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Abstract. Low-level (cloud tops below 2 km) mixed-phase clouds are important in amplifying warming in the Arctic region
through positive feedback in cloud fraction, water content and phase. In order to understand the cloud feedbacks in the Arctic
region, good knowledge of the vertical distribution of the cloud water content, particle size and phase is required. Here we

tes-investigate the vertical extend of the cloud
hase and ice phase optical properties in six case studies measured in the European Arctic during the ACLOUD campaign. Late

spring- and summer-time stratiform clouds were sampled in-situ over pack ice, marginal sea ice zone and open ocean surface
with cloud top temperatures varying between -15 and -1.5 °C. The results show that, although liquid phase dominates the
upper parts of the clouds, ice phase was frequently observed in the lower parts down to cloud top temperatures as warm as -3.8
°C. In the studied vertical cloud profilesthe-, the maximum of average liquid phase microphysical properties, droplet number
concentration, effective radius and liquid water content, varied between 22-and-1+26-23 and 152 cm ™3, +6-and27-19 and 26 um,
0.09 and 8:48-0.63 gm 3, respectively. The maximum of average ice phase microphysical properties -iee numberconeentration;
effective radius-and-iee-water contentvaried-between0-0+-and-35-varied between 0.1 and 57 L~ -24-and-75-{or the ice number
concentration, 40 and 70 pm 6-003-for the effective radius, 0.005 and 0.08 gm™~? srespeetivelyfor the ice water content. The
elevated ice crystal number concentrations and ice water paths observed for clouds with cloud top temperatures between -3.8
and -8.7°C can be likely attributed to secondary ice production through rime-splintering. Low asymmetry parameters between
0.69 and 0.76 were measured for the mixed-phase ice crystals with a mean asymmetry-parameter-value of 0.72. The effect
of the ice phase forradiative-transfer-optical properties on the radiative transfer calculations was investigated for the four
cloud cases potentially affected by secondary ice production. Generally the ice-phase-choice of ice phase optical properties
has only a minor effect to the cloud transmissivity and albedo, except in a case where ice phase dominated the upper cloud
layer extinction. In this caseeloud-albede-, cloud albedo at solar wavelengths was increased by 10% when the ice phase was
given its measured optical properties instead of treating it as liquid phase. The presented results highlight the importance of
accurate vertical information of cloud phase for radiative transfer and provide a suitable data set for testing microphysical

parameterisations in models.
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1 Introduction

Observations have shown that the Arctic region is particularly sensitive to climate change compared to low latitudes (Rigor
et al., 2000; Serreze et al., 2009; Previdi et al., 2021). This sensitivity has been hypothesized to be attributed to myriad of
feedback mechanisms taking place in the region. One important feedback is related to changes in cloud fraction, water content
and phase. Clouds reflect solar radiation and absorb and re-emit thermal longwave radition. In the Arctic region low-level
mixed-phase clouds are abundant (Curry and Ebert, 1992; Morrison et al., 2012; Mioche et al., 2015). Together with stratiform
liquid clouds Arctic mixed-phase clouds have been found be the most important contributors to the Arctic surface radiation
balance by inserting a warming cloud radiative effect in most months except a few months in the summer time when the
short-wave cloud radiative effect overcomes the longwave effect (Shupe and Intrieri, 2004).

In order to correctly simulate cloud-radiation feedbacks in the Arctic a good understanding of the vertical distribution of
the cloud water content, particle size and phase are required (Curry et al., 1996). In-situ observations of cloud vertical profiles

provide a basis for improving this knowledge. Vertical profiles of ice particle microphysical properties in low-level startiferm

elouds-overAretieseastratiform clouds over the Arctic Sea have been reported in the Europen-Aretic(Jacksonet-al 2042 Heoydetal204

Arctic (Lloyd et al., 2015; Mioche et al., 2017) and in coastal Alaska MeFarquhar-et-al; 2007 Mioche-et-al(2017)presented

(Gultepe et al., 2000; McFarquhar et al., 2007; Jackson et al., 2012). In a study by Mioche et al. (2017)
statistical analysis was performed on cloud vertical profiles combined from four airborne campaigns. The profiles revealed

that supercooled liquid dominates the cloud top, with ice being more present-prevalent in the lower parts of the cloud with-
out any significant vertical trend. The average concentration of ice crystals with diameters (D) larger than 100 um svere
was found to be 3 L~! for stratiform clouds with cloud top temperatures between -3 and -25°C. Similar ice phase vertical

strueture-without-elear-trend-structures without clear vertical trends in the microphysical properties were found in the studies of

MeFarquhar-et-al2007)-Gultepe et al. (2001), McFarquhar et al. (2007), and Jackson et al. (2012). Gultepe et al. (2001) summarized

ice crystal number concentration observations from two Arctic campaigns with maximum dimensions greater than 125 um.
The observed average number concentrations, measured over a wide temperature range from 0 to -45°C, varied between 0.3

and 6.4 L™!. McFarquhar et al. (2007) reported average concentrations of ice crystals with maximum dimensions greater
than 53 pm of 2.846.9 L= for stratiform clouds in autumn with cloud top temperatures varying between -12 and -16°Cané
Jacksen-etal+(2042)reported—, while Jackson et al. (2012) reported an average concentration of ice erystal-with-maximum
dimension-crystals with maximum dimensions greater than 50 pm of 0.27 L~! for similar cloud top temperatures in April.
Hoydetal(2645)reported-In another study by Lloyd et al. (2015), four vertical profiles in spring and summer-time stratocu-

mulus clouds and-feund-that-higher-were reported. Higher median ice crystal concentrations, about 3 L1, were found in
summer than-a-compared to spring, when the mean ice crystal concentrations were around 0.5 L.

Ice crystal concentration above 1 L~ in low-level clouds with cloud top temperatures around -5°C likely cannot be explained
by primary nucleation due to low number of active ice nucleating particles (INPs) in that temperature range (Kanji et al., 2017)
but could be the result of secondary ice production (SIP). For instance, Lloyd et al. (2015) suggested that the summer-time ice

crystal concentrations are the result of rime-splintering and, later, Sotiropoulou et al. (2020) showed in a modelling study that
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the observed ice crystal number concentrations can be explained by rime-splintering and collisional break-up. Also Fridlind
et al. (2007) concluded that the ice crystal concentrations observed by McFarquhar et al. (2007) could not be explained by
primary nucleation. Additional evidence from rime-splintering was given by Rangno and Hobbs (2001), who reported ice

crystal concentrations up to 40 L™ in clouds with cloud top temperatures above -10°C in late spring and summer-time Arctic

stratiform clouds. On the contrary, Lawson et al. (2001) reported extremely high ice particle number concentrations (exceedin

1000 L) for another cloud system measured during the same campaign observed at -12°C, and thus not explainable b
rime-splintering. The most recent evidence of SIP in Arctic low-level clouds was provided by Pasquier et al. (2022), where the

authors found that SIP occurred during 40% of the in-cloud measurements in the temperature range from -1 to -24°C performed
with a tethered balloon system during the Ny-Alesund AeroSol Cloud ExperimENT (NASCENT).

Albeit—the-inereasing-ameunt-Despite the increasing number of in-situ observations in the Arctic region, net-eneugh—is
knewn-there is still insufficient understanding of the concentration and vertical profiles of small ice crystals. Yet—the-The

vertical distribution of small {<ice particles (less than 50 um) ice-particles-is-important-to-understand-bothradiative-transferis
critical to understanding radiative transfer, as well as ice initiation through heterogeneous ice nucleation or through SIP, which

are key processes controHing-that control the longevity of the-Arctic mixed-phase clouds (Morrison et al., 2012) —Furthermere;
previous-and affect precipitation formation (Gultepe et al., 2017).

Previous vertical profiles of low-level Arctic clouds have predominantly been performed over open ocean (Jackson et al.,

2012; Lloyd et al., 2015; Mioche et al., 2017) or over coastal areas {MeFarquharet-al;2007)-whereas(Gultepe et al., 2000; Lawson et al., -

and vertical cloud in-situ profiles over Arctic pack ice have not been studied-extensively-extensively studied. Therefore, this
work aims to increase the-observational-knowledge-on-observational knowledge of the vertical phase composition of Arctic
mixed-phase clouds mainly over pack ice by presenting in-situ cloud microphysical observations from the Arctic CLoud Ob-

servations Using airborne measurements during polar Day (ACLOUD) campaignthat-was-carried-out-nerth-west-, which was

EON A AL

conducted northwest of Svalbard (Norway) between 23-May-and-6-June-May 23 and June 6, 2017. During- ACLOUD-a-suit-

During ACLOUD, a suite of newer cloud probes were-deployedfor-detection—of-was deployed to detect small ice parti-
cles down to D = 9 um. Here-we-We present vertical profiles of liquid and ice phase microphysical and optical properties

in seven-six cloud cases, where cloud top temperatures ranged from -15 to -3°C. The vertical information on both liquid

and ice phase microphysical properties makes the data set particularly wel-suited-well-suited for testing cloud microphysi-
cal parameterisations-parameterizations in models. We also present-the-the-discuss the vertical variability of the-iee-particle

disenss-liquid and ice phase optical properties and the implications of ice phase for the radiative properties of the-towlevel

low-level clouds.



90

95

100

105

110

115

2 Details of the field experiment
2.1 Meteorological situation

The ACLOUD aircraft campaign performed 22 research flights between 23 May and 26 June 2017 from Svalbard towards the
Arctic ocean. The synoptic development during ACLOUD can be separated into three periods (Knudsen et al., 2018). During
the first days of the campaign a seasonally unusual cold air outbreak brought cold and dry Arctic air from the north. This
cold period (23 to 29 May) was followed by a warm period (30 May to 12 June) with warm and moist air intrusion-intrusions
into the region caused by a strong southwesterly flow due to a high pressure system located over the Greenland Sea. During
11 and 12 June, northerly winds started to dominate the lower troposphere, indicating the end of the moist air intrusion and

the beginning of a normal period (13 to 26 June) where both the temperature and moisture were close to long-term averages

recorded in Ny—Alesund.

2.2 Instrumentation

The Polar 6 was equipped with in-situ instrumentation for the characterisation of cloud hydrometeors, aerosol particles and

trace gases. The cloud instrumentation included the following three instruments used here:

— The Small Ice Detector Mark 3 (SID-3; Hirst et al. (2001)), which detects individual cloud particles passing a 532 nm

laser beam using two nested trigger detectors with a half angle of 9.25° symmetrically located at 50° relative to the

forward direction. The trigger signal is recorded as a histogram with a maximum rate of 11 kHz that can be used to
derive partlcle size distributions by using the procedure described in Vochezer et al. (2016) Particle-size-distributions-are

is—H—For a sub-set of triggered particles a two-dimensional (2-D) scattering pattern is recorded that can be analysed

for particle sphericity

by a
specifically developed image analy51s software %&f&d&%ﬂpﬂi&%&&ﬁ%ﬂp&ﬂf}dﬁfﬂbﬁ&@ﬂﬁﬂfﬁ%&%&ﬂ%

during- ACEOUD-is-published-inJarvinen-etal2048)—(Vochezer et al., 2016). Occasionally, coincidence sampling in
the camera field of view causes optical distortions of the 2-D scattering patterns of liquid droplets and, consequently,
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a misclassification of such scattering patterns to be aspherical by the classification software. For the subsequent iden-

tification and re-classification of coincidence scattering patterns a machine learning (ML) algorithm was developed

(see Appendix A for details). From the numbers of observed spherical and aspherical 2-D_scattering patterns the
fractions of spherical and aspherical particles are derived. Multiplication of those number-based fractions with the
total particle size distribution yields phase-specific particle size distribution. The uncertainty due to the fact that the
imaged particles are a subset of all sampled particles can be estimated from the Clopper—Pearson confidence limits as

discussed in Vochezer et al. (2016). These phase-specific particle size distribution are issued in the ACLOUD data set

Schnaiter and Jarvinen, 2019a).

The Particle Habit Imaging and Polar Scattering (PHIPS) probe, which is a combination of a polar nephelometer and a
high-resolution cloud particle stereo-imager (Abdelmonem et al., 2016; Schnaiter et al., 2018; Waitz et al., 2021). The
two parts of the instrument are combined by a trigger detector so that both imaging and scattering measurements are
performed on the same single particle. The polar nephelometer has 20 channels ranging from 18 to 170°, with an angular
resolution of 8°. The measured single-particle light scattering functions (Schnaiter and Jarvinen, 2019c) can be used to
derive particle sphericity and size distributions of spherical and aspherical particles using the methods discussed in Waitz
et al. (2021). Here particle size distributions were calculated for 10-s time resolution corresponding to a lower detection
limit of about 2 L—!. The uncertainties in the number concentrations of droplets and ice particles are 20% and 40%,
respectively (Jarvinen et al., 2022). The stereo-microscopic imager consists of two camera and microscope assemblies
with an angular viewing distance of 120° acquiring bright field stereo-microscopic images of individual cloud particles.
During ACLOUD, two different magnifications of 6x and 8x were set for the two PHIPS microscopes of camera 1 and 2

corresponding to optical resolutions of ~3.5 um and ~2.3 um, respectively.

The Cloud Imaging Probe (CIP; Baumgardner et al. (2001)), which uses a linear-array technique to acquire two-
dimensional shadow images of cloud particles. The CIP has a nominal size range from 25 to 1550 pm with 25 um
pixel-resolution. Ice phase cloud particles are separated from liquid phase particles following the approach of Crosier
et al. (2011) based on a circularity parameter (circularity larger than 1.25 and image area larger than 16 pixels). Only
these non-spherical particles were used to calculate ice-phase properties. The ice particle size distributions were cal-
culated for non-spherical particles using area-equivalent diameter. Possible contamination by shattering artifacts were
removed using inter-arrival time analysis and image processing according to Field et al. (2006). The remaining combined
uncertainty in the number concentration is 50% (Baumgardner et al., 2017). The resolution of the CIP data products is
given in 1-Hz (Dupuy et al., 2019) and here we averaged the data over 10-s periods to increase the counting statistics

corresponding a lower detection limit of 0.01 L1,

On Polar P6 high-frequency measurements of wind vector and air temperature were performed in a nose boom using an

150 Aventech five-hole probe and an open-wire Pt100 installed sidewards in a Rosemount housing (Hartmann et al., 2018). Hu-

midity was measured with 1-Hz resolution with a Vaisala HMT-333, which includes a temperature and HUMICAP humidity

sensor. Based on the temperature measurements (uncertainty of 0.1 K), the humidity data were corrected for adiabatic heating
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(Hartmann et al., 2018). In this paper we use merged thermodynamic measurements providing aircraft position, air pressure,
temperature, relative humidity, and the horizontal wind vector at a resolution of 1-Hz (Hartmann and Chechin, 2019). Aerosol
particle concentration in the nominal size range from 60 to 1000 nm were measured with the ultra-high sensitivity aerosol

spectrometer (UHSAS, Cai et al. (2008)) that was installed behind the counter-flow virtual impactor (CVI) (Mertes, 2019).
2.3 Calculation of microphysical and optical parameters
2.3.1 Concentrations of spherical and aspherical particles

Total concentration of spherical particles in the size range from 5 to 700 pm was calculated by combining the total concentration
of spherical particles measured by SID-3 (between 5 and 42 um) and PHIPS (between 60 and 700 um). No extrapolation was
performed to cover the missing size range between 42 and 60 um as the concentration and LWCs of spherical particles measured
by PHIPS were typically more than two magnitudes lower than spherical particles measured by SID-3.

Total concentration of aspherical particles in the size range from 9 to 1550 um was calculated by combining the total
concentration of aspherical particles measured by SID-3 in the size range from 9 to 30 um, the total concentration of aspherical
particles measured by PHIPS in the size range from 30 to 200 um and the total concentration of aspherical particles measured
by the CIP in the size range from 200 to 1550 um. The size limits were chosen to maximise the counting statistics and optimise
phase discrimination certainty. Occasionally, indications of shattering were seen in the PHIPS data and sometimes also in
the SID-3 data (see supplementary information). If shattering was observed, the PHIPS and SID-3 data were removed from

analysis so that the total concentrations were only given for particles >200 um measured by CIP.
2.3.2 LWC, IWC, LWP and IWP

The LWC (IWC) for each cloud microphysical probe was calculated using the following equation

Doz
LWCIWC)= > n(D)M(D), (1
Dmin

where n(D) is the number of spherical (aspherical) particles in a size bin and M (D) is the mass of a particle having a diameter
corresponding to the bin mean diameter.

For derivation of LWC, M (D) was calculated for spherical particles with a density of 1 gcem™>. Since light scattering
instruments typically have a systematic measurement uncertainties between 10 and 30% in concentration, we consider the
LWC to have a systematic uncertainty up to 30%.

For derivation of IWC from SID-3 measurements M (D) was calculated assuming spherical particles with a density of 0.91

gcm ™3, IWC was calculated from PHIPS and CIP measurements M{Dj-using-the-using mass-dimensional relationship-from

M(D) = aD",

WW—Q)’%HQ%H: .‘ =11 = 9
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The-total-HEWC-is-the-sum-of EWCs-derived-from-the-SID-3(size-range-from—-5-(M-D) relations. Since there are several
M:D relations in the literature depending of the cloud type and mixture of habits we performed sensitivity studies using M-D
relations from Brown and Francis (1995) (hereafter BF9S). McFarquhar et al. (2007) and habit-dependent M-D relationships
measured by Mitchell et al. (1990) and revised by Lawson and Baker (2000). Based on the habits observed by the PHIPS, the
following habit-dependent M-D relations were chosen: needles, rimed needles, hexagonal plates and mixture of all habits. The
%YEMNWW%M@MMMO %MPH%MWM%%M@

range-from200-te1550)% lower IWC was retrieved using M-D relations by McFarquhar et al. (2007) and habit mixtures of all
habits and plates by Lawson and Baker (2006) (Fig. S18). The lowest IWCs (by 85% compared to Brown and Francis (1995

was retrieved for needles and rimed needles.

The integrated liquid and ice water paths were calculated from in-situ measurements according to the following equation

cloudtop
WP = / W de, @)
ground

where W P is either the liquid water path (LWP) or ice water path (IWP), W either LWC or IWC and z is the height between

ground and cloud top. For calculation of IWP we used the IWC calculated using Brown and Francis (1995) M-D relation. The
10-s LWC and IWC values were first binned to height bins of 10 m and averaged before performing the numerical integration.

2.3.3 Extinction coefficient and effective diameterradius

The extinction coefficient for visible wavelengths for liquid and ice phase was calculated using the following equation

Dmax

Bewr = Y n(D)o (D), 3)

Dm'in
where o{P)-is-the-seattering-o,,, (D) is the extinction cross section of a particle having a diameter corresponding to the bin
mean diameter.

For spherical particles in the SID-3 size range, the 0., (D) was calculated by multiplying the geometrical cross section

with the extinction efficiency ( ) calculated using the Mie theory for 532 nm. For PHIPS and CIP size range geometrical
optics assumption was used, where the scattering cross section is two times the geometrical cross section.

For calculating the effective radius (r.y) we-used-the folowing-definition-

. _3wC
efj B 2/)551.’1:7‘/7



210

215

220

225

230

several definitions are available in the literature (McFarquhar and Heymsfield, 1998). Here the following definitions were used
to calculate the effective radius of the liquid (r, ,,) and ice phase (7, ;)

3LWC
= ——— 4
" 2l v
3IWC
Fei= o 5)
2O Peti

where-p-where p,, ; is the bulk density of water or ice. For calculation of . ; we used the IWC calculated using BF95 M-D
relation,

2.3.4 Ice crystal asymmetry parameter and complexity parameter

The asymmetry parameter (g) of ice crystal ensembles was retrieved from the average ice crystal angular scattering functions
following the method presented in Xu et al. (2022). The retrieval is based on the assumption that in geometrical optics range,
the following relation can be used to derive asymmetry parameter,

1
g= QTJO[(QWO —1)gco + 9p], (6)

where ggo and gp are the asymmetry parameter contributed by geometric-optics and diffraction, respectively. As the diffrac-
tion phase function is highly peaked, gp is very close to unity. According to the analysis of scalar diffraction theory, most
of the diffracted energy will be confined into the angular range of 6§ < 7/ (in radian), where x is the size parameter. On a

logarithmic scale, gp(d) can be approximated by a polynomial of degree 4, i.e,

gp(d) = —5.9270 x 1075 —0.00130 x In(d) — 0.01087 x (In(d))? -
+0.04093 x (In(d))® +0.94029 x (In(d))*,

where d is the particle diameter. The geometric-optics contribution ggo can be obtained from polar nephelometer measure-
ments by extrapolating the measurements by applying-Gaussian-quadrature-One-expanding the measured function in terms of
series of Legendre polynomials. The asymmetry parameter is then the first moment of scattering phase function with respect
to Legendre polynomial. Additionally, Xu et al. (2022) defined that the decay of the expansion coefficients gives information
on the smoothness and isotropic degree of the phase function and defined a so-called €, parameter,

Cp =0 _lecou)™", (8)
=0

where ¢co is the expansion coefficients of phase function due to the reflection-refraction of light ray by using a series of
Legendre polynomials. Here we calculated one g value-was-caleulated-foreach-altitade-within-the-eloud-and C), value for each

horizontal leg if a minimum of 20 ice particles were observed by PHIPSto-assume-an-orientation-averaged-population.
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Figure 1. Flight paths for the ACLOUD flights with Polar 6 aircraft included in the analysis overlaid on pack ice extend as of 2 June. pack ice
data is derived from measurements of the Advanced Microwave Scanning Radiometer 2 (AMSR?2) at 89 GHz (www.seaice.uni-bremen.de;

Spreen et al. (2008)).

2.4 Habit classification

Ice crystal habits were manually classified using a classification scheme following Bailey and Hallett (2009). They-proposed

Each-subsection-ineludes-several-habits—In our manual habit classification we apply a tree-based classification scheme. On the
main node we distinguish between single and polycrystals. The next level is the subdivision into plate-like, column-like and
mixed growth. The leaf nodes are the habits, namely plate, sectored plate, skeletal plate, dendrite, column, needle, bullet, side

plane, bullet rosette, needle—rosette;—capped column, capped bullet rosette and mixed rosette. A more in depth description of

our classification scheme can be found in the supplementary information. Depending on the image quality, crystal size and
orientation, classification is done to the level where it can clearly be determined. When-a-polyerystal-eannet-be-assigned-to-a

polyerystal-In addition to its habit, attributes like riming and aggregation, were assigned to each ice crystal.
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Figure 2. Average temperature (A), relative humidity with respect to water (B) and vertical wind variance (C) for the vertical profiles
performed during cold period (blue), warm period (red) and neutral-normal period (green). Note that the solid-lines deseribe-represent the

average values during the entire cloud sampling period. The shaded area in A and B shows the standard deviation. Note that the absolute

value of relative humidity is not considered to be reliable and the values in panel B should only be considered to represent the trend in the

relative humidity.

3 Vertical profiles of cloud microphysical properties

Puring- ACEOUD-lew-level- Low-level clouds (cloud tops below 2 km) were observed in-thestudy-area(during all measurement

days of the ACLOUD campaign in a sector northwest of Longyearbyen (as shown in Fig. 1)en-all-measurement-days. Space-
borne remote sensing observations shewed-that-the-indicate that cloud top heights deereased-were lower during the warm period

compared to the cold period, whereas during the normal period, higher and more variable cloud tops were observed (see-refer
to Fig. 3 in Wendisch et al. (2019)). Here-In this study, we discuss the detailed vertical profiles of cloud microphysical and
optical properties measured-during-the-three-that were measured during these three distinct meteorological regimes. For-warm

We collected samples of the low-level clouds at a single geographical location by flying in either a double-triangle pattern or
stacked horizontal legs, as shown in Figure 1. The only exception was on 27 May, during the cold period, when we took samples
along a horizontal transect over the marginal sea ice zone. During in-cloud sampling on each horizontal leg, we collected
data for 7 to 10 minutes, which was enough to derive cloud microphysical properties from single-particle spectrometers. To
generate the vertical profiles, we divided the 10-second measurement data into equidistant altitude bins and calculated statistical
properties such as mean and standard deviation for liquid and ice phase microphysical properties. More information on how.
we generated the vertical profiles from the 10-second data can be found in the supplementary information.

10
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Table 1. Vertical cloud profiles included in the study. For each profile the number of horizontal sampling legs, the cloud base, the cloud top,

RCOARNI AR

the cloud top temperature (T), liquid water path (LWP), ice water path (IWP) and aerosol number concentration (N, ) for aerosol particles
with D >60 nm is given. If cloud base and cloud top were crossed multiple times the range for cloud base and cloud top is given.

Date  €loud-FopNumber of horizontal Cloud base Cloud top Cloud top T LWP IWP N, above
sampling legs masl. masl. °C gm™  gm™®  em™?

Cold Period

27 May 3 230 1300 -15.2 444403  +609 73

Warm Period

2 June 453 85:4-189 (177-201) 10:0440 -4.6 825 95 175

4 June 5 98 (93-103) 433 (374-433 -6.7 60:0-57.5 4.1 126

5 June 644 495200 FAA435 (425:445) 05 480 68 134

Normal Period

17 June 4 73-105 473-934 -5.2 374314 9588  162°
18 June 303 13.0441-824 0:004-1225-1320  —48June~5.3  -52227 274437 443~

*below cloud value

For the warm period, we present vertical profiles as a function of normalised cloud altitude, Z,,, which is defined as foelewing

Z —Zy

Ipy=— forZy<zZ<Z
7 — 7, or Ly < 4 < 4y
A

Zn:Z_]. fOrZ<Zb

where 7 is the altitude corresponding aircraft measurements, and Z; and Z; the cloud liquid layer top and base, respectively.
A threshold LWC of 0.01 gm~3 was used to define the liquid layer top and base. A detailed list of the vertical cloud profiles

can be found in Table 1.
3.1 Vertical profile over marginal sea ice zone during cold period on 27 May

On 27 May a research flight was performed off the west coat of Svalbard, where stratus clouds were sampled over the marginal
sea ice zone between 79.8 and 78.6°N. Figure 2 shows the vertical profile of temperature during the period of cloud sampling.
No clear temperature inversion was observed on this day. The sampled cloud system was multi-layered consisting of cloud
layer between 1080 and 1317 m with a cloud top temperature of -15.2°C and a lower cloud layer ranging between 186 and 630

m with a cloud top temperature of -11°C. Precipitation was observed between the cloud layers.

11
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Figure 3. Vertical profile of average droplet concentration (A), droplet effective diameter (B), droplet extinction coefficient (C) and liquid
water content (LWC) (D) performed on 27 May during the cold period. The 10-s average measurement data was binned in altitude bins with
bin width of 49.3 m for calculating the statistics. The shaded area illustrates the standard deviations. The statistical uncertainty in droplet

Wmm@icm’s. Cloud sampling was performed between 78.7°N and 79.8°N and 3.3°W and 4.1°E.
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Figure 4. Vertical profile of average concentration of ice particles with D >200 um (A), ice particle effective diameter (B), ice particle
extinction coefficient (C) and ice water content (IWC) (D) performed on 27 May during the cold period. The 10-s average measurement data
was binned in altitude bins with bin width of 49.3 m for calculating the statistics. The shaded area illustrates the standard deviations. In panel

A the horizontal error bars the statistical uncertainty in CIP ice number concentrations calculated using o (N;ce \/ﬁ, where n is the number

of counts used to calculate Ny >200 um. In panel D the dark shaded area illustrates the range in INC when using M-D relations of BF95

upper limit) and McFarquhar et al. (2007) (lower limit). Note that ice particle microphysical properties were retrieved using only CIP due
to observed shattering in PHIPS and SID-3 probes.

The multi-layered cloud system was sampled in one ascent with three straight legs performed in the lower cloud at altitudes
0f 490, 410 and 360 m. The mean vertical profiles of liquid cloud properties are shown in Figure 3. Mean cloud droplet number

concentration up to %%icm’3

were observed in the upper cloud layer and somewhat higher mean droplet concentrations
up to 35-30 cm 3 were observed in the lower cloud layer. The effective diameter was observed to increase with altitude with

larger mean effective diameters up to 27-26 um observed in the lower cloud layer compared to the upper cloud layer where the
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Figure 5. Analysis of ice crystal habits during cloud sampling on 27 May. The bar between 1317 and 630 m represents the habits in the

upper cloud and in the precipitation zone. The lower bar represent the habits in the lower cloud.

mean effective diameters up to 20-19 um were observed. A few large (D>60 pm) drizzle droplets were observed in the PHIPS
280 images in the cloud layers. LWC mean values of 0.1 and 0.2 gm ™2 and extinction coefficient of 18 and 28-23 km ™! were
observed in the upper and lower cloud, respectively. However, it should be noted that the lower cloud layer was sampled closer
to the pack ice edge compared to the upper cloud layer, which might explain some of the differences seen in the microphysical
properties. ﬂEhe—hqﬂtd—e}eﬂerfepefﬂes—ebsefveeFdﬂfmg
During the cold period case studywere-st
285 MM%WWMMWW
clouds with similar cloud top tempefafufe—bﬂft M@@W‘[he observed droplet concentrations were lower by a fac-
tor from-of 2 to 4 y-compared to other
Arctic cloud situations influenced by cold air outbreaks reported in Lawson et al. (2001), Jackson et al. (2012), and Mioche
et al. (2017). Hewever;-these-differencescan-be-parthy-explained-by-the-factIt is worth noting that these previous measurements

290 were conducted over open water—For-example, which could partly explain the differences. For instance, Mioche et al. (2017)
observed similar LWC in cold air eutbreakinfluenced-eloudsoutbreak-influenced clouds, but these clouds had effective droplet

A AR AAAANAAARALAR AN

diameters around 15 pm.
Figure 4 shows the vertical profiles of ice phase microphysical properties. Only CIP was used to retrieve ice phase properties
for ice particles larger than 200 pm in diameter due to indications of shattering observed in the PHIPS stereo-images. For
295 precaution, also SID-3 ice data was excluded from the analysis. From those PHIPS stereo-images that were not influenced by
shattering it can be seen that the dominant habits in the multilayered cloud system were dendrites, sectored plates and other
polycrystaline plates (Fig. 5) in accordance with laboratory studies of Bailey and Hallett (2009). Riming was also present
in the lower cloud layer. Fhe-On average, the concentration of ice particles with D—>diameters larger than 200 um were-on
300 ice-nucleating particle (INP) concentrations for cloud top temperature-temperatures of -15°C (Kanji et al., 2017)—Therefoere,

13



305

310

315

320

325

330

and falls within the range of INPs observed by Li et al. (2022) in Ny Alesund. Thus, primary ice nucleation could explain

account for the observed ice particle number concentrations. The low ice crystal concentrations translate to low IWC below
6:003-of 0.005 g m™~? or below, and extinction coefficient below 8:2-0.23 km™*. Ice crystal effective diameter was around 46

60 um in the upper cloud and 24-40 um in the lower cloud.
3.2 Vertical profiles over pack ice during warm period on 2, 4 and 5 June

On 2 June the moist and warm air intrusion caused development of cloudiness to the Svalbard area and a fairly uniform low-
level cloud deck was observed starting from Ny Alesund reaching to Polarstern pack ice camp. On the following days the
uniform cloud deck persisted. On 2, 4 and 5 June three vertical cloud profiles were performed near Polarstern sampling the
low-level cloud deck over pack ice (Fig. 1). Figure 2 shows that on those three days similar vertical profiles of temperature
were observed with cloud top temperatures between -4.6 and -6.7°C capped by a strong temperature inversion of about 8°C.
Inversion is a dominant feature in the Arctic environment, particularly during the coldest half of the year (e.g., Kahl, 1990;
Kahl et al., 1992; Serreze et al., 1992). On all three days a single layer cloud was observed with occasional visible cirrus clouds
in the horizon. Cloud tops were observed to be around 400 m and cloud heights-varied-between2806-and-340-thicknesses were
around 300 m.

TFhe-observedFigure 6 displays the mean vertical profiles of liquid cloud properties were-stmitarfor-observed during the three

days where-the-stratiform-eloud-was-sampled-of stratiform cloud sampling near Polarstern over pack ice(Fig—6)—All-profiles
are-characterised-by-inereasing-values-of-, All profiles exhibit an increase in droplet concentration, effective droplet diameter,
extinction coefficient, and LWC with inereasing-altitudeuntil-2—=0-75-and-altitude, followed by a subsequent decrease —BPreplet
concentrations-around -4, —075-were-the-highestas cloud top is approached. The highest LWC values were found on 2 June, e
average120-between Z,, =0.85 and 1, while on 4 June and 5 June, the maximum LWC occurred around Z,, =0.5 and Z,, =0.7
respectively. The maximum mean droplet number concentrations were 152 cm™ on 2 June and decreased to 64-(7966 (78)
cm ™3 on 4 June (5 June). This deerease-in-droplet-conecentrations-correlates-decline in droplet concentration correlated with
the decrease in aerosol number concentration above the cloudsmeasured-by-the-UHSAS-, which fell from 173 em ™3 to 126
(134) ecm™?. The effective droplet diameters were on-all- days

Effective droplet diameters remained around 20 pm near eloud-top—The-the top of the clouds on all three days. On 2 June,
the extinction coefficient and LWC were highest-on2June;82-the highest, at 101 km™* and 6:48-0.63 gm™?, respectively,
eompared-to-while on 4 June and 5 Junewhere-the-values-were-around-, they were lower, at 44 (50) km ™! and 6:3-0.29 (0.33)

gm™3, respectively. The eloudssampled-duringthe-warm period-warm period clouds contained 2 to 4 times more droplets
and had a larger LWC by a factor of 1.5 to 3 eempared-to-than the cold period eloud-easeclouds, which can be explained-by

attributed to the intrusion of moister air with higher-aerosoHoad—a higher aerosol loading,
Comparison with theoretical adiabatic LWC profiles (not shown here) showed-revealed that the clouds measured during the

warm period were s

~superadiabatic, possibly due to stronger updrafts, entraintement
entrainment of humid air from above, or radiative cooling at cloud topfer-instance—Fhe-observed-, The LWC values over pack
ice were similar to what-was-those observed in similar warm air intrusion situations by-Mieche-et-al+2647-over open sea
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Figure 6. Vertical profite-profiles of average droplet concentration (A), droplet effective diameter (B), droplet extinction coefficient (C) and
liquid water content (LWC) (D) performed-measured on 2, 4 and 5 June during the warm period. The shaded area illustrates the standard
deviations. The mean and standard deviation were calculated based on 10-s aircraft observations for normalised altitude bins having bin
edges at -0.6, -0.3, 0, 0.25

error in droplet number concentrations were below 0.1 cm™3. Cloud sampling was performed between 81.1°N and 82.1°N and 8.5°E and
11.7°E.

0.45, 0.65, 0.85, 1, 1.05. The vertical error bars indicate the uncertainty in normalised altitude. The statistical

surface-butlower(by-afactor-of-surfaces by Mioche et al. (2017), but 3 )-times lower than the LWC in clouds measured over
open sea surface-surfaces during ACLOUD (Dupuy et al., 2018).

Figure 7 shews-displays the mean vertical profiles of ice phase microphysical properties. Coneentration-The concentration of

small ice eould-be-onty-was only able to be derived for the upper half of the cloud due to ebserved-shattering-shattering that was

observed in the lower parts. In the upper half of the cloud —Al-prefiles-are-characterised-by-all profiles exhibit a slight increase
of IWC and extinction coefficient with decreasing altitude. However, definite trends-intWC-ecannot-be-made-conclusions about

the IWC vertical trends cannot be reached due to uncertainties linked with-mass-dimensionat-to the M-D relationship used to
calculate IWC. Very-little-ice-was-observed-A small amount of ice was detected at the cloud tep-tops, indicating that the eloud

toplayer-is-almost-exclusively-compeosed-top layer of the cloud is comprised almost entirely of supercooled liquid droplets.

The maximum mean ice crystal number concentrations
during periods unaffected by shattering, varied between 10 and 18 L—!. Fhe-effective-diameters—varied-betweenEffective

diameters ranged from 50 and-75-to 70 pm s-extinetion-eoefficients betweennear the cloud base and decreased towards the
cloud top. Extinction coefficients ranged from 1 and-2-to 1.7 | km~!-andFWE-, Mean IWC values peaked between 0.02 and
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Figure 7. Vertical profite-profiles of average ice particle concentration (N;ce) (A), ice particle effective diameter (B), ice particle extinction
coefficient (C) and ice water content (IWC) (D) performed on 2, 4 and 5 June during the warm period. The shaded area illustrates the

standard deviations. The mean and standard deviation were calculated similar to liquid phase. The vertical error bars indicate the uncertaint

in normalised altitude and the horizontal error bars the statistical uncertainty in V;... For PHIPS and CIP the statistical uncertainty was
calculated using o (N )/+/n, where n is the number of counts included in calculation of the mean concentration. For SID-3 the statistical

uncertainty is calculated using Clopper—Pearson confidence limits. In panel D the dark shaded area illustrates the range in IWC when usin
M-D relations of BF95 (thicker lines) and a habit dependent M-D relation of Lawson and Baker (2006) for needles (thinner lines). Note that

ice particle microphysical properties in the lower parts of the cloud were retrieved using only CIP for ice crystals D > 200 pm (N;ce>200um)
due to observed shattering in PHIPS and SID-3 probes. Panel E shows the asymmetry parameter (g) and complexity parameter (C,) derived
from PHIPS. One value was derived for each straight leg within the cloud. The horizontal error bars in panel E illustrate the retrieval

uncertainty.

Mmmmﬂwwml@w the PHIPSstereo-mieroseopic

its-cloud when assuming the BF9S

M-D relationship. Given that the cloud was mostly composed of unrimed needles (as shown in Fig. 8), we also calculated IWC

an order of magnitude. While this wide range highlights the uncertainty of INC measurements when using M-D relationships,
one particle habit,

Upon investigating particle habits, it was determined that the most prevalent ice habits within the PHIPS measurement range

(D<1 mm) were single crystalsin-, taking on the form of needles (31.0 %) and columns (16.4 %) —This-is-in-contradiction

to-previous—stadieswhere(as depicted in Fig. 8). This finding stands
(polycrystal) habits have-beenfound-to-dominate-as being the dominant types in Arctic mixed-phase clouds (Korolev et al.,

in contrast to earlier studies, which identified irregular

1999; Mioche et al., 2017). A-significantfraction-Additionally, a significant proportion of the ice crystals observed (38.5 %)
of-the-ebservedice—erystals—wererimed-—During-all-days—displayed riming. Furthermore, the ice crystal habits exhibited a
vertical trend, whereby the fraction of single columns increased towards the cloud top. Although an increase in rimed particle

fraction was observed wi at greater cloud heights during all days
no definitive conclusions regarding the vertical structure in riming ean-be-made-due-to-the-could be drawn due to low statistics.
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Figure 8. Analysis of ice crystal habits imaged by the PHIPS during cloud sampling on 2, 4 and 5 June during warm period.
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Examples of nermalised-altitude-measured-ice crystals representing three categories that
were frequently observed on 2 Juneduring-: large (D>500 um) needles and columns, smaller unrimed faceted crystals and other polycrystals.

Images are from the warm-periodPHIPS probe.
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Figure 10. Vertical profile of average liquid phase

urple) and ice phase (red) number concentration (A), effective diameter (B), extinction
coefficient (C) and condensed water content (LWC/IWC) (D

erformed on 17 June during the normal period. The shaded area illustrates the

standard deviations. The horizontal error bars in panel A show the statistical uncertainty in N;... In panel D the dark shaded area illustrates

the range in IWC when using M-D relations of BF95 (upper limit) and a habit dependent M-D relation of Lawson and Baker (2006) for
n

eedles (lower limit). The 10-s average measurement data was binned in altitude bins with bin width of 52 m for calculating the statistics.
Cloud sampling was performed between 80.0°N and 80.4°N and 1.4°E and 5.8°E.

3.3 Vertical profiles during normal period on 17 and 18 June

In the final two weeks of the ACLOUD campaign, adiabatically warmed air from the west and north dominated the study region
(Knudsen et al., 2018) leading to more variable cloud properties (Wendisch et al., 2019). On 16 June northerly flows brought
colder air from north and west of Svalbard to the study region generating a solid cloud deck from Svalbard to Polarstern vessel.
On the following days the cloud deck persisted but became spatially more inhomogeneous often with multi-layered structure.
On 17 and-+8-June cloud profiling was performed over pack ice near Polarstern and on 18 June alse-over open sea surface (Fig.

1-6n-). The cloud top temperatures were observed around -5°C without a temperature inversion (Fig. 2).
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The mean vertical profiles of liquid and ice phase microphysical properties measured over pack ice on 17 June are shown
in Figure 10. On that day, the cloud system near Polarstern consisted of a mere-mixed lower layer topped with a thin stratus

layer—The-thickerlowerlayerhad-cloud-top-at-704-mat—5-4>C-without-a-temperatare-inverston(Fig—2)—The-cloud-base

— With the cloud base observed to vary between 73 and
105 m. Precipitation was observed below the cloud. The cloud droplet number concentrations ranged from around 4 cm™? in
the upper stratus layer to 24 cm™? in the lower layer, with an effective diameter of approximately 20 um, The liquid extinction
coefficient and LWC reached maximum mean values of 16 km™" and 0.13 g m™?, respectively.

Ice crystals were observed throughout the cloud system, and around 400 m, the average ice crystal number concentrations
were up to 57 L ™", which were dominated by the number of small (D<200 pm) ice crystals. The ice crystal effective diameter
was around 50 um in the lower, thicker cloud and up to 200 um in the upper stratus layer. The ice phase extinction coefficient
and IWC within the cloud were significantly lower than those for the liquid phase, around 1 km™" and below 0.02 gm™?,

respectively. The dominant ice crystal habits observed were columns and needles with rimed fractions between 30 and 40%

On 18

; June a vertical profile was performed over opean ocean. The measured stratocumulus
layer differed significantly from the layer-clouds measured over pack ice: strong convective clusters penetrating through the

startoeumutus-stratocumulus deck from below were observed. The convective clusters were separated from each other by large
distances of order of 10 km. The cloud tep-waslecated-at-1323-mbase was observed to be variable along the horizontal samplin

leg rising towards the turning point. The cloud base was penetrated at 441 and 824 m. The cloud top was observed to va
between 1225 and 1320 m with a very weak temperature inversion around 1°C. The cloud top temperature was -5-2-5.3°C.

JuneFigure 12 displays the vertical distribution of mean microphysical properties of both liquid and ice phases. For this case
ice phase microphysical properties were derived for particles with a diameter larger than 200 pm due to observed shatterin
in the PHIPS and SID-3 probes. In contrast to the swarm-peried-the+7(red)-and-other vertical profiles discussed previousl
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Figure 12. Vertical profile of average droplet number concentration (A), effective diameter (B), extinction coefficient (C) and condensed

water content (LWC/IWC) (D) performed on 18 June over open ocean during the normal period. The shaded area illustrates the standard

deviations. The horizontal error bars in panle A illustrate the statistical uncertaint

where n is the number of counts included in calculation of the mean concentration. In panel D the dark shaded area illustrates the range in

IWC when using M-D relations of BF95 (upper limit) and a habit dependent M-D relation of Lawson and Baker (2006) for needles (lower

limit). The 10-s average measurement data was binned in altitude bins with bin width of 117 m for calculating the statistics. Cloud samplin

was performed between 78.2.1°N and 78.3°N and 5.2°F and 9.9°E.

hase dominated both the IWC and extinction at cloud top, even when taking into account the uncertainty in the M-D relations.
The ice phase extinction coefficient reached a maximum mean value of 6 km—?
resented cases. Similarly, the IWC had a maximum mean value of 0.08 gm™

which is the highest value observed among the
3 when using the BF95 M-D relation, and 0-85-

ice-erystal-concentrations—could-be-only-derivedfrom-CHP-for-D—>values seven times lower when using habit-dependent M-D
relations assuming all crystals are needles. The mean ice number concentration of crystals larger than 200 pm —The-ebserved

wasuptoSL™'.
The liquid phase extinction coefficient and PW-C—were—around—1-1LWC peaked at lower altitudes around 800 m, where

and 6:62-0.09 gm™ 3, s
vertieal-trend-was-observed-in-the iee-microphysieal properties—Sinee-therespectively, were observed. The liquid phase droplet

maximum mean values of 14 km™*

concentrations, LWC, and extinction coefficient were the lowest for all cases with a cloud top temperature was-around -5°Cit

—. This reduction in LWC can probably be explained
by the ongoing glaciation of the cloud through the Wegener-Bergeron-Findeisen (WBF) process.
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of the CIP images showed that the increase in ice crystal concentrations between—%;—6-7anrd—%4;—0-8-near cloud top was
caused by predominantly by appearance of columnar type crystal habits, which dominated the upper parts of the cloud. A large
fraction, over 20% of the observed columns were rimed according to the PHIPS images (Fig. 11b). In the lower parts of the
cloud both CIP and PHIPS showed also compact polycrystal habits. According to habit statistics based on PHIPS images more
polycrystals were observed on the 18 June case compared to other days, between 5.9 and 30.6% (Fig. 11b). Comparable to the

warm period profiles, also unrimed small faceted columns and plates were observedduring-the- 18 June-profile-givingindication

4 Derived EWP-and IWP-ever pack-Asymmetry parameter of mixed-phase cloud ice ;marginal sea-ice zone-and
open-sea-surfaeeparticles
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For-ealeulating-the-order to calculate radiative transfer in clouds, at least three eleud-particle-single-scattering properties are
neededof cloud particles are required: extinction coefficient, single scattering albedo, and the asymmetry parameter. From

thesethreesingle-seattering-properties-Of these, the asymmetry parameter is the most sensitive to the assumed particle micro-
physical properties in the short-wave—Espeeially;-, particularly for aspherical ice particles the-whose asymmetry parameter is

not well constrained. Here, we derived the ice crystal asymmetry parameter from partial phase faretton-functions measured by
PHIPS. Since PHIPS detects individual cloud particles, itis-possible-to-derive-we were able to determine the cloud asymmetry
parameter for ice particles onlywithout-the-interferenee-of-, without interference from supercooled liquid droplets.

Figures 7Eand-2?, 10E and 12E show the vertical profiles of the ice crystal asymmetry parameters for the cloud cases
observed during the warm and normal periods. During the cold period not enough ice crystals were ebserved-sampled by PHIPS
in order to investigate the vertical variability of the asymmetry parameter. The observed ice crystal asymmetry parameters
varied-betweenranged from 0.69 and-to 0.76with-the-mean-iceerystal-asymmetry-parameter-, with a mean value of 0.72. In the
lower parts of the cloud no vertical trend in the asymmetry parameter was observed, but during the warm period an increase in
the asymmetry parameter was seen between Z,, =0.6 and Z,, =0.8. This increase in the asymmetry parameter is linked with
a simultaneous decrease in the complexity parameter (Fig. 7E). The fraction of less complex particles can be enhanced in the
upper parts of the cloud due to generation of faceted crystals by SIP and by higher fall speeds of larger more complex crystals,
which would enhance their concentration in the lower parts of the cloud. As the rimed fraction increased with increasing
altitude the decrease in crystal complexity cannot be explained by decrease in riming.

The measured ice particle asymmetry parameters found during ACLOUD are significantly lower than those of idealised
faceted hexagonal crystals but also lower than previously found in Arctic mixed-phase clouds. Jourdan et al. (2010) performed
measurements with the Polar Nephelometer (PN) in an Arctic nimbostratus cloud during the ASTAR campaign in a temperature
range between -1 and -12°C. The authors applied principal component analysis to the volume angular scattering measurements
to derive asymmetry parameters for ice particles. The lowest asymmetry parameter found using this method was 0.755 that
corresponded to a group of columnar crystals mixed with a small fraction of water droplets - similar habits found in our case.
Adso-Additionally, Mioche et al. (2017) showed measurements of asymmetry parameters associated with Arctic mixed-phase

clouds, where asymmetry parameters below 0.8 were observed for the ice phase.
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5 Case study of radiative transfer in a single-layer cloud system

Our observations have shown that ice is common in spring and summer-time low level Arctic clouds with cloud top temper-

atures above -10°C. In-At the same time, a low ice crystal asymmetry parameter below 0.75 is-observed-in-the-was observed

in most parts of the clouds, which is lower than currently assumed by ice crystal optical parameterisations. To investigate
the role-of-ice-phase-for-theradiative-transfer-in-an-Aretic-summer-time-sensitivity of cloud albedo and transmissivity to the

choice of ice crystal asymmetry parameter in observed Arctic low-level cloudswith-enhaneed-ieeerystal-concentrations-through
rime-sphintering-we-have-, we performed radiative transfer simulations using the one-dimensional plane- parallel discrete ordi-

nate radiative transfer solver (DISORT).

sensitivity of albedo and transmissivity to ice particle optics, we defined the single-wavelength (532 nm) albedo/transmisivity
transmissivity difference as:

AR - Ri(:e+wa,terw - R’LU(LtEiT@%) (9)
AT - TichrwaLerw - Twate'r*g}gga (10)

particles will b have
modified asymmetry parameter. On the contrary, #;cerwarerant-Feerwarer LRipue and Ty, are associated with the case where
ice particles are given their measured asymmetry parameter. The simulation setup is as follows, the surface albedo for the warm
period cases are set to be 0.5 to represent the sea ice surface (Stapf et al., 2020), while the surface albedo for the last case is set

to be 0.1 to represent the open sea surface (Payne, 1972). The solar zenith angle is set to be 65.9°. For the case studies we have

chosen four cloud profiles: the first three cases are cloud profiles over pack ice during the warm period, while the last case is
the convection influenced stratiform case over open sea surface. Figure 13 displays the vertical distribution of optical thickness

for ice and water within these clouds.
Ttean-beseenthat

In our first set of simulations, we tested the impact of treating ice particles as if they were liquid droplets (g~0.87). This

approach would be appropriate if cloud optical thickness is known but not the phase composition, and all cloud particles are
assumed to be spheres. We found that such an assumption would generally lead to differences in albedo and transmissivity of
less than 2% for the warm period cases, the-differencesfor-the-albedo-where the liquid phase dominated the optical thickness
throughout the cloud. Therefore, we conclude that the optical properties of the ice phase had an insignificant effect on cloud
albedo and transmissivity during the warm period cases, as long as the cloud optical thickness was preserved.
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Figure 13. The optical thickness for liquid and ice phase for different altitudes within the cloud. The difference in albedo (AR) and

transmissivity (AT are calculated for modified simulation where ice phase is treated optically like the liquid phase.

However, on June 18th, the ice phase dominated the optical thickness in the top layer of the cloud. Therefore, treatin
the ice phase as liquid resulted in significant differences in albedo and transmissivity, up to ten percent. To investigate this

further, we repeated the simulations for June 18th but assigned the ice phase an asymmetry parameter of that of a smooth

hexagonal column, which is typically assumed in climate models (g~0.78) (Fu, 2007). These simulations resulted in albedo

and transmissivity differences of only 1.4%. Therefore, we can conclude that for all the case studies shown here, the assumed
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asymmetry parameter for ice crystals resulted in insignificant changes in albedo and transmissivity as long as the ice crystals
were considered to be aspherical.

The simulations presented in this study aimed to isolate the effect of the ice phase optical properties on radiative transfer
by keeping the cloud optical thickness fixed. However, in reality, removing the ice phase would likely increase the total cloud
optical thickness. This is because the condensed phase would redistribute from fewer and larger ice crystals onto more and
smaller droplets, increasing the particle surface area. To fully understand such secondary effects of the ice phase on radiative
transfer, more sophisticated simulations would be needed.

6 Discussion and conclusions

uantification of the vertical structure of ice and liquid microphysical properties in Arctic low-level clouds is important to get

insight into the microphysical processes governing the cloud lifetime and optical thickness. Information on the ice and liquid
optical properties are needed to calculate the cloud radiative effects. Here, we focus our discussion to the cloud ice phase and
discuss the potential ice formation mechanisms.

WWM&%WQJ !
do-0.08 gm ™) were observed
QMMWMWMWM
region have shown that springtime INP concentrations at -7°C are on average below 10~ L™" with 95-percentile being
below 1072 L~ (L et al., 2022). This is in consensus with the general knowledge of INP concentrations in this temperature.
range (Kanji et al., 2017). Therefore, it is likely that the observed ice crystal concentration in the discussed warm and normal
period cases were results of ice multiplication. A likely SIP mechanism in this temperature range is rime-splintering, which is
supported by the observations of large rimed needles co-existing with droplets with D >20 pm. Also other SIP mechanisms
are possible and based on the in-situ data alone it is not possible to confirm or disclose any SIP mechanism.

It should also be noted that elevated ice crystal number concentrations were not observed throughout the entire vertical
extent of the cloud on all days. For example, on June 17th, enhanced ice crystal number concentrations were only observed

below 500 m (see Fig. 10). Additionally, on this day, the measured cloud was inhomogeneous with a lower LWC in the upper

and

cloud layer and a higher LWC in the lower cloud layer. This observation could indicate that a higher LWC or larger droplet

sizes (see Fig.

To further investigate the occurrence of SIP during ACLOUD, we analysed additional vertical profiles for their maximum
10-second ice number concentration and IWP. Altogether 15 vertical profiles were included in this analysis, from which one
was performed over marginal sea ice zone, 11 over pack ice and 3 over open sea surface. A complete list of these cloud profiles
can be found in the supplementary material. Figure 14 displays the maximum ice crystal number concentration and IWP of
each vertical profile as a function of cloud top temperature. It should be noted that the integrated water paths presented here
present the average values for each vertical profile and do not take into account variability in cloud microphysical properties or
cloud base and top, which was occasionally observed (see Table 1).
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Figure 14. Maximum 10-second ice crystal number concentration (Nic.: pancl A) and ice water path (IWP; panel B) as a function of cloud
top temperature during ACLOUD for vertical cloud profiles over pack ice (white symbols), marginal sea ice zone (grey symbols) or open sea
surface (blue symbols). The correlation between liquid water path (LWP) and IWP is shown in panel C where the symbols are color-coded

For both the maximum ice crystal number concentration and IWP a clear vertical trend can be seen where up to several
orders of magnitude higher number concentrations and IWPs are seen when cloud top temperatures are between -8.7 and

active rime-splintering in the Hallett-Mossop (HM) temperature range and subsequent growth of ice splinters in water saturated
environment.

Out of the five warm period cases and nine normal period cases, four and eight, respectively, showed maximum ice crystal
number concentrations above 1 L™, This suggests that SIP was frequently occurring in the low-level clouds during both warm
NM@MM M&lﬂﬂhﬁ

HM temperature range. In the one case during the meas

within-Aretic low-level-elouds—neutral period, the maximum ice crystal number concentration was 0.01 L=, and the cloud

top temperature (-5.1°C) was within the HM temperature range. However, the LWP was only 5.5 g m™2, and no drizzle-sized
droplets were observed.

profiles with maximum ice crystal number concentrations above 1 L ™" also showed IWP above | gm™?, In these cases. ice
crystals with D>1 mm were observed in the lower half of the cloud. For the profiles with IWP below 1 gm™, ice crystals with
D<1 mm were observed. Nevertheless, ice crystals were observed throughout the cloud. except for the cloud top, indicating
early stages of glaciation initiated by SIP. SIP in clouds with low IWP and only D<1 mm ice crystals might go undetected by
radar remote sensing. This highlights the need for in-situ measurements to investigate the conditions favoring SIP.
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Figure 14 also shows that for most of the cases (except 18 June) IWPs above 1 gm™? are only observed when LWP are
605 above 30 gm™?, This can indicate that a threshold LWP is needed in stratiform clouds before SIP is efficient in glacification
of the cloud. Increasing number of evidence have shown that SIP rate is enhanced in environments with higher LWP, such as
in updraft regions (e.g. Lasher-Trapp et al., 2021; Mages et al., 2022).
SIP in Arctic clouds with cloud top temperatures above -8°C have been previously reported by Rangno and Hobbs (2001) and

Pasquier et al. (2022). Rangno and Hobbs (2001) observed ice crystal concentration up to 40 L=! in Arctic stratocumulus

610  clouds in late spring and early summer. Their type IIT slightly supercooled startiform clouds, containing droplets with D >28
pm and high ice ¢
that high (>50 L™1) ice concentrations at temperatures above -5°C were related to SIP by droplet shattering mechanism. In
our case superadiabatic LWC profiles could have indicated larger droplets and in all vertical profiles during warm and normal
period drizzle droplets were observed (see Figs. $26-S30). Large droplets could promote either droplet shattering or enhance

615 rime-splintering rate (Mossop, 1985). During M-PACE campaign SIP was not discussed by McFarquhar et al. (2007) but a later
modelling study using the Community Atmosphere Model version 6 (CAMO6) by Zhao et al. (2021) showed that inclusion of
SIP in the model was important for improving the model representation of the observed cloud situations. However, other studies
do not see enhancement in IWP in clouds with cloud top temperature above -10°C. For example, in Mioche et al. (2017) no
increase in IWP in the HM temperature range was found for late spring Arctic clouds over open ocean.

620 Even though SIP is not a new phenomenon in the Arctic, our results show that SIP can be observed also in low-level clouds
over pack ice in the late spring and early summer. Ice phase has an important role in governing the cloud lifetime and cloud
albedo through WBF process and scavenging on droplets in riming process. Heterogeneous ice nucleation parameterisations in
climate and general circulation models predict an decrease in ice crystal number towards higher temperatures (e.g. Meyers et al., 1992; Phill
However, increasing observational evidence (present study included) is showing that in the Arctic a negative correlation with

625 ice crystal number concentration and temperature does not apply for all of the warmer clouds (see e.g. Gultepe et al., 2001).

It is important that general circulation and climate models correctly capture the ice phase of low-level mixed-phase clouds,
for which inclusion of SIP in the models is needed. However, since ice multiplication mechanisms are still poorly understood

Field et al., 2006), detailed in-situ observations of the ice phase are important for testing and constraining SIP parameterisations

in the Arctic environment. In these lines, a few studies have already studied SIP in Arctic clouds observed during field
i .o. Fridlind et al., 2007; Zhao et al., 2021; Sotiropoulou et al., 2020). All these studies highlighting the importance

of SIP, yet open questions remain, such as how many SIP mechanisms are needed to predict the observations and what is the
contribution of the different SIP mechanisms.

Ice phase changes the cloud optical properties due to the fact that aspherical ice crystals have different single-scattering

properties compared to spherical droplets. For example, in the visible wavelengths an aspherical ice crystal has a lower

635 asymmetry parameter compared to a droplet but the magnitude of the asymmetry parameter reduction is sensitive to the exact

morphology of the ice crystal. We asked in this study, how important is the exact magnitude of the ice phase short-wave

asymmetry parameter for the cloud albedo and transmissivity in the presented cloud cases. Simulations showed that in the

typical cases, where the cloud top in almost completely composed of liquid phase and where ice phase is not a major contributor

stal concentrations, explain well our observations during the warm period. Pasquier et al. (2022) explained

630
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to the cloud extinction, the exact magnitude of the ice asymmetry parameter is not important for the radiative transfer. However,
if the ice phase dominated the cloud top extinction, as was the case on 18 June, a 10% underestimation in the albedo and
transmissivity was seen, when assuming spherical particles. Yet, this underestimation was reduced to only 1.4% when the
modified simulations used the asymmetry parameter of pristine hexagonal columns. These results highlight that ice phase in
the observed clouds did not have a significant contribution to the cloud transmissivity and albedo. Only when ice phase is found
at the top of mixed phase clouds can the treatment of ice optical properties become important, However, it should be kept in
mind that the presented simulations only considered the direct optical effects of the ice phase and not secondary effects such
as modification of the cloud liquid phase properties in the absence of the ice phase.

7 Summary

As clouds in the Arctic have the potential to insert a positive feedback in a warming climate, it is important to increase the
knowledge of the vertical distribution of the cloud water content and phase. Measurements of late spring and summer time
stratiform clouds over pack ice, marginal sea ice zone and open water performed during the ACLOUD campaign showed that
relatively high ice particle number concentrations up to 35-57 L ™! are observed in cases where cloud top temperatures are
between -3.8 and -8.7°C. This elevation in ice crystal number can likely be linked with secondary ice production. Still, the
condensed water path is dominated by the liquid phase especially at the cloud top in most of the studied cases except in one case
study of a system with embedded convection where ice extinction exceeded the liquid extinction. Simultaneous measurements

of ice optical properties showed that a relative low asymmetry parameters between 0.69 and 0.76 can be associated with the

mixed-phase cloud ice crystals. However, it was shown with radiative transfer simulations that the exact choice of ice crystal
asymmetry parameter did not significantly impact simulated cloud albedo and transmissivity in the studied cases.
The presented results highlight that there exists a nen-lnear-complicated and not negatively correlated relationship between

cloud top temperature and ice crystal concentration. fis—wel-known-that-the-ice-phase-has-animportantrole-for-the-cloud

a pha ow-ley d-pha ouds;© W do ated-by-hquid-phase,can-also

a-In order to accurately predict Arctic warming, it is
important that models capture the cloud microphysical processes in Arctic clouds. In-situ observations provide an important

basis for testing and improving microphysical parameterisations.

Data availability. The observational data from the ACLOUD campaign are archived on the PANGAEA repository and can be accessed from

the DOIs given in the references.

30



Appendix A: Machine learning algorithm to detect co-incidence artefacts in SID-3 scattering patterns

The SID-3 camera has a theoretical coincidence sampling probability of 1% for a particle number concentration of 103 cm ™3

(Vochezer et al., 2016). Coincidence sampling typically occurs for two droplets so that instead of a scattering pattern with
670 concentric rings (see Fig. Ala) a distorted scattering pattern, e.g., a “kidney” shaped shadow, is recorded (see Figs. Alc or
A1d). Coincidence patterns are always classified as aspherical particles by the automatic classification scheme, so that in a
mixed-phase cloud environment a coincidence sampling probability of 1% would lead to a significant overestimation of ice
concentration. However, due to the high-resolution of the SID-3 2-D scattering patterns the coincidence affected patterns are
easily identifiable by human eye. Since manual re-classification of coincidence patterns is very time-demanding as SID-3
675 typically acquires in the order of ~100.000 images per flight, here, we have trained a deep learning neural net that classifies

particles measured by SID-3 based on their 2-D scattering pattern.

Figure A1l. Measured SID-3 scattering patterns of exemplary particles: droplet (a), ice particle (b), coinciding droplets (c,d).

Al Data Basis

The data used to train and validate the net consists of a subset of i) previously manually classified particles from the ACLOUD
campaign and ii) particles from cloud segments where SID-3 flew in pure ice or pure liquid cloud clouds during the CIRRUS-

680 HL and ACLOUD campaigns.
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Set i), the manually classified data, consists of 460.000 droplets, 75.000 coincidence events and 2488 ice particles. Only im-
ages with mean-intensity between 10 and 50 were manually classified (about 50% of all ACLOUD data) to remove coincidence
artefacts from crystal complexity analysis performed in Jirvinen et al. (2018). As this set is heavily biased towards liquid, the
following subset of 4.000 particles was selected at random out of each category: 1.000 particles that were both classified as
liquid by the discrimination algorithm and the manual classification (true liquid) and 1.000 particles that were classified as
ice by the algorithm but identified as coincidence events by manual classification (false ice) and 2.000 ice particles that were
identified by both the algorithm and manual classification (true ice).

Set ii) consists of cases where SID-3 flew in a pure ice cloud (CIRRUS-HL flight RF12) and a pure liquid cloud (ACLOUD
flight on 17.6.2017). To match the numbers of subset i), 2.000 particles were selected at random from each flight. During the
ACLOUD liquid case, an estimated 14% of all images were coincidence droplets. Note that these data are not restricted based
on the image mean-intensity range as the manually classified particles in i).

Combined, subsets i) and ii) consist of a total of 8.000 particles, equal parts liquid and ice, which are split in half as training
and validation data sets. Both data sets consist of in total 4.000 particles each, 1.000 manually classified ice particles, 1.000
ice particles recorded in a cirrus cloud, manually classified 500 true droplets and 500 coincidence droplets, 1.000 droplets
recorded in a warm (T>0°C) cloud. These particles are chosen at random out of the above mentioned data set. The training and
validation data set are completely disjunctive, i.e. the net is validated on data it has not yet seen before during training.

The single particle 2-D scattering pattern is saved as a 780x582 px 8-bit image as a .jpg file. Due to limited GPU RAM and

to reduce computation time of the neural net, each image was scaled down by x1/10 from 780x582 px to 78x89 px.
A2 Neural Net

Based on this data, a deep learning neural net was trained. It was set up using the embedded deep learning environment in
MATLAB (MATrix LABoratory) consisting of a 2-D [59x78] image input layer, a 2-D convolutional layer with 64 filters of
size [5 5], a batch normalization layer, a rectified linear unit (ReLU) layer, a 2-D max pooling layer with pool size [2 2] and
stride [2 2], two fully connected layers with output sizes 10 and 2, a softmax layer and finally the binary classification layer
(1/0, corresponding to liquid/ice). The solver is a stochastic gradient descent with momentum (SGDM) optimizer with initial

learning rate of 0.05 and a maximum number of epochs of 15.
A3 Discrimination Accuracy

Fig. A2 shows the confusion matrix for the validation data set. The net classifies 98.8% of all droplets correctly (i.e., in a liquid
cloud 1.1% of particles are classified as ice). For ice particles, the accuracy is 99.1%. This a better accuracy compared to the
original algorithm which had a misclassification rate of 2%-20%, depending on particle density and hence coincidence rate.
Interestingly, the true coincidence rate observed in the training data set was significantly higher than the theoretical expected
coincidence rate of 1% for the expected droplet concentrations. This indicates that droplets might be located in concentrated
pockets within the cloud increasing the coincidence probability, or, that shattering of larger ice particles might cause shattering

fragments to coincide in the camera field-of-view.
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Figure A2. Confusion matrix that visualizes the classification accuracy of the phase discrimination neural net based on the validation data

set.

A misclassification rate of 1.1% can still result in a significant overestimation of ice by a factor of 2 to 10. Therefore,
we combined the neural net analysis with manual inspection in the following way: if a particle was classified as spherical
(liquid) by either the original algorithm or the neural net, it was considered liquid. During ACLOUD the remaining number
of 2-D scattering patterns where both or either the original algorithm or the neural net classified a particle as aspherical (ice)
was typically low enough (around 100 - 1.000 per flight) so that those 2-D scattering patterns were manually inspected and
reclassified if necessary. The SID-3 ice concentration shown in this paper can, therefore, be considered as the lower limit for

ice concentrations below 50 pm.

Author contributions. MS and EJ operated the SID-3 and PHIPS instruments during the ACLOUD campaign. OJ, RD and GM operated the
CIP instrument during ACLOUD. EJ, EN, FW and MS analysed the SID-3 and PHIPS data and OJ, RD and GM analysed the CIP data. GZ
performed the radiative transfer calculations. All were contributing to the interpretation of the results. EJ wrote the manuscript with help of

all co-authors.

33



725 Competing interests. Martin Schnaiter and Emma Jirvinen are members of schnaiTEC GmbH that manufactures a commercial version of

the PHIPS instrument. Martin Schnaiter is part-time employed by schnaiTEC GmbH.

Acknowledgements. This work received funding through the Helmholtz Association’s Initiative and Networking Fund (grant agreement

no. VH-NG-1531), the Helmholtz Association research program "Atmosphere and Climate". MS acknowledges funding from the German

Research Foundation (grants SCHN 1140/3-1 and SCHN 1140/3-2). FW acknowledges funding by the German Research Foundation (DFG
730 grant JA 2818/1-1). The LaMP acknowledges the support of the (MPC2-EAn n° 1224) project funded by the Institut Polaire Paul Emile Victor

(IPEV) and the Pollution in the Arctic System (PARCS) project funded by the Chantier Arctique of the Centre National de la Recherche

Scientifique-Institut National des Sciences de I’Univers (CNRS-INSU). The authors are grateful to AWI for providing and operating Polar
735 comments improved this manuscript significantly.

34



740

745

750

755

760

765

770

References

Abdelmonem, A., Jarvinen, E., Duft, D., Hirst, E., Vogt, S., Leisner, T., and Schnaiter, M.: PHIPS-HALO: the airborne Particle Habit
Imaging and Polar Scattering probe — Part 1: Design and operation, Atmos. Meas. Tech., 9, 3131-3144, 2016.

Bailey, M. P. and Hallett, J.: A Comprehensive Habit Diagram for Atmospheric Ice Crystals: Confirmation from the Laboratory, AIRS II,
and Other Field Studies, Journal of the Atmospheric Sciences, 66, 2888 — 2899, https://doi.org/10.1175/2009JAS2883.1, 2009.

Baumgardner, D., Jonsson, H., Dawson, W., O’Connor, D., and Newton, R.: The cloud, aerosol and precipitation spectrometer: a new instru-
ment for cloud investigations, Atmospheric Research, 59-60, 251-264, https://doi.org/https://doi.org/10.1016/S0169-8095(01)00119-3,
13th International Conference on Clouds and Precipitation, 2001.

Baumgardner, D., Abel, S. J., Axisa, D., Cotton, R., Crosier, J., Field, P., Gurganus, C., Heymsfield, A., Korolev, A., Krdmer, M., Lawson,
P., McFarquhar, G., Ulanowski, Z., and Um, J.: Cloud Ice Properties: In Situ Measurement Challenges, Meteorological Monographs, 58,
9.1-9.23, https://doi.org/10.1175/amsmonographs-d-16-0011.1, 2017.

Brown, P. R. A. and Francis, P. N.: Improved Measurements of the Ice Water Content in Cirrus Using a Total-Water Probe, Journal of
Atmospheric and Oceanic Technology, 12, 410 — 414, https://doi.org/10.1175/1520-0426(1995)012<0410:IMOTIW>2.0.CO;2, 1995.

Cai, Y., Montague, D. C., Mooiweer-Bryan, W., and Deshler, T.: Performance characteristics of the ultra high sensitivity aerosol
spectrometer for particles between 55 and 800nm: Laboratory and field studies, Journal of Aerosol Science, 39, 759-769,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2008.04.007, 2008.

Crosier, J., Bower, K. N., Choularton, T. W., Westbrook, C. D., Connolly, P. J., Cui, Z. Q., Crawford, I. P, Capes, G. L., Coe, H., Dorsey,
J. R., Williams, P. I, Illingworth, A. J., Gallagher, M. W., and Blyth, A. M.: Observations of ice multiplication in a weakly convective cell
embedded in supercooled mid-level stratus, Atmospheric Chemistry and Physics, 11, 257-273, https://doi.org/10.5194/acp-11-257-2011,
2011.

Curry, J. A. and Ebert, E. E.: Annual cycle of radiation fluxes over the Arctic Ocean: Sensitivity to cloud optical properties, Journal of
Climate, 5, 1267-1280, 1992.

Curry, J. A., Schramm, J. L., Rossow, W. B., and Randall, D.: Overview of Arctic cloud and radiation characteristics, Journal of Climate, 9,
1731-1764, 1996.

Dupuy, R., Jourdan, O., Mioche, G., Ehrlich, A., Waitz, F., Gourbeyre, C., Jarvinen, E., Schnaiter, M., and Schwarzenbock, A.: CLOUD
MICROPHYSICAL PROPERTIES OF SUMMERTIME ARCTIC STRATOCUMULUS DURING THE ACLOUD CAM- PAIGN :
COMPARISON WITH PREVIOUS RESULTS IN THE EUROPEAN ARCTIC., https://doi.org/10.1594/PANGAEA.899074, Vancou-
ver, Canada. hal-01932907, 2018.

Dupuy, R., Jourdan, O., Mioche, G., Gourbeyre, C., Leroy, D., and Schwarzenbock, A.: CDP, CIP and PIP In-situ arctic
cloud microphysical properties observed during ACLOUD-AC3 campaign in June 2017, LAMP/CNRS/UCA/OPGC, PANGAEA,
https://doi.org/10.1594/PANGAEA.899074, 2019.

Field, P, Heymsfield, A., and Bansemer, A.: Shattering and particle interarrival times measured by optical array probes in ice clouds, Journal
of Atmospheric and Oceanic Technology, 23, 1357-1371, 2006.

Fridlind, A. M., Ackerman, A., McFarquhar, G., Zhang, G., Poellot, M., DeMott, P., Prenni, A., and Heymsfield, A.: Ice properties of single-
layer stratocumulus during the Mixed-Phase Arctic Cloud Experiment: 2. Model results, Journal of Geophysical Research: Atmospheres,

112, 2007.

35


https://doi.org/10.1175/2009JAS2883.1
https://doi.org/https://doi.org/10.1016/S0169-8095(01)00119-3
https://doi.org/10.1175/amsmonographs-d-16-0011.1
https://doi.org/10.1175/1520-0426(1995)012%3C0410:IMOTIW%3E2.0.CO;2
https://doi.org/https://doi.org/10.1016/j.jaerosci.2008.04.007
https://doi.org/10.5194/acp-11-257-2011

775

780

785

790

795

800

805

Fu, Q.: A new parameterization of an asymmetry factor of cirrus clouds for climate models, Journal of the Atmospheric Sciences, 64,
4140-4150, 2007.

Gierens, R., Kneifel, S., D. Shupe, M., Ebell, K., Maturilli, M., and Lohnert, U.: Low-level mixed-phase clouds in a complex Arctic environ-
ment, Atmospheric Chemistry and Physics, 20, 34593481, https://doi.org/10.5194/acp-20-3459-2020, 2020.

Gultepe, L., Isaac, G., Hudak, D., Nissen, R., and Strapp, J. W.: Dynamical and Microphysical Characteristics of Arctic Clouds during BASE,
Journal of Climate, 13, 1225 — 1254, https://doi.org/https://doi.org/10.1175/1520-0442(2000)013<1225:DAMCOA>2.0.C0O;2, 2000.

Gultepe, ., Isaac, G., and Cober, S.: Ice crystal number concentration versus temperature for climate studies, International Journal of Clima-
tology, 21, 1281-1302, https://doi.org/https://doi.org/10.1002/joc.642, 2001.

Gultepe, 1., Heymsfield, A. J., Field, P. R., and Axisa, D.: Ice-Phase Precipitation, Meteorological Monographs, 58, 6.1 — 6.36,
https://doi.org/https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0013.1, 2017.

Hartmann, J., Gehrmann, M., Kohnert, K., Metzger, S., and Sachs, T.: New calibration procedures for airborne turbulence measure-
ments and accuracy of the methane fluxes during the AirMeth campaigns, Atmospheric Measurement Techniques, 11, 4567-4581,
https://doi.org/10.5194/amt-11-4567-2018, 2018.

Hartmann, J., L. C. and Chechin, D.: 1Hz resolution aircraft measurements of wind and temperature during the ACLOUD
campaign in 2017, Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, PANGAEA,
https://doi.org/10.1594/PANGAEA.902849, 2019.

Hirst, E., Kaye, P, Greenaway, R., Field, P., and Johnson, D.: Discrimination of micrometre-sized ice and super-cooled droplets in mixed-
phase cloud, Atmospheric Environment, 35, 33—47, https://doi.org/https://doi.org/10.1016/S1352-2310(00)00377-0, 2001.

Jackson, R. C., McFarquhar, G. M., Korolev, A. V., Earle, M. E., Liu, P. S. K., Lawson, R. P, Brooks, S., Wolde, M., Laskin, A., and Freer, M.:
The dependence of ice microphysics on aerosol concentration in arctic mixed-phase stratus clouds during ISDAC and M-PACE, Journal
of Geophysical Research: Atmospheres, 117, https://doi.org/https://doi.org/10.1029/2012JD017668, 2012.

Jarvinen, E., Jourdan, O., Neubauer, D., Yao, B., Liu, C., Andreae, M. O., Lohmann, U., Wendisch, M., McFarquhar, G. M., Leisner, T.,
and Schnaiter, M.: Additional global climate cooling by clouds due to ice crystal complexity, Atmospheric Chemistry and Physics, 18,
1576715 781, https://doi.org/10.5194/acp-18-15767-2018, 2018.

Jourdan, O., Mioche, G., Garrett, T. J., Schwarzenbock, A., Vidot, J., Xie, Y., Shcherbakov, V., Yang, P., and Gayet, J. F.: Coupling of the
microphysical and optical properties of an Arctic nimbostratus cloud during the ASTAR 2004 experiment: Implications for light-scattering
modeling, Journal of Geophysical Research Atmospheres, 115, 1-16, https://doi.org/10.1029/2010JD014016, 2010.

Jarvinen, E., McCluskey, C. S., Waitz, F., Schnaiter, M., Bansemer, A., Bardeen, C. G., Gettelman, A., Heymsfield, A., Stith, J. L., Wu, W.,
D’ Alessandro, J. J., McFarquhar, G. M., Diao, M., Finlon, J. A., Hill, T. C. J., Levin, E. J. T., Moore, K. A., and DeMott, P. J.: Evidence
for Secondary Ice Production in Southern Ocean Maritime Boundary Layer Clouds, Journal of Geophysical Research: Atmospheres, 127,
€2021JD036 411, https://doi.org/https://doi.org/10.1029/2021JD036411, €2021JD036411 2021JD036411, 2022.

Kahl, J. D.: Characteristics of the low-level temperature inversion along the Alaskan Arctic coast, International Journal of Climatology, 10,
537-548, 1990.

Kahl, J. D., Serreze, M. C., and Schnell, R. C.: Tropospheric low-level temperature inversions in the Canadian Arctic, Atmosphere-Ocean,
30, 511-529, 1992.

Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-Kohn, M., Cziczo, D. J., and Krdmer, M.: Overview of Ice Nucleating Particles,
Meteorological Monographs, 58, 1.1 — 1.33, https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1, 2017.

36


https://doi.org/10.5194/acp-20-3459-2020
https://doi.org/https://doi.org/10.1175/1520-0442(2000)013%3C1225:DAMCOA%3E2.0.CO;2
https://doi.org/https://doi.org/10.1002/joc.642
https://doi.org/https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0013.1
https://doi.org/10.5194/amt-11-4567-2018
https://doi.org/https://doi.org/10.1016/S1352-2310(00)00377-0
https://doi.org/https://doi.org/10.1029/2012JD017668
https://doi.org/10.5194/acp-18-15767-2018
https://doi.org/10.1029/2010JD014016
https://doi.org/https://doi.org/10.1029/2021JD036411
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1

810

815

820

825

830

835

840

845

Knudsen, E. M., Heinold, B., Dahlke, S., Bozem, H., Crewell, S., Gorodetskaya, I. V., Heygster, G., Kunkel, D., Maturilli, M., Mech,
M., Viceto, C., Rinke, A., Schmithiisen, H., Ehrlich, A., Macke, A., Liipkes, C., and Wendisch, M.: Meteorological conditions during
the ACLOUD/PASCAL field campaign near Svalbard in early summer 2017, Atmospheric Chemistry and Physics, 18, 17 995-18 022,
https://doi.org/10.5194/acp-18-17995-2018, 2018.

Korolev, A. V., Isaac, G. A., and Hallett, J.: Ice particle habits in Arctic clouds, Geophysical Research Letters, 26, 1299-1302,
https://doi.org/10.1029/1999GL.900232, 1999.

Lasher-Trapp, S., Scott, E. L., Jarvinen, E., Schnaiter, M., Waitz, F., DeMott, P. J., McCluskey, C. S., and Hill, T. C.: Observa-
tions and Modeling of Rime Splintering in Southern Ocean Cumuli, Journal of Geophysical Research: Atmospheres, 126, 1-18,
https://doi.org/10.1029/2021JD035479, 2021.

Lawson, R. P. and Baker, B. A.: Improvement in determination of ice water content from two-dimensional particle imagery. Part II: Applica-
tions to collected data, Journal of Applied Meteorology and Climatology, 45, 1291-1303, https://doi.org/10.1175/JAM2399.1, 2006.

Lawson, R. P, Baker, B. A., Schmitt, C. G., and Jensen, T. L.: An overview of microphysical properties of Arctic clouds
observed in May and July 1998 during FIRE ACE, Journal of Geophysical Research: Atmospheres, 106, 14989-15014,
https://doi.org/https://doi.org/10.1029/2000JD900789, 2001.

Li, G., Wieder, J., Pasquier, J. T., Henneberger, J., and Kanji, Z. A.: Predicting atmospheric background number concentration of ice-
nucleating particles in the Arctic, Atmospheric Chemistry and Physics, 22, 14441-14 454, https://doi.org/10.5194/acp-22-14441-2022,
2022.

Lloyd, G., Choularton, T. W., Bower, K. N., Crosier, J., Jones, H., Dorsey, J. R., Gallagher, M. W., Connolly, P., Kirchgaessner, A. C.,
and Lachlan-Cope, T.: Observations and comparisons of cloud microphysical properties in spring and summertime Arctic stratocumulus
clouds during the ACCACIA campaign, Atmospheric Chemistry and Physics, 15, 3719-3737, https://doi.org/10.5194/acp-15-3719-2015,
2015.

Mages, Z., Kollias, P., Zhu, Z., and Luke, E. P.: Surface-based observations of cold-air outbreak clouds during the COMBLE field campaign,
Atmospheric Chemistry and Physics, pp. 3561-3574, https://doi.org/10.5194/acp-2022-546, 2022.

McFarquhar, G. M. and Heymsfield, A. J.: The definition and significance of an effective radius for ice clouds, Journal of the atmospheric
sciences, 55, 2039-2052, 1998.

McFarquhar, G. M., Zhang, G., Poellot, M. R., Kok, G. L., McCoy, R., Tooman, T., Fridlind, A., and Heymsfield, A. J.: Ice properties of
single-layer stratocumulus during the Mixed-Phase Arctic Cloud Experiment: 1. Observations, Journal of Geophysical Research Atmo-
spheres, 112, 1-19, https://doi.org/10.1029/2007JD008633, 2007.

Mertes, S.; Kistner, U. M. A.: Airborne in-situ measurements of the aerosol absorption coefficient, aerosol particle number concentration
and size distribution of cloud particle residuals and ambient aerosol particles during the ACLOUD campaign in May and June 2017.
Leibniz-Institut fiir Troposphdrenforschung e.V., Leipzig, PANGAEA, https://doi.org/10.1594/PANGAEA.900403, 2019.

Meyers, M. P., DeMott, P. J., and Cotton, W. R.: New Primary Ice-Nucleation Parameterizations in an Explicit Cloud Model, Journal of Ap-
plied Meteorology and Climatology, 31, 708 — 721, https://doi.org/https://doi.org/10.1175/1520-0450(1992)031<0708:NPINPI>2.0.CO;2,
1992.

Mioche, G., Jourdan, O., Ceccaldi, M., and Delanog, J.: Variability of mixed-phase clouds in the Arctic with a focus on the Svalbard region:
a study based on spaceborne active remote sensing, Atmospheric Chemistry and Physics, 15, 2445-2461, https://doi.org/10.5194/acp-15-
2445-2015, 2015.

37


https://doi.org/10.5194/acp-18-17995-2018
https://doi.org/10.1029/1999GL900232
https://doi.org/10.1029/2021JD035479
https://doi.org/10.1175/JAM2399.1
https://doi.org/https://doi.org/10.1029/2000JD900789
https://doi.org/10.5194/acp-22-14441-2022
https://doi.org/10.5194/acp-15-3719-2015
https://doi.org/10.5194/acp-2022-546
https://doi.org/10.1029/2007JD008633
https://doi.org/https://doi.org/10.1175/1520-0450(1992)031%3C0708:NPINPI%3E2.0.CO;2
https://doi.org/10.5194/acp-15-2445-2015
https://doi.org/10.5194/acp-15-2445-2015
https://doi.org/10.5194/acp-15-2445-2015

850

855

860

865

870

875

880

Mioche, G., Jourdan, O., Delanoég, J., Gourbeyre, C., Febvre, G., Dupuy, R., Monier, M., Szczap, F., Schwarzenboeck, A., and Gayet, J. F.:
Vertical distribution of microphysical properties of Arctic springtime low-level mixed-phase clouds over the Greenland and Norwegian
seas, Atmospheric Chemistry and Physics, 17, 12 845-12 869, https://doi.org/10.5194/acp-17-12845-2017, 2017.

Mitchell, D. L., Zhang, R., and Pitter, R. L.: Mass-Dimensional Relationships for Ice Particles and the Influence of Riming on
Snowfall Rates, Journal of Applied Meteorology and Climatology, 29, 153 — 163, https://doi.org/https://doi.org/10.1175/1520-
0450(1990)029<0153:MDRFIP>2.0.CO;2, 1990.

Morrison, H., de Boer, G., Feingold, G., Harrington, J., Shupe, M. D., and Sulia, K.: Resilience of persistent Arctic mixed-phase clouds,
Nature Geoscience, 5, 11-17, https://doi.org/10.1038/ngeo1332, 2012.

Mossop, S.: Microphysical properties of supercooled cumulus clouds in which an ice particle multiplication process operated, Quarterly
Journal of the Royal Meteorological Society, 111, 183-198, 1985.

Pasquier, J. T., Henneberger, J., Ramelli, F., Lauber, A., David, R. O., Wieder, J., Carlsen, T., Gierens, R., Maturilli, M., and Lohmann, U.:
Conditions favorable for secondary ice production in Arctic mixed-phase clouds, Atmospheric Chemistry and Physics Discussions, pp.
1-33, 2022.

Payne, R. E.: Albedo of the sea surface, Journal of Atmospheric Sciences, 29, 959-970, 1972.

Phillips, V. T. J., Demott, P. J., Andronache, C., Pratt, K. A., Prather, K. A., Subramanian, R., and Twohy, C.: Improvements to an Empirical
Parameterization of Heterogeneous Ice Nucleation and Its Comparison with Observations, Journal of the Atmospheric Sciences, 70, 378
— 409, https://doi.org/https://doi.org/10.1175/JAS-D-12-080.1, 2013.

Previdi, M., Smith, K. L., and Polvani, L. M.: Arctic amplification of climate change: a review of underlying mechanisms, Environmental
Research Letters, 16, 093 003, 2021.

Rangno, A. L. and Hobbs, P. V.: Ice particles in stratiform clouds in the Arctic and possible mechanisms for the production of high ice
concentrations, Journal of Geophysical Research Atmospheres, 106, 15 065-15 075, https://doi.org/10.1029/2000JD900286, 2001.

Rigor, I. G., Colony, R. L., and Martin, S.: Variations in surface air temperature observations in the Arctic, 1979-97, Journal of Climate, 13,
896-914, 2000.

Schnaiter, M. and Jérvinen, E.: SID-3 1Hz size distribu- tion of cloud particles during the ACLOUD campaign in 2017, Karlsruher Institut fiir
Technologie, Institut fiir Meteorologie und Klimaforschung, Karlsruhe, PANGAEA, https://doi.org/10.1594/PANGAEA.900261, 2019a.

Schnaiter, M. and Jarvinen, E.: SID-3 analysis results for 2D scattering patterns during the ACLOUD campaign in 2017, Karlsruher Institut
fir Technologie, Institut fiir Me- teorologie und Klimaforschung, Karlsruhe, PANGAEA, https://doi.org/10.1594/PANGAEA.900380,
2019b.

Schnaiter, M. and Jérvinen, E.: PHIPS particle-by-particle data for the ACLOUD campaign in 2017, Karlsruher Institut fiir Technologie,
Institut fiir Me- teorologie und Klimaforschung, Karlsruhe, PANGAEA, https://doi.org/10.1594/PANGAEA.902611, 2019c.

Schnaiter, M., Jarvinen, E., Vochezer, P., Abdelmonem, A., Wagner, R., Jourdan, O., Mioche, G., Shcherbakov, V. N., Schmitt, C. G., Tricoli,
U., Ulanowski, Z., and Heymsfield, A. J.: Cloud chamber experiments on the origin of ice crystal complexity in cirrus clouds, Atmospheric
Chemistry and Physics, 16, 5091-5110, https://doi.org/10.5194/acp-16-5091-2016, 2016.

Schnaiter, M., Jarvinen, E., Abdelmonem, A., and Leisner, T.: PHIPS-HALO: the airborne particle habit imaging and polar scattering probe
— Part 2: Characterization and first results, Atmos. Meas. Tech., 11, 341-357, 2018.

Serreze, M., Barrett, A., Stroeve, J., Kindig, D., and Holland, M.: The emergence of surface-based Arctic amplification, The Cryosphere, 3,
11-19, 2009.

38


https://doi.org/10.5194/acp-17-12845-2017
https://doi.org/https://doi.org/10.1175/1520-0450(1990)029%3C0153:MDRFIP%3E2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0450(1990)029%3C0153:MDRFIP%3E2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0450(1990)029%3C0153:MDRFIP%3E2.0.CO;2
https://doi.org/10.1038/ngeo1332
https://doi.org/https://doi.org/10.1175/JAS-D-12-080.1
https://doi.org/10.1029/2000JD900286
https://doi.org/10.5194/acp-16-5091-2016

885

890

895

900

905

910

Serreze, M. C., Kahl, J. D., and Schnell, R. C.: Low-level temperature inversions of the Eurasian Arctic and comparisons with Soviet drifting
station data, Journal of Climate, 5, 615-629, 1992.

Shupe, M. D. and Intrieri, J. M.: Cloud Radiative Forcing of the Arctic Surface: The Influence of Cloud Properties, Surface Albedo, and
Solar Zenith Angle, Journal of Climate, 17, 616 — 628, https://doi.org/10.1175/1520-0442(2004)017<0616:CRFOTA>2.0.CO;2, 2004.
Sotiropoulou, G., Sullivan, S., Savre, J., Lloyd, G., Lachlan-Cope, T., Ekman, A. M. L., and Nenes, A.: The impact of secondary ice produc-

tion on Arctic stratocumulus, Atmospheric Chemistry and Physics, 20, 1301-1316, https://doi.org/10.5194/acp-20-1301-2020, 2020.

Spreen, G., Kaleschke, L., and Heygster, G.: Sea ice remote sensing using AMSR-E 89-GHz channels, Journal of Geophysical Research:
Oceans, 113, https://doi.org/https://doi.org/10.1029/2005JC003384, 2008.

Stapf, J., Ehrlich, A., Jikel, E., Liipkes, C., and Wendisch, M.: Reassessment of shortwave surface cloud radiative forcing in the Arctic:
consideration of surface-albedo—cloud interactions, Atmospheric Chemistry and Physics, 20, 9895-9914, 2020.

Vochezer, P., Jarvinen, E., Wagner, R., Kupiszewski, P., Leisner, T., and Schnaiter, M.: In situ characterization of mixed phase clouds using
the Small Ice Detector and the Particle Phase Discriminator, Atmospheric Measurement Techniques, 9, https://doi.org/10.5194/amt-9-
159-2016, 2016.

Waitz, F.,, Schnaiter, M., Leisner, T., and Jarvinen, E.: PHIPS-HALO: the airborne Particle Habit Imaging and Polar Scattering probe — Part
3: Single-particle phase discrimination and particle size distribution based on the angular-scattering function, Atmospheric Measurement
Techniques, 14, 3049-3070, https://doi.org/10.5194/amt-14-3049-2021, 2021.

Wendisch, M., MacKe, A., Ehrlich, A., LiiPkes, C., Mech, M., Chechin, D., Dethloff, K., Velasco, C. B., Bozem, H., BriiCkner, M., Clemen,
H. C., Crewell, S, Donth, T., Dupuy, R., Ebell, K., Egerer, U., Engelmann, R., Engler, C., Eppers, O., Gehrmann, M., Gong, X., Gottschalk,
M., Gourbeyre, C., Griesche, H., Hartmann, J., Hartmann, M., Heinold, B., Herber, A., Herrmann, H., Heygster, G., Hoor, P, Jafarisera-
jehlou, S., JiKel, E., JiRvinen, E., Jourdan, O., KéStner, U., Kecorius, S., Knudsen, E. M., KoLlIner, F., Kretzschmar, J., Lelli, L., Leroy,
D., Maturilli, M., Mei, L., Mertes, S., Mioche, G., Neuber, R., Nicolaus, M., Nomokonova, T., Notholt, J., Palm, M., Van Pinxteren, M.,
Quaas, J., Richter, P., Ruiz-Donoso, E., SchiFer, M., Schmieder, K., Schnaiter, M., Schneider, J., SchwarzenboCk, A., Seifert, P., Shupe,
M. D., Siebert, H., Spreen, G., Stapf, J., Stratmann, F., Vogl, T., Welti, A., Wex, H., Wiedensohler, A., Zanatta, M., Zeppenfeld, and
Sebastian: The arctic cloud puzzle using acloud/pascal multiplatform observations to unravel the role of clouds and aerosol particles in
arctic amplification, Bulletin of the American Meteorological Society, 100, 841-871, https://doi.org/10.1175/BAMS-D-18-0072.1, 2019.

Xu, G., Schnaiter, M., and Jarvinen, E.: Accurate Retrieval of Asymmetry Parameter for Large and Complex Ice Crystals From In-Situ Polar
Nephelometer Measurements, Journal of Geophysical Research: Atmospheres, 127, 1-19, https://doi.org/10.1029/2021jd036071, 2022.

Zhao, X., Liu, X., Phillips, V. T. J., and Patade, S.: Impacts of secondary ice production on Arctic mixed-phase clouds based on ARM obser-
vations and CAMG6 single-column model simulations, Atmospheric Chemistry and Physics, 21, 5685-5703, https://doi.org/10.5194/acp-
21-5685-2021, 2021.

39


https://doi.org/10.1175/1520-0442(2004)017%3C0616:CRFOTA%3E2.0.CO;2
https://doi.org/10.5194/acp-20-1301-2020
https://doi.org/https://doi.org/10.1029/2005JC003384
https://doi.org/10.5194/amt-9-159-2016
https://doi.org/10.5194/amt-9-159-2016
https://doi.org/10.5194/amt-9-159-2016
https://doi.org/10.5194/amt-14-3049-2021
https://doi.org/10.1175/BAMS-D-18-0072.1
https://doi.org/10.1029/2021jd036071
https://doi.org/10.5194/acp-21-5685-2021
https://doi.org/10.5194/acp-21-5685-2021
https://doi.org/10.5194/acp-21-5685-2021

