therefore

::::::::
provides

::
an

:::::::::::
independent,

:::::::::
physically

:::::::
justi�ed

::::::
means

::
to

:::::::
identify

:::::::
residual

:::::::::
shattering190

:::::
events

:::
that

::::::
cannot

:::
be

::::::
�ltered

:::::::::::::
algorithmically.

::::::::::::
Representative

::::::::
examples

::
of

::::
such

::::::::
shattering

:::::
cases

:::
are

:::::
shown

::
in

:::
the

:::::::::::::
Supplementary

::::::::::
Information.

:

:::
The

:::::
effect

::
of

::::::
manual

:::::::::::
classi�cation

::
is

:::::
shown

::
in

::::::
Figure

::
2,

:::::
which

::::::::
compares

:::
the

:::::
mean

::::::
particle

::::
size

:::
and

::::::::
projected

:::
area

:::::::::::
distributions

:::::
before

:::
and

::::
after

:::::::
removal

::
of

:::::::::
shattering

:::::::
artefacts

::
for

:::::::::::
mid-latitude

:::
and

:::::
Arctic

::::::
cirrus.

:::
The

::::::
largest

:::::::::
differences

:::::
occur

:::
for

:::::::::::::
Deq < 100� m,

:::::
where

:::
the

:::::::::
interarrival

::::
time

:::::::
method

:::::
alone

:::::::::::
overestimates

:::
the

:::::::
number

:::::::::::
concentration

::::
due

::
to

:::::::::
undetected

:::::::::
fragments.

:::::
After

:::::::
removal195

:::::
based

::
on

::::::
image

:::::::::
inspection,

:
the number concentrationandthe IWC, makingit moresensitiveto spuriousincreasesin small

particlecountsdueto shattering.In thestandardPSDs,this leadsto anunderestimationof r �m .Themanuallycleaneddataset

therefore
:::::::
decreases

::::::
toward

:::::::
smaller

:::::
sizes,

::::::::
producing

::
a

::::
more

:::::::::
physically

::::::::
consistent

:::::::::::
distribution.

::::
This

:::::::::
re�nement

::::::::
primarily

:::::
affects

::::::::::
parameters

:::::::
sensitive

::
to

:::::
small

::::::::
particles,

::::
such

::
as

:::
the

:::::
mean

:::::
mass

:::::
radius

:::
r �m ,

:::::
while

:::::::::
quantities

:::::::
weighted

:::
by

::::::::
projected

::::
area

::
or

:::::::::
extinction

:::::
(e.g.,

::::
r e� )

::::::
remain

::::::
largely

:::::::::
unchanged

::::
(see

::::
Fig.

::::
S5).

::::
The

::::::::
manually

::::::::
screened

::::::
dataset200

:::
thus

:
provides a more physicallyrepresentativeestimateof r �m , reinforcing the importanceof careful shatteringcorrection

when interpretingairbornein situ measurements
::::::
realistic

::::::::::::
representation

:::
of

:::
the

:::::
shape

::
of

::::
the

:::
size

::::::::::
distribution

:::
of

:::
the

::::
true

:::
ice

::::::
particle

:::::::::
population

:::
but

::
is

:::::::::::::
underestimating

:::
the

:::::::
number

:::::::::::
concentration

::::
and

:::::
IWC

::
as

::::
only

::
a

:::::
subset

::
of

:::
the

:::::::::
triggering

:::::
events

::::
with

::
a

:::::::::::
corresponding

::::::::::::::::
stereo-microscopic

::::::
image

::
are

::::::::
included

::
in

:::
the

:::::::
analysis.

2.2.4 Retrieval of ice asymmetry parameter205

The g was retrieved fromthe ensemble-averagedangularscatteringfunctionsmeasuredby the PHIPSinstrument,following

the methoddescribedin Xu et al. (2022). As with any polar nephelometer,the limited angulardetectionrangeof PHIPS

necessitatesa retrievalalgorithmto accuratelyestimatethe full scatteringphasefunction .
:::::
PHIPS

::::::::::::
measurements

:::::::::
following

7



Figure 2. The mean PHIPS particle size distribution (PSD) and projected area size distribution for mid-latitude and Arctic cirrus. The solid

lines show the mean based on 1-Hz PHIPS data in cirrus conditions (T < -38� C and IWC > 10� 5 g m� 3 ) and the dashed lines the mean for

only crystals with stereo-images that were manually classi�ed as intact particles.

::
the

::::::::::
framework

::
of

:::::::::::::
Xu et al. (2022)

:
.

::
In

:::
this

:::::::
method,

:::
the

:::::::::
measured

::::::
angular

::::::::
scattering

::::::::
function

:::::::
between

::::::::
18°–170°

::
is

::::::::::
represented

::
by

::
a

::::::::
truncated

:::::
series

::
of

::::::::
Legendre

:::::::::::
polynomials.

::::
The

:::::::::
underlying

::::::::::
assumption

::
of

:::
the

:::::::
method

::
is

:::
that

::
at

:::::::::
scattering

::::::
angles

::::::
greater210

:::
than

::::
18°,

:::
the

::::::::
measured

:::::
signal

::
is

:::::::::
dominated

:::
by

:::::::::::::::
geometrical-optics

:::::
(GO)

:::::::::::::::::::
contributions—namely

::::::::
refraction

:::
and

::::::::::::::
re�ection—with

::::
only

:::::
minor

:::::::::::
contributions

:::::
from

:::::::::
diffraction

:::::::::::::::::::::::::::::::::::::
(Takano and Liou, 1989; Macke et al., 1996b)

:
. The retrievalapproachis basedon

the assumptionthat the total asymmetryparameterin the geometricoptics regimecanbe separatedinto contributionsfrom

geometricalopticsanddiffraction (Macke et al., 1996b).

Thediffractioncomponent
::::::::::
unmeasured

:::::::
forward

::::
range

::::::
below

:::
18°

::
is

:::::::
assumed

::
to

::::::
contain

:::
the

::::
bulk

::
of

:::
the

:::::::::
diffraction

::::
peak, which215

is stronglypeakedin theforwarddirection,largelyfalls outsidethePHIPSmeasurementrangeandcanthereforebeestimated

basedon themeasured(imaged)
::::::::
estimated

::::
from

:::
the

:::::::::
measured particle size using a parameterised function derived from scalar

diffraction theory.Thegeometricalopticscontribution,ontheotherhand,is retrievedfrom theangularscatteringdataby �tting

Legendrepolynomialsto thePHIPSmeasurements.Theasymmetryparameteris themeanof thesetwo components.

:::
The

::::
GO

:::::::::
component

::
of

::::
the

:::::
phase

:::::::
function

::
is

:::::::::::
reconstructed

::::
over

::::
the

:::
full

:::::::
angular

:::::
range

::
by

::::::
�tting

:::
the

::::::::
measured

::::
data

::::
with

::
a220

:::::::
truncated

:::::::::
Legendre

:::::::::
polynomial

:::::::::
expansion.

::::
The

::::::::
Legendre

::::::::::
coef�cients

:::
are

::::::::
obtained

:::::
using

::::::::::::::
Gauss–Legendre

:::::::::
quadrature,

::::::
which

::::::
ensures

:::::::
optimal

::::::::
numerical

::::::::
accuracy.

::
To

:::::
keep

::
all

:::::::::
quadrature

:::::
nodes

::::::
within

:::
the

::::::
PHIPS

::::::
angular

:::::
range,

:::
the

:::::::::
maximum

::::::
degree

::
of

:::
the

::::::::
Legendre

::::::::
expansion

::
is

::::::::
restricted

::
to

:::::
seven.

::::
This

:::::::::
truncation

::::::
implies

::::
that

::
the

:::::::
method

::
is

::::::::
applicable

::::
only

::
to

:::::::
smooth

:::::
phase

::::::::
functions

:::
that

:::
can

:::
be

:::::::::
adequately

::::::::::
represented

::
by

:
a
:::::::::
low-order

:::::::::
polynomial

:::::::::
expansion.

:

:::
We

::::::::
evaluated

:::
this

:::::::::::
requirement

:::
for

:::
our

::::::
dataset

::::
(see

:::::::::
Appendix

:::
A)

:::
and

::::::
found

:::
that

:::::
98%

::
of

:::
the

:::::::::
measured

::::::
angular

:::::::::
scattering225

:::::::
functions

:::::
show

:::
no

:::::::
distinct

:::::::
features

::::
such

::
as

::::
22°

::::
halo

::::::
peaks.

:::
An

::::::::::
uncertainty

:::::::
analysis

:::
was

::::::::::
performed

:::::
using

::::
1612

::::::::::
ray-tracing

:::::::::
simulations

::
of

:::::::::
hexagonal

:::
ice

::::::
crystals

::::
with

::::::
varying

::::::
aspect

:::::
ratios,

:::::
sizes,

:::
and

::::::
surface

:::::::::
roughness,

::::::::
generated

::::
with

:::
the

::::::::::::::::::
Macke et al. (1996b)
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Figure 3. Ice crystal habit distribution as a function of the area equivalent diameter (D eq ) for mid-latitude and Arctic cirrus. The numbers

indicate the number of ice crystal stereo-image pairs included in the habit analysis per size bin.

:::::::::
ray-tracing

:::::
code.

::::
This

:::::::
closure

:::::
study

:::::::::::
demonstrates

:::::
that,

:::::
under

:::::::
realistic

::::::::
mixtures

::
of

::::
ice

::::::
crystal

::::::::::::
morphologies,

:::
the

::::::::
retrieval

:::::::::
uncertainty

::
of

::
g

:::::
ranges

:::::
from

::::::::::::
approximately

:::::
-0.001

::
to

:::::
+0.02

:::::
when

::::
halo

:::::::
features

:::
are

:::::
absent

:::::
from

:::
the

:::::
phase

::::::::
functions.

::
A

:::::::
detailed

:::::::::
description

::
of

:::
the

:::::::::
underlying

:::::::::::
assumptions,

:::::::::
validation

::::
tests,

:::
and

::::::::::
uncertainty

:::::::::::
quanti�cation

::
is

::::::::
provided

::
in

::::::::
Appendix

:::
A.230

3 Results

To analyse cirrus microphysical and optical properties by geographical region, the CIRRUS-HL observations were classi�ed

into mid-latitude and Arctic cirrus using a latitude threshold of 65� N. Cirrus clouds were de�ned based on a combination

of in-cloud temperature below -38� C and IWC greater than10� 5 g m� 3, derived from the 1Hz PHIPS data. The campaign

covered a wide geographical range, from 38.2� N to 75.6� N, with the highest cirrus cloud sampled at 14.5km altitude and the235

coldest cirrus temperature recorded at -62.8� C. In total, approximately 5625km of mid-latitude cirrus and 1060km of Arctic

cirrus were sampled, re�ecting the greater spatial extent and coverage of mid-latitude observations during the campaign.

3.1 Ice crystal habits in mid-latitudes and Arctic cirrus

Figure 3 shows the fraction of habits as a function ofDeq for the mid-latitude and Arctic cirrus cases. The most frequently

occurring ice crystal habit class in both regions was the “other” category, accounting for 45% and 66% of all classi�ed particles240

in mid-latitudes and Arctic, respectively. The high occurrence is especially pronounced for crystals smaller than 100 µm, for

which over half of the measured particles fell into this group. In such cases, the classi�cation to the "other" category can be

due to the limited optical resolution available for morphological identi�cation. Beyond this technical limitation, the “other”
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