N
N

N

HAL

open science

Arctic mixed-phase clouds simulated by the WRF
model: Comparisons with ACLOUD radar and in situ
airborne observations and sensitivity of microphysics

properties

Diana Arteaga, Céline Planche, Frédéric Tridon, Régis Dupuy, Antoine

Baudoux, Sandra Banson, Jean-Luc Baray, Guillaume Mioche, André Ehrlich,
Mario Mech, et al.

» To cite this version:

Diana Arteaga, Céline Planche, Frédéric Tridon, Régis Dupuy, Antoine Baudoux, et al..
mixed-phase clouds simulated by the WRF model: Comparisons with ACLOUD radar and in situ
airborne observations and sensitivity of microphysics properties.

10.1016/j.atmosres.2024.107471 . hal-04574295

HAL Id: hal-04574295
https://hal.science/hal-04574295

Submitted on 14 May 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Arctic

Atmospheric Research, In press,


https://hal.science/hal-04574295
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

w

O oOoN O U1 b~

10
11
12

13
14

15

16

17

18
19
20
21
22

23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

41
42

Arctic mixed-phase clouds simulated by the WRF model:
Comparisons with ACLOUD radar and in situ airborne observations
and sensitivity of microphysics properties

Diana Arteaga®, Céline Planche®??, Frédéric Tridon®%, Régis Dupuy®, Antoine Baudoux®,
Sandra Banson?, Jean-Luc Baray, Guillaume Mioche®, André Ehrlich®, Mario Mech®,
Stephan Mertes®, Manfred Wendisch®, Wolfram Wobrock® and Olivier Jourdan®*

@ Université Clermont Auvergne (UCA), CNRS-INSU, Laboratoire de Météorologie Physique (LaMP), OPGC, F-
63000 Clermont-Ferrand, France.

@ Institut Universitaire de France (IUF).

@) DIATI, Politecnico di Torino, Turin, Italy.

@) Universitat Leipzig, Leipziger Institut fir Meteorologie, Stephanstr. 3, 04103 Leipzig, Germany.
®) University of Cologne, Institute for Geophysics and Meteorology, Cologne, Germany:

®) Leibniz Institute for Tropospheric Research (TROPOS), Atmospheric Microphysics.Department, Permoserstrale
15, D-04318 Leipzig, Germany

Corresponding authors®: celine.planche@uca.fr & olivier.jourdan@uca.fr

Highlights

Mixed-phase cloud microphysical properties vary with the underlying surface

Cloud representation improves with finer vertical resolution for initialisation data
The boundary layer and microphysical schemes impact the cloud vertical properties
The ice crystal number and mass cencentrations are underestimated by the model
Both ice and liquid water contents. increase with droplet number concentration

Abstract

The microphysical properties of two mixed-phase clouds (MPCs), one over sea ice, and
another over open ocean, are investigated using in situ measuring probes and a cloud radar
installed on-board .two aircraft during the Arctic CLoud Observations Using airborne
measurements during polar Day (ACLOUD) field campaign, west of Svalbard on 17 June 2017.
Comparisons between.observations and different configurations of the Weather and Research
Forecasting (WRF) model are conducted and reveal discrepancies in the vertical profile of the
ice crystal concentrations for both MPCs due to slightly higher temperatures (by approx. 1-
2°C) in.WRF than observed, affecting the ice formation. A comprehensive sensitivity analysis
is carried out‘to address the impact of assumptions used for the microphysics (MP) and the
atmospheric boundary layer (ABL) schemes on the simulated vertical properties of the MPC
systems. The role of the vertical resolution of the large scale data used for model initialisation
is also investigated. Results show that the model performance improves for large-scale
initialisation with more numerous levels close to the surface. Moreover, modifying the ABL or
MP scheme influences the altitudes of the cloud top and base as well as the liquid and ice
water amounts. Our study also highlights how an increase in the cloud condensation nuclei
and droplet number concentrations can impact the vertical profiles of the liquid and ice water
amounts.

Keywords: Arctic cloud microphysical properties, WRF modelling, cloud condensation nuclei,
surface properties.
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1. Introduction

Mixed-phase clouds (MPCs) are frequently occurring in the Arctic: they can persist over several
days under different meteorological conditions (e.g., Shupe and Intrieri, 2004; Morrison et al.,
2012; Mioche et al., 2015). These clouds are generally composed of one or several distinct
stratiform layers consisting of supercooled water droplets embedded near the top of an ice
cloud (Curry et al., 2000; Korolev et al., 2003; Shupe et al., 2011). Single-layer stratocumulus
MPCs have been extensively studied in the western and European Arctic (Shupe et al., 2006;
Gayet et al., 2009; McFarquhar et al., 2011; Morrison et al., 2012; Lloyd et al., 2015; Mioche
et al., 2017; Achtert et al., 2020; Jarvinen et al., 2023). These atmospheric boundary. layer
(ABL) clouds are sustained by weak updrafts and may cover wide areas in the Arctic. The
MPCs peculiar microphysical properties associated with their high frequeney of.occurrence
contribute to the strong impact on the energy budget and the hydrological cycle.exerted by
these clouds in the ABL (de Boer et al., 2011; Kay et al., 2012; Matus and I'Ecuyer, 2017;
Mcllhattan et al., 2020; Wendisch et al., 2023a). Despite the significant advances achieved on
the basis of active remote sensing observations, estimates of the radiative effect and the
precipitation frequency of low-level MPCs are still uncertain.

Complex interactions between local microphysical, radiative;. dynamical processes and larger
scale environmental conditions regulate the life cycle of MPCs (Klein et al., 2009; Solomon et
al., 2011; Morrison et al., 2012). Major field experiments involving airborne measurements
combined with modelling studies have given an insight of.the main microphysical processes
and properties within low-level MPCs. These clouds are typically 500 to 3000 m thick and are
often observed at temperatures between -30°C and -2°C (Shupe et al., 2006; McFarquhar et
al., 2007; Gayet et al., 2009). Within low-level Arctic MPCs, the liquid water content (LWC)
increases almost linearly with altitude as supercooled droplets grow by condensation of water
vapour due to the cooling in the ascending air parcels (Jackson et al., 2012; Mioche et al.,
2017; Achtert et al.,, 2020). At cloud:. top, temperature inversions and the associated
entrainment of dry air lead to.the evaporation of a fraction of liquid water droplets (Klingebiel
et al., 2015; de Lozar and Muessle, 2016), limiting the vertical development of MPCs. Humidity
inversions may occur at the\cloud top, supplying moisture to the upper cloud layers by
entrainment (Nygard et al., 2014; Pithan et al., 2016; Egerer et al., 2021). This may prevent
evaporation of liquid water droplets and contribute to the persistence of the MPCs (Solomon
et al., 2011; de Lozar and'Muessle, 2016). However, cloud top radiative cooling seems to be
the dominantdocal mechanism responsible for the maintenance of the liquid water phase. The
cloud top cooling generates downdrafts causing instabilities in the lower cloud layers, triggering
further turbulent updrafts that promote the growth of water droplets (Harrington et al., 1999;
Morrison et al}, 2012; Wendisch et al., 2019).

The cloudprocesses responsible for the production of ice crystals in the upper part of the cloud
seem .to be driven by the cloud top temperature, as well as turbulent processes and
entrainment at cloud top (Savre and Ekman, 2015a, 2015b; Chylik et al., 2023). However, the
representation of these processes in models and their quantification remain highly uncertain.
Accurate in situ measurements of small ice crystals with sizes typically less than 50 um are
sparse and are also subject to high uncertainties (Jourdan et al., 2010; Wendisch and
Brenguier, 2013). The assessment of ice nucleating-particles (INP) number concentrations that
trigger the initiation of ice crystals and their temporal evolution is crucial but also relies on a
limited set of in situ observations (Irish et al., 2019; Wex et al., 2019; Hartmann et al., 2022).
Although heterogeneous nucleation seems to be the main mechanism for ice crystal formation,
there is no consensus on the predominant nucleation mode occurring in low-level MPCs (de
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Boer et al., 2010; Solomon et al., 2015; Fan et al., 2016). Large eddy simulations tend to point
out that immersion freezing or contact freezing are the most active nucleation modes in MPC
characterised by moderate liquid water path and high ice crystal humber concentrations
(Fridlind et al., 2012; Young et al., 2017) or persistent MPCs (Fridlind and Ackerman, 2018).
These studies also show that the thermodynamic structure of the lower troposphere and the
heat and humidity fluxes in the ABL influence the ice crystal nucleation. Since most of the
modelling studies fail to reproduce the correct number of observed ice crystals (Ovchinnikov
et al., 2014), other ice formation processes may also occur in MPCs such as secondary ice
production (Field et al., 2017; Pasquier et al., 2022) or the recycling of INP through sub-cloud
sublimation (Solomon et al., 2015). For instance, Zhao and Liu (2020) or Karalis et al. (2022)
have shown that secondary ice production processes can significantly contributeto the
formation of ice crystals and influence the phase partitioning and the amount of precipitation.

Within MPCs, ice crystals strongly interact with the water droplets. They can grow_ by riming
due to the collection of droplets by ice crystals (Korolev et al., 2006; McFarquhar et al., 2007;
Waitz et al., 2022), leading to complex shapes (Gayet et al., 2009; Mioche etal.;,2017; Jarvinen
et al., 2023). The Wegener-Bergeron-Findeisen mechanism is also.very efficient in growing
the ice crystals by water vapour deposition at the expense of liquid waterdroplets, thus, leading
to more pristine crystal shapes such as columns, plates or dendrites (Mioche and Jourdan,
2018). While the Wegener-Bergeron-Findeisen process should lead to rapid glaciation of the
MPC, it can be counterbalanced by updraft and turbulence induced by the cloud top radiative
cooling maintaining the liquid water phase. The dynamics with updrafts and downdrafts also
plays a crucial role by transporting the ice particles-into the cloud, which promotes ice crystal
aggregation forming irregular shapes (Korolev et al., 1999; Solomon et al., 2011). This partly
explains why most of the time, the ice crystal microphysical properties do not vary significantly
within the MPCs, except in the lowest cloud layer where large ice crystals precipitate down to
the surface (Gayet et al., 2009; Lloyd etal., 2015; Mioche et al., 2017).

Furthermore, the life cycle and the microphysical properties of low-level MPCs are impacted
by environmental conditions at larger spatial and temporal scales. The synoptic situation, heat
and humidity advection, long-range transport of aerosol particles and surface type (e.g., open
ocean or sea ice) interact with local processes to modify the persistence and the phase
partitioning of MPCs (Boisvert et al.,, 2015; Young et al., 2017; Coopman et al., 2018;
Sotiropoulou et al., 2018; Moser et al., 2023). For instance, warm air intrusions are generally
associated with higher. aerosol particle number concentrations and cloud condensation nuclei
(CCN), which result in.a-darger number of small liquid droplets mitigating the formation of ice
crystals, their growth.and precipitation efficiencies (Lance et al., 2011; Jackson et al., 2012;
Mioche et al.,»2017; Keita et al., 2020). A limited number of studies have also investigated
changes .in cloud microphysical properties induced by the surface type with sometimes
contradictory.results (Lloyd et al., 2015; Young et al., 2016; Eirund et al., 2019; Jarvinen et al.,
2023;.Klingebiel et al., 2023; Moser et al., 2023). During the Aerosol-Cloud Coupling And
Climate Interactions in the Arctic (ACCACIA) campaign, Young et al. (2016) showed that the
ice crystal number concentration did not vary significantly with the surface type while the
measured droplet number concentration was twice as high over sea ice as over open ocean,
which was similarly reported by Moser et al. (2023) and Klingebiel et al (2023). First results
obtained during the Arctic Cloud Observations Using airborne measurements during polar Day
(ACLOUD) (Ehrlich et al., 2019; Wendisch et al., 2019) and the Joint Aircraft campaign
observing FLUXes of energy and momentum in the cloudy ABL over polar sea ice and ocean
(AFLUX) (Mech et al., 2022) airborne campaigns point towards a larger variability of the ice
phase microphysical properties with the surface conditions during cold air outbreaks (Mech et
al., 2022) and higher number concentrations of small droplets over the open sea during warm
air intrusions (Dupuy et al., 2018). However most studies argue that the thermodynamic
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structure and dynamics of the ABL play a key role on the phase distribution within low-level
MPCs. For instance, larger cloud particle sizes and water contents were observed over open
ocean compared to cloud properties over sea ice as a result of increased heat fluxes and
turbulence over ice-free water (Young et al., 2016; Eirund et al., 2019; Klingebiel et al., 2023;
Moser et al., 2023).

This network of interactions between numerous fast-timescale local processes and large- scale
conditions complicates the interpretation of measurements and the realistic representation of
low-level MPC properties in weather and climate models (Klein et al., 2009; Morrison et al.,
2012) where the physical processes are parameterised. In particular, the modelling of the life
cycle of MPC is hampered by over-simplified assumptions (used in parameterisations) to
represent mixed-phase microphysical processes and ABL dynamics (Pithan et al:.2016;
Korolev et al., 2017; Fridlind and Ackerman, 2018; Tan and Storelvomo 2019). The ice crystal
number concentration is a critical parameter in this regard as it influences the_liquid/ice
partitioning within the MPCs and its longevity (Ovchinnikov et al., 2014; Selomon et.al., 2018).
An inaccurate increase of the predicted nucleated ice crystals can lead. to.a substantially
reduced liquid water path, a rapid glaciation, and a dissipation of the‘'MPC (Prenni et al., 2007;
Murray et al.,, 2012; Young et al.,, 2017). Most of the cloud-resolving models apply
parameterisations of primary ice formation derived in the midlatitudes, which results in an
inadequate forecast of the ice number concentrations and the phase partitioning (Tjernstrém
et al., 2008; Morrison et al., 2009; de Boer et al., 2011). In two-moment bulk microphysical
models, only the total number and the mass of the ice-crystal population are prognosed. Even
when single ice crystal properties that control ice growth and sedimentation are set identical in
all the models, previous intercomparison studies of'single layer MPC evolutions showed
extremely high differences in the predicted ice crystal-number concentration and the simulated
liquid and ice water contents (Klein et al., 2009, Stevens et al., 2018).

The discrepancies result from the parameterisation of the ice formation processes and the way
the hydrometeors particle size distributions and the droplet-ice interactions are represented
(Fridlind et al., 2007; Morrison~et al.;»2009; Avramov et al.,, 2011; de Boer et al., 2011;
Ovchinnikov et al., 2014; Young et al., 2017 ; Stevens et al., 2018).

In this study, the main objective is to investigate the performance of the Weather Research
and Forecasting (WRF)"model to realistically simulate the microphysical properties of Arctic
low-level MPCs. Cho etal. (2020) showed that Polar WRF can reasonably reproduce the mean
ice water profiles, the cloud amount and top height based on comparisons with spaceborne
lidar-radar retrievals. They also highlighted the high sensitivity of the vertical structure of the
microphysical properties of wintertime low-level mixed phase clouds and the longwave
radiative fluxes to the choice of the microphysics scheme (i.e., the double moment scheme of
Morrison et al. (2009) or the single-moment scheme of Hong and Lim (2006)). In particular,
significant discrepancies in the simulated liquid phase properties and in the distribution of the
occurrence of the liquid or mixed-phase with the temperature were reported. Moreover, the
simulated vertical distribution of water droplet properties could not be confirmed by the
observations as liquid water profiles can hardly be retrieved from lidar/radar measurements.
Accurate simulation of the liquid phase, especially in springtime and summertime MPCs, is
essential since previous modelling studies have established the importance of interactions
between ice and liquid processes on the evolution of MPC microphysical properties (Klein et
al., 2009; Solomon et al., 2018). In this respect, Polar WRF simulations presented in Hines
and Bromwich (2017) were in better agreement with surface radiative flux observations when
the prescribed cloud droplet number concentrations were constrained by values representative
of the Arctic environment. In pristine conditions (i.e. low CCN concentrations), intercomparison
of large eddy simulation (LES) models and numerical weather prediction models (including
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WRF) resulted in a wide inter-model diversity in the simulated liquid (and ice) water paths
which were found to be highly sensitive to changes in cloud droplet or CCN concentrations
(Stevens et al., 2018). However, LES experiments carried out on ACCACIA case studies
showed that the response of MPC microphysical and macrophysical properties to aerosol
perturbations seems to vary with the surface conditions which impact the turbulent fluxes, the
updraft velocities and the moisture of the ABL (Young et al., 2017, 2018; Eirund et al., 2019).
Over open ocean, increasing the concentration of CCN (from 100 to 200 cm3) immediately
lead to higher droplet concentration and liquid water path as well as the formation of new ice
crystals by immersion freezing whereas the activation of CCN was less efficient and delayed
in MPCs over sea ice. INP perturbations (from 3 to 10 L) resulted in an increase of the cloud
ice water path and a decrease of the liquid water path regardless of the surface.conditions
(Eirund et al., 2019). These modelling studies, associated with the work of Kretzschmar-et al.
(2020) suggest that, in order to evaluate the representation of MPC microphysical properties,
physical processes (including aerosol-cloud interactions) in models, airborne.observations of
the vertical structure of MPC and of the thermodynamics of the ABL are still needed. In
particular, in situ measurements of the hydrometeor size distributions, CCN concentrations
and radiative fluxes combined with active remote sensing observations over different surface
and meteorological conditions are valuable to conduct sensitivity testsand to evaluate and
constrain microphysical schemes.

In this framework, the flight plan and measurements performed.during the ACLOUD campaign
enabled us to target two MPC systems observed over.two different types of surface on 17 June
2017 that are used to test the modelling capabilities.of WRF. Section 2 describes the vertical
microphysical structure of the two MPC systems; one observed over open ocean and the other
over sea ice using in situ and active remote sensing.measurements installed on the Polar 5
and Polar 6 aircraft of the German Alfred.Wegener Institute for Polar and Marine Research
(AWI) (Wesche et al., 2016; Ehrlich et al:;, 2019). The WRF simulations of the two MPCs are
presented in Section 3 with a focus on the impact of the thermodynamic structure of the ABL
and the microphysical parameterisations on the cloud properties. In Section 4, a sensitivity
study is carried out to address'the influence of aerosol particle pollution (i.e., CCN number
concentration) on the cloud.phase partitioning. Finally, Section 5 discusses the limitations of
the simulations and observations as well as the consequences of the microphysical
assumptions used in WRF, especially the choice of a prescribed size distribution.

2. ACLOUD observations

The ACLOUD field study was conducted within the framework of the "Arctic Amplification:
climate relevantatmospheric and surface processes, and feedback mechanisms” (AC)3 project
(Wendisch et al., 2017, 2019, 2023b). It took place in the North-West of the Svalbard
archipelage (covering 76-81°N and 10-28°E) between 23 May and 26 June 2017. This region
is known to be influenced by different air mass types (e.g., intrusions of warm air from the
South-or.cold air from the central Arctic) and by long-range transport of aerosol particles and
gaseous pollutants from the midlatitudes (Knudsen et al., 2018; Wendisch et al., 2023b). As
shown in Knudsen et al. (2018), various synoptic conditions impacted the region during the
ACLOUD campaign. Three key periods were identified: a cold period (CP; 23-29 May), a warm
period (WP; 30 May-12 June), and a normal period (NP; 13-26 June). The associated changes
of the synoptic conditions lead to sudden variations in the atmospheric thermodynamics
properties and cloud structures (Ruiz-Donoso et al., 2020; Wendisch et al., 2023b).

2.1. ACLOUD research flight #19

Flight #19 was performed on 17 June 2017. It lasted more than five hours, two different cloud
structures over either sea ice or open ocean surfaces were sampled, hereafter referred to the
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Sl and OO cases. Figure 1a shows the collocated flight tracks of both aircraft on 17 June 2017.
Note that there is approximately a seven minute gap between the two aircraft for both cases
(Polar 5 is ahead of Polar 6). Polar 5 flew at higher altitudes than Polar 6 (Figure 1b) observing
the overall thermodynamic and microphysical structure of the cloud using dropsondes and
remote sensing instruments. Polar 6 flew at lower altitudes, i.e., inside the low-level MPCs,
following a staircase flight pattern to analyse the profiles of cloud microphysical properties (ice
and droplet number concentrations) using in situ probes. The instruments installed on the Polar
5 and Polar 6 aircraft are summarised by Ehrlich et al. (2019a). All the instruments,
measurements and associated uncertainties used in this work are described in the Appendix
A.

2.2. Overview of the two case studies
2.2.1. Synoptic and thermodynamic conditions

The synoptic conditions are characterised by the reanalysis ERA-5 produced by.the European
Centre for Medium-Range Weather Forecasts (ECMWF) The Copernicus-Climate Change
Service (C3S) has been used to extract meteorological parameters, on,'a 0.25° x 0.25°
horizontal grid. Figures 2a-c show the 750 hPa geopotential -height, relative humidity with
respect to liquid water (RH), and air temperature (T) as well as the-surface pressure fields on
17 June 2017 at 12:00 UTC.

Three low (L) pressure systems were present around the ”ACLOUD region at approximately
2.5 km height. The first one was centred over Iceland, the second one over the Baffin Sea west
of Greenland, and the third one at the North-East of the.Svalbard archipelago (Figure 2a). A
weak high (H) pressure system was situated over Northern Europe. These synoptic conditions
induced a mixing of two main air masses arriving to the Svalbard archipelago: a cold polar air
mass coming from the North Pole (blue. arrows) and a temperate air mass from the North
Atlantic Ocean via the Norwegian Sea (red\arrows). Note that the latter air mass is regularly
observed in this region bringing (moisture-and heat from midlatitudes to higher latitudes
(Sorteberg and Walsh, 2008; Tjernstrom and Graverson, 2009; Woods et al., 2013; Dufour et
al., 2016; Yu et al., 2019). The two airmasses caused variations in the temperature and relative
humidity fields in the vicinity of the ACLOUD region (Figures 2b-c). The RH is on average equal
to 87% over the ACLOUD flight #19 area with several saturation spots. RH decreases sharply
to about 40% or 50% around the ACLOUD area, southward and the northward. We note that
temperature increases by.7°C and RH drops to 52% in the North of the Svalbard archipelago.
On the other_hand, a.cooler air spot present at the West of the Svalbard archipelago is
associated «with 'an “increase of RH. These thermodynamics conditions induce weather
changes;which can promote cloud formation and their persistence (as in Savre et al., 2014).

The vertical thermodynamic properties for both case studies are illustrated by the observations
of the dropsondes (DS) launched from the Polar 5 aircraft. Two of these dropsondes are
specifically used to describe T and RH profiles of both case studies: DS1, which was released
over sea ice surface at 11:20 UTC, and DS4 over the ocean at 14:25 UTC (see for both
positions Figure 1a). Figure 3 presents the skew-T log-P diagram obtained from the DS1 and
DS4 measurements.

Figure 3 shows that the surface temperature is equal to -2°C for the Sl case, whereas it
reaches +2°C for the OO case. At 950 hPa (corresponding to approximately 500 m), a
temperature inversion occurs in both cases reaching up to 860 hPa for SI and up to 920 hPa
for OO. An elevated inversion layer is detected for OO reaching from 860 to 820 hPa. The
lifting condensation level (LCL) was detected at approximately 980 hPa (around 200 m altitude)
for SI, whereas it is slightly higher for OO (at 940 hPa, i.e. around 500 m altitude). Close to the
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air temperature inversions located at approximately 950 hPa, low-level thin clouds occurred in
both SI and OO cases, which is confirmed by the radar reflectivity profiles shown in Section
2.2.3. The adiabatic decrease of the temperature below these cloud layers indicates that the
boundary-layer is well mixed and that the clouds are thermodynamically coupled to the surface.
Moreover, according to the elevated relative humidity (RH = 95 %) observed in DS1 and DS4
measurements, a second cloud layer was present at higher altitudes (around 2500 m altitude)
for both OO and Sl cases (see also Section 2.2.3). However, as for the low-level clouds, the
base of these mid-level clouds is at a slightly higher altitude in the OO case compared to the
Sl case.

2.2.2 Air masses origin and aerosol particle properties

Arctic cloud properties are linked to the air mass origin and to the aerosol properties (Gultepe
et al., 2000; Gultepe and Isaac, 2002). The air mass origin for both cases is studied using the
Computing Advection-interpolation of atmospheric parameters and Trajectory tool (CAT; Baray
et al., 2020). CAT is initialised with the wind fields from the European Centre.for Medium-
Range Weather Forecasts (ECMWF) ERA-5 reanalysis data (Hersbach et al., 2023a,b). The
back-trajectories are calculated over a 72 hours duration and a 15 minutes.temporal resolution.
The surface-atmosphere interface is managed using a topography matrix at a horizontal grid
resolution of ~10 km (Bezdek et al., 2013). The advection of airmasses is calculated using 3D
wind fields with a spatial resolution of 0.25° in latitude and-longitude, provided every 3 hours.
The number of vertical levels was set to 20 between 1000 hPa and 300 hPa. The initial spatial
and temporal coordinates (represented by the black stars in Figure 2d) were defined according
to the position of the Polar 6 aircraft at 11:00 UTC and.14:00 UTC for the Sl and the OO case,
respectively and at an altitude of 500 + 200 m, which corresponds to in-cloud conditions for
both cases according to Figure 3. Figure 2d 'shows that the air mass of both cases originated
from the North of Svalbard, staying over.sea-ice surfaces, and mostly remained in the ABL.
Some trajectory points reach 700 m altitude for the Sl case and 950 m in the OO case. Note
that in the free troposphere, Arteaga (2023) shows that the air mass towards the Svalbard
archipelago is coming from the North-East for the Sl case, whereas it is coming from the West
for the OO case.

For the Sl case, the median.and interquartile range values of the observed CPC aerosol total
particle number concentration (Nap s)) are approximately equal to (120 + 30) cm, whereas for
the OO case Nap og is equal to (3000 + 400) cm3. This significant difference in Nap is explained
by the varying<surface .conditions as the thermodynamic profiles indicate a well-mixed
boundary layer in both cases. The high value over the open ocean may likely be caused by
the transport of pollution related aerosols. Note that contrasted Nap values according to surface
properties are.also discussed in Wendisch et al. (2019, 2023). The CCN number concentration
median value estimated for the Sl case (Ncens) is 9 cm3, which is quite low but comparable
with~observations performed at the North of the Svalbard archipelago (Tjernstréom et al., 2014;
Leck.and Svensson, 2015). Observations of the CCN number concentration for the OO case
(Ncen,00) were not reliable because most of the in-cloud aerosol measurements were affected
by inlet freezing during this period. Wendisch et al. (2019) found that the CCN concentration
over open ocean surfaces (Ncen,.oo) Was on average equal to 100 cm throughout the ACLOUD
period. Baudoux (2022) estimated that Nccn,oo Was on average equal to 28 cm= when focusing
only on measurements performed from 13 to 26 June 2017 under synoptic conditions similar
to the OO case. The temporal evolution of the INP concentrations is determined using aerosol
particle number size distributions from UHSAS, air temperature and the parameterisation of
DeMott et al. (2010). Using this method, the median values estimated for Ninp.si and Nine,oo
are respectively equal to 8.2 x 107 cm?and 8.5 x 10°® cm™. We note that the estimated INP
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number concentrations over open ocean (OO case) are higher than over sea ice surfaces (Sl
case), which is similar to previous studies performed over the same region (Young et al., 2016).

2.2.3 Cloud microphysical properties

Figure 4 shows the temporal evolution of the vertical profiles of the 94 GHz radar reflectivity
(2) derived from measurements with MiRAC (Mech et al., 2019) for both cases. For the Sl case
(Figure 4a), two types of clouds are present: (i) low-level clouds (200-600 m) with ice
precipitation down to the surface and possibly liquid water droplets close to the cloud top. It
should be noted, however, that without measurements of depolarization or Doppler spectra,
the presence of some drizzle drops cannot be excluded, nevertheless, the LWC of these clouds
seems too low to initiate an efficient collision-coalescence process, and hencetthe.radar
reflectivity in the precipitation layer can be considered to be dominated by ice particles. (i) mid-
level clouds (1500-3200 m) with vertical bands of high Z, which are related to precipitating ice
crystals. For the OO case (Figure 4b), also two types of clouds are observed with'cloud bases
at higher altitudes than for the SlI case: (i) low-level clouds (300-1000 m) with-faint.precipitation
bands below, and (ii) mid-level clouds (2200-3500 m) with stronger precipitation (thick vertical
bands of Z below the cloud base). Both radar reflectivity fields are.consistent with our analysis
of the skew-T log-p diagram given in Section 2.2.1. Figure 4b shows that, unlike in the Sl case,
the two cloud layers are not concomitant in the OO case. Moreover, the round-trip of the Polar
5 aircraft permits the identification of the temporal development of the mid-level clouds with, in
particular, the intensification of the precipitation (especially-for the OO case).

Polar 6 performed in situ measurements at altitudes-below 1000 m (Figure 1b). The
microphysical probes sampled the low-level clouds and the precipitation from mid-level clouds
in both cases. Figures 5a-b show the mean cloud.droplet size distributions (DSD) derived from
the CDP-2 measurements, and the CIP mean particle size distributions (PSD) of hydrometeors
with size larger than 75 um for each flight.leg sampled by Polar 6 (Figure 1b) for the Sl and
OO cases. Ehrlich et al. (2019a) have.shown that the ice-PSDs remain quite similar whatever
the hypothesis made to calculate the particles diameter, i.e., the maximum diameter Dmax
(Leroy et al., 2016), the equivalent diameter Deq (McFarquhar and Heymsfield, 1996), or the
circumpolar diameter D (Brown-and Francis, 1995). In this study the maximum diameter Dmax
of the ice particles is considered.to represent the PSDs and to calculate ice water contents
(IWC) (see Appendix A):-In thefollowing, we will assume that hydrometeors larger than 75 pm
are ice crystals, indine with the processing of CIP data of arctic MPCs presented in Moser et
al. (2023). Previous studies have also shown that this hypothesis seems reasonable in most
of the low-level, Arctic’ clouds where large hydrometeors are dominated by ice crystals
(McFarguhar etal., 2007; Mioche et al., 2017; Korolev et al., 2017; Jarvinen et al., 2023).
Accordingly, microphysical parameters calculated from the CIP PSDs are considered to be
representative of the ice phase (referred hereafter to Nice, IWC and D for ice crystal number
and.mass concentrations, and maximum diameter, respectively) while parameters obtained
from the.CDP-2 size distributions characterise liquid water droplets (Ngrop, LWC).

Figure 5 shows the DSDs and PSDs obtained for the different flight legs. For the Sl case, the
PSDs extend to larger sizes than for the OO. Flight leg 4 reveals that only a few droplets and
no ice particles are present at an altitude of 1000 m. Figure 5a shows that the mean PSD
obtained for the flight leg 5 is slightly different than for the three other legs: ice particles with
diameters < 400 ym are less numerous. The shorter period (only 2 min) of measurement for
leg 5 (Figure 1b) might explain this difference for the Sl case (the properties of the sampled
mixed-phase clouds could have evolved). Regarding the OO case, Figure 5b shows that, even
if the DSDs’ shapes are quite similar to the Sl case, droplets are slightly more numerous (OO:
75 cm?3; SI: 51 cm™®) and have larger sizes (OO: 50 ym; Sl: 40 um). The higher aerosol
concentrations observed for the OO case (see Section 2.2.2) could have affected the droplet
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microphysical properties. Figure 5b also shows that the ice particles remain smaller and less
numerous in the OO case than in the SI case.

2.2.3.1 Cloud radar versus in situ probe observations

The instruments deployed on-board Polar 5 and Polar 6 have the advantage of probing the
same clouds with different techniques, i.e., remote sensing (MiRAC cloud radar) and in situ
microphysical probes measurements. We selected the suitable data taking into account both
the spatial and temporal position for each leg of the Sl and OO cases. Only the periods with
in-cloud legs are considered for this study, i.e., legs 1-3 for the Sl case and the legs 1-4 for the
OO case. Data from leg 5 of the Sl case are not considered because this leg is too short (~ 2
min) to correctly define co-localised data.

Figure 6 presents the probability density functions (PDF) of the reflectivities measured by the
MIRAC radar (Polar 5) and those calculated from observed PSDs and DSDs on. boeard Polar
6, using the Self-Similar Rayleigh-Gans Approximation (SSRGA) to realistically. consider the
distribution of the ice mass within the ice particles (Hogan et al., 2017; Kneifel et al., 2020). To
assess the impact of the ice particles size and habit, two different ' mass-diameter relations
m(D) = a DP relations were used, corresponding to two different hypotheses regarding the
degree of riming of the ice aggregates (Tridon et al., 2019a). The. first relation, derived by
Brown and Francis (1995), assumes unrimed aggregates (m(D) = 0,012 D?; called hereafter
BF95) whereas the second one, which was developed more recently by Leinonen and Szyrmer
(2015), assumes slightly rimed aggregates (m(D) = 0.033 D*%; called hereafter LS15). In both
cases, Dmax Was used. This latter relation has been derived.from the model for ice aggregation
and riming described in Leinonen and Szyrmer (2015). Rimed aggregates are obtained by
subsequent aggregation of ice crystals and riming in"supercooled liquid water clouds. The
LS15 relation used hereafter corresponds. to the: SSRGA-LS15-B0.2 configuration in the
nomenclature given in Tridon et al. (2019a).associated with the fitting method of Ori et al.
(2021).

For the OO case, Figure 6b «clearly shows that the reflectivities calculated from in situ
measurements considering slightly rimed aggregates (P6-LS15) become more comparable to
the reflectivities measured by.the cloud radar (P5-MiRAC) than the ones considering unrimed
aggregates (P6-BF95)..For the Sl case, this trend is not as clear. This comparative analysis
suggests the presence, of slightly rimed aggregates in both cases but with a degree of riming
less important in.the .Sl case than in the OO case. A similar conclusion was drawn by Jérvinen
et al. (2023). To confirm:that the riming process occurs in both situations, we analyse the CIP
images of ice erystals with sizes larger than 500 uym (i.e., the minimum size for a reasonable
analysis) forthe different in-cloud legs. Slightly rimed aggregates and columns prevailed during
each in-cloud leg of the Sl situation. We estimated that more than 80% of the ice crystals with
size larger than 500 um were affected by riming. Examples of rimed crystal CIP images are
shown.on-Figure 7a. However, for the OO situation, the rare occurrence of ice crystals with
sizes larger than 500 pym (Figure 5b) does not enable to obtain a representative sample of
slightly rimed aggregates. Nevertheless, the few sampled aggregates (Figure 7b) seem to
have more rounded shapes in the OO case, suggesting that the riming process is probably
more efficient in that case compared to the Sl case.

2.2.3.2 Vertical profiles of the MPCs’ properties

From the numerous DSDs and PSDs measured along the different legs of the flight, we can
calculate the number concentrations of droplets (Narop) and ice crystals (Nice) and deduce the
LWC and IWC contents for both Sl and OO cases. The mean and the spread values of both
concentrations (Figures 8a-b) and LWC and IWC (Figures 8c-d) along the different flight legs
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(Figure 1b) are used to establish the vertical profiles of the cloud properties for the Sl and the
OO cases. Moreover, to identify the in-cloud regions, we consider critical thresholds on both

the liquid water (LWC. 2 0.01 g m®) and ice water contents (IWC¢ 2 5 x 10° g m™®) as applied

in Mioche et al. (2017) and Dupuy et al. (2018). Note that the calculated IWC varies with the
chosen mass-diameter relationship.

For the Sl case, data collected along flight leg 4 (at ~ 1000 m) do not characterise in-cloud
properties because the mean LWC and IWC values are lower than the LWCc and IWCc
thresholds (Figure 8c). At this altitude, the mean Naop and Nice (< 10 cm3) are both negligible
(Figure 8a). At~ 60 m (leg 1), we can note that the mean LWC is lower than the LWCthreshold
but both the mean Narop and Nice cannot be neglected (see also Figure 5a). Thus, we.assume
that the Polar 6 aircraft flew in the precipitation layer (Ehrlich et al., 2019) and clese tothe
cloud base. Within the cloud layer, the Narop is three orders of magnitude higher than the Nice,
and both concentrations remain quite constant along the profile at around 35, drops per cm?
and 0.015 crystals per cm®. Moreover, while the LWC remains quite constant, the.IWC slightly
decreases with increasing altitude (regardless of the mass-diameter relation used in the
calculations of the IWC).

Figure 8d shows that, according to the LWC. and IWC. thresholds, only.degs 2-4 (in the altitude
range from 200 to 800 m) are inside the clouds for the OO. case. Figure 5b shows that the
precipitation (at 60 m: legl) is composed of a few ice crystals. Within the cloud layer, the
supercooled liquid water phase is more dominant in the:OO case than in the Sl case since the
LWC is more important while the IWC remains comparable.(Figures 8c-d). Moreover, the LWC
increases steadily with the altitude especially in the OO case (LWC up to 0.5 g m™ close to
cloud top) whereas the IWC remains quite constant with the altitude in both cases, regardless
of the m-D relationship. Over open ocean, the estimated liquid water fraction (LWF, defined as
the ratio between the LWC and the total water content) is close to 100% in the cloud layers
above 300 m and slightly drops to approximately 85% in the lowest cloud layer (60 m). Similar
LWF values and trends were also observed in low-level MPCs over the Greenland Sea in late
spring by Mioche et al. (2017) (under, however, colder conditions and a southerly air flow).
Over sea ice, a comparable'LWF trend is observed with maximum values close to 95% above
200 m and lower fractions down to'70 % near the cloud base.

The two cloud systems observed either over sea ice or over open ocean formed under quite
warm Arctic conditions since the temperatures measured inside clouds are between 0°C and
-5°C for the Sl.case and/between -3°C and 0°C for the OO case (see Figure 7). However, the
vertical structure of the phase partitioning of both cloud systems is similar with supercooled
liquid water dominating each layer of the MPCs (Figures 8c-d). Ice formation took place by the
heterogeneous:nucleation process. The stronger concentration of Nice for the Sl case confirms
the role of the decreasing temperature for heterogeneous nucleation. Furthermore, as the
temperature in the cloud layer for the Sl case ranges mainly between -6°C and -5°C (Figure
3), we can suppose that also secondary ice production mechanisms such as the Hallett-
Mossop process, which is efficient in this temperature range, could also contributes to the ice
crystal number concentration (Korolev and Leisner, 2020).

3. Numerical simulations of both MPC cases
3.1. Model description and strategy of analysis

Simulations of the two MPCs observed over sea ice (Sl case) and open ocean (OO case) were
done using the non-hydrostatic and compressible WRF model version 3.8.1 (Skamarock et al.,
2008), which uses a terrain-following mass vertical coordinate. Physics processes are
parameterised and categorised into different schemes to describe microphysics, surface, ABL,

10



O 0O NO LD WN -

R R R R R R R R
No uhs WwWNRO

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37
38
39
40
41

42
43
44

and radiation properties. For this study, the simulations for both SI and OO cases use the
following set of parameterisations: the shortwave and longwave radiations follow the Rapid
Radiative Transfer Model for GCMs (RRTMG) scheme based on lacono et al. (2008) and
lacono (2011); the surface properties are described by the surface layer scheme of Janijic
(2002) based on the Eta similarity theory (Monin and Obukhov, 1954) combined with the Noah
land-use module (Chen and Dudhia, 2001); the ABL follows the Mellor-Yamada-Janjic (MYJ)
scheme (Janijic, 2002). The two-moment microphysics scheme of Morrison et al. (2009) is used
to describe the cloud microphysical processes (initialising the CCN concentration for both
cases according to the observations: Nccn,si ® 10 cm™® and Ncenoo ~ 100 cm™®). This set of
parameterisations is identical to that used in the WRF-Polar version developed by the Ohio
State University (Hines et al., 2011). However, in our study, the modifications dene-to the
Noah land-surface model and the sea ice treatment (Hines and Bromwich, 2008; Bromwich et
al., 2009) are not considered. Indeed, they are particularly important for long-term simulations
where the sea ice surface and the snow cover are evolving which is not the‘case for our cases
that last less than one day. However, to better represent the surface properties, the sea ice
surface albedo was set according to the airborne observations (as;.~'0.79) performed during
ACLOUD (Stapf et al., 2019a, 2019b, 2020; Becker et al., 2023; Wendisch et al., 2023a).

A two-way nested configuration is used with three nested domains-at increasing grid spacing:
9, 3, and 1 km. In the horizontal, the numbers of grid points are,from the outermost to the
innermost domain, 120 x 120, 274 x 232, and 487 x 430..The two wider domains are centred
on the Ny-Alesund station (NyA in Figure 1a) whereasthe innermost domain is centred on the
flight position either at 11:00 UTC or at 14:00 UTC"in order.to respectively study the S| or OO
cases (stars in Figure 2d). For the three domains, the vertical grid consists of 105 non-
equidistant levels (with a model lid at 350 hPa) torhave'more levels at the altitudes of the MPCs
(mean vertical grid spacing equal to 30-35:m within:the first kilometre). The outermost domain
was initialised at 00:00 UTC on 17 June 2017 .and forced every 6 hours with the ECMWF ERA-
5 reanalysis. This reanalysis provides the fields of air temperature, specific humidity,
geopotential, and wind components. with, a spatial resolution of 0.25° x 0.25° in latitude and
longitude for a specified number.of pressure levels. Two different simulations using either 21
or 38 pressure levels for the reanalysis data (6 or 9 of them are present in the pressure range
1000-800 hPa, respectively) are performed in order to study the role of the model initialisation.
The three additional pressure levels in the lowest layer of the atmosphere correspond to the
975, 875 and 825 hPa levels. The model settings described above provide the baseline
simulations, which will be referred to as WRF21 or WRF38 for 21 or 38 pressure levels used
in the ERA-5eanalysis for the two MPC cases. The simulations performed for this study are
summarised in Table 1.

Table 1.Description of the modelling experiments performed in this study using the ECMWF ERA-5 reanalysis for
WREF initialisation: with either 21 or 38 pressure levels; and with two different parameterisations to describe the ABL
(the MYJ.or MYNN3 scheme) and the (MP) microphysics (the Morrison et al. (MORR) or the Milbrandt-Yau (MIYA)
2-moment.scheme). Additional sensitivity studies are performed varying the initial CCN concentration [n]. Note that
in WRF38* baseline simulations, [n] is 10 cm™ for the SI case and 100 cm for the OO case.

Name Description

WRF21 21 ERA-5 vertical levels, and with MYJ & MORR physics schemes
WRF38 38 ERA-5 vertical levels, and with MYJ & MORR physics schemes
WRF-BL As in WRF38, but with MYNN3 ABL scheme

WRF-MP As in WRF38, but with MIYA microphysics scheme

WRF-[n]CCN | As in WRF38*, but with CCN concentration equal to [n] cm™

Comparisons of model results with profiling observations are challenging because a model
cannot be expected to reproduce the exact system evolution in space and time. In addition,
the representativeness of the observed profile (DS1 or DS4 dropsonde), the time-height

11
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(MIRAC cloud radar), or time-level (in situ data leg) is unknown. Therefore, as in Planche et al.
(2019) and Tridon et al. (2019b), we statistically compare the different observations to a large
number of model columns or level-points over the whole simulated cloud for both cases. Thus,
two parallelepipedic volumes with a base of 300 x 140 km2 and a vertical extension of 1-1.2
km are defined within the innermost domain. Each of them encompasses the trajectory of the
Polar 6 aircraft for both cases, as represented in Figure 1a.

To evaluate the sensitivity of modelled MPCs properties to the representation of the physics
processes, additional simulations are performed using different parameterisations for the ABL
and the microphysical properties (MP). For these simulations, we choose BL and MP schemes
which are commonly used for Arctic cloud studies (such as in Bromwich et al. (2009); 'Hines et
al. (2011); Xue et al. (2022), among others). Thus, we replace the MYJ scheme with the-Mellor-
Yamada-Nakanishi-Niino Level 3 (MYNN3) ABL scheme (Nakanishi and Niino, 2006,.2009)
and the Morrison scheme by the Milbrandt-Yau (MIYA) microphysics scheme (Milbrandt and
Yau, 2005a,b). MYNN3 is a modified version of the MYJ scheme which uses results.from large
eddy simulations to derive the expressions of stability and mixing ‘length instead of
observations. In both 2-moments MP schemes, the prognostic variables include number (N)
and mass mixing ratio (q) for all different hydrometeor species (suchas rain drop, ice, and
snow). The particle size distribution for each hydrometeor species (x) is described by a gamma
function: N, (D) = NO,xD“xe"lxD, where D is the diameter, and Nox, s and Ax are the intercept,
the shape and the slope parameters, respectively. For each hydrometeor species, Noxand Ax
are calculated according to Equations 1 and 2 (while gxis fixed):
/1x — [axNxF(llx"'bx"'l)]i

Qxl (x+1) (Equation 1)

NyAtxtl

Nox = T

(Equation 2)

I'is the Euler gamma function, and the parameters a, and b, are given by the assumed power-
law mass-diameter relationship “(m(D) = a,D?x) for each hydrometer species. Table 2
summarises the main assumptions-of -both MP schemes for hydrometeors’ representations.
Note that most of the hydrometeor size distributions follow an exponential function since ux is
equal to 0. Most of the microphysical processes are based on similar approaches in both MP
schemes. However, even.if parameterisations used to represent some of the heterogeneous
ice nucleation mechanisms could differ (see details in MORR and MIYA), there are differences
in the temperature ranges from which the heterogeneous ice nucleation mechanisms are
activated: the deposition/condensation and the contact/immersion freezing mechanisms are
active at T< -8°C and T < -4°C in the Morrison scheme whereas they are respectively active
at T <-5°C and T < - 2°C in the Milbrandt scheme.

Table 2. Main characteristics of both microphysics schemes used in this study to describe the different hydrometeor
species (x)..The definition of the g, N, a, b, and u variables are given in the text and v, c, r, i, g, h correspond to the
watervapour, cloud droplet, rain drop, ice, graupel, and hail species, respectively. px corresponds to the density for
each species. Note that yc follows Martin et al. (1994) in MORR scheme.

Morrison scheme (MORR) Milbrandt-Yau scheme (MIYA)

Mass variables gxforxe{v,c,r,is, g} gxforxe{v,c,r,i,s, g, h}

Number variables Ny forx €{r, i, s, g} Nxforxe{c,r,i, s, g, h}
N . T s
m-D coefficients ax = 2 px b, =3 ax=Zps b, =3
forxe{c,r,i,s, g} forxe{c,r,s,0,h} &a=440kg m3
Shape parameter ux=0forxe{r, i, s, g} ux=0forxe{r, i, s, g, h}
Ue =fct(Ne, T, p) & =3

12
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3.2. WRF baseline simulations

In Figure 8, results from WRF21 and WRF38 simulations for both Sl and OO cases are already
included. In WRF experiments, the microphysical properties are determined by selecting a
sample of points within the parallelepipedic volume matching with the P6 flight path (leading
typically to more than 200 points in total). Temporally, we consider all the model outputs every
5 min between 11:00 and 12:00 UTC for the SI case and between 14:00 and 15:00 UTC for
the OO case. Moreover, from the WRF experiments, the LWC is calculated using the mass
mixing ratios of both cloud (qc) and rain (qr) species while the IWC is calculated using the mass
mixing ratios of both ice (g;) and snow (gs) species ; the other ice species in MORR are empty
for the two studied MPC cases. Indeed, the simulated cloud LWC is too small“and the
corresponding cloud droplet spectra are too narrow (Figure 5a-b for the Sl and the OO case,
respectively) to activate the collision-coalescence process permitting the ‘formation of
raindrops which are important in the graupel formation. Regarding the concentration profiles,
the sum of Nc and N is used to determine Narop While the sum of N; and Nsis used for Nice. Note
that N¢, which is not a prognostic variable in the Morrison scheme, is*fixed according to the
Ncen Values used to initialise both cases (Section 3.1). Consequently, Ndrop profiles in Figures
8a-b depict a constant value of 10 cm™ for Sl and 100 cm for OO in both WRF21 and WRF38
simulations.

The median LWC profile in WRF38 is in better agreement-with the observations than WRF21
for both SI and OO cases (Figures 8c-d). The observed LWC remained significantly below
values assuming adiabatic lifting while all modelling results shown hereafter are very close to
adiabatic lifting conditions (see also Figures 1la-b. where the vertical LWC profiles both
WRF38 S| and OO are depicted in a linear scale)..However, neither the vertical evolution nor
the amount of the IWC are well reproduced.in beth WRF21 and WRF38 experiments for the
Sl case. WRF38 better hits the observed IWC, especially in the first 200 m, for the OO case.
The simulated median IWC profile is closer to the observed IWC estimated using the BF95 m-
D relationship (Figure 8d). This, however, ‘is in contradiction with the results presented in
Section 2.2.3 where it was found that radar-reflectivity was better reproduced when the LF15

m-D relationship for rimed particles was used. Despite this, the simulated median IWC profile
in WRF38 is within the spread interval of the observations. Figure 8d shows that the simulated
OO cloud top is not well.reproduced in WRF38 and WRF21 since the LWC and IWC sharply

decrease at 650 m altitude while the observations suggest a cloud top at ~ 900 m (leg 5); this
is due to drier conditions.in simulations than in observations (see also Figure 9b). Narop profiles
(Figures 8a-b) reflect the CCN number concentrations initially chosen for SI and OO cases.
The selected number of 100 CCN cm™ overestimates the Ngrop Observations for the OO case
by 20-30%. For the Sl case, 10 CCN cm™ underestimates the observations for Narop by a factor
of 2-4. Nice.is underestimated in WRF21 as well as in WRF38. This underestimation is around
one.order of magnitude for the OO case whereas it reaches approximately two orders of
magnitude for the Sl case.

This disagreement will further be investigated by exploiting the dropsonde data at the altitudes
where the MPCs formed. Figures 9a-b compare the mean vertical evolution of the
thermodynamics properties simulated in WRF21 and WRF38 with the profile of the observed
air temperature T and dew point temperature Tq. Simulated profiles of T and T4 are obtained
averaging the 20 x 20 model columns centred on the position in latitude and longitude of each
dropsonde (Figure 1) for a one-hour period for the time of the dropsonde releases, i.e., from
10:30 to 11:30 UTC for the Sl case and from 13:30 to 14:30 UTC for the OO case.

According to Figure 9a, the LCL obtained in both WRF21 and WRF38 are comparable to the
observations for the Sl case. However, even if the vertical evolution of Ty is similar to the
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observations up to 950 hPa, it is overestimated by ~ 1.5-2°C while the T is overestimated by ~
1-1.5°C close to the surface in both simulations. These warmer conditions could explain the
weak simulated IWCs. As the vertical variations of the potential temperature (6) between the
surface and the cloud base are below 0.5°C, observations and simulations reveal a coupled
cloud-surface situation as proposed by Gierens et al. (2020) and Griesche et al. (2021). Also,
the T-inversion that is present at a slightly higher altitude in WRF21 than in WRF38 justifies
the difference in the altitude of the cloud top visible in Figure 8c for the Sl case. The altitude of
the T-inversion in the observations (located just above the isotherm layer) suggests a cloud
top at higher altitudes than in both experiments, i.e., between flight legs 5 and 4 (see Figure
1b). For the OO case, the vertical profile of T is well reproduced close to the surface by both
WRF experiments while modelled Tq4 is overestimated by ~ 2°C (Figure 9b). The LCL is
therefore lower in the simulations than in the observations. As for the Sl case, the adiabatic
conditions indicate the presence of surface-coupled clouds. At higher altitudes, Ty is better
estimated by the simulations but the T-inversion is more marked and T is overestimated by ~
2°C in the pressure range from 925 to 850 hPa. These differences in the vertical evolution of
T impact the altitude of the cloud top as well as the LWC and IWC (Figure 8d). Based on our
analyses presented in Figures 8 and 9, the WRF38 experiment will be considered hereafter as
our reference experiment.

Additional comparisons between observations and baseline simulations (i.e., WRF38) are
performed on the vertical properties of the MPCs for both, cases.using a statistical approach.
Figure 10 shows the altitude-dependent probability density functions (a-PDF) of reflectivities
measured by the MiRAC 94 GHz cloud radar.

In order to focus on the MPCs properties, we excluded MiRAC data from 11:35 to 11:45 UTC
in our analysis to avoid the precipitation of the. mid-level clouds for the Sl case (see Figure 4a).
Similarly, we selected only MiRAC data-from 14:15 to 14:45 UTC to avoid the rainy periods of
the mid-level clouds for the OO case (see Figure 4b). PDFs of radar reflectivities calculated
from in situ measurements (along in-cloud-legs done by the P6 aircraft, Figure 6) are also
shown in Figure 10. The 94 GHz radar reflectivities are calculated with the Cloud-resolving
model Radar SIMulator (CR-SIM, Oue et al., 2020) from the WRF simulations. It is a forward-
modelling post-processing tool that emulates various remote sensing products in accordance
with assumptions used.in the'microphysics scheme, i.e., the Morrison scheme for both WRF38
baseline experiments (Table 2). The WRF outputs are selected with the same method used
for the LWC and IWC analyses detailed in Figure 8.

Figures 10a-b show different vertical evolutions of the median a-PDF reflectivities of the MIiRAC
observations for both cases. For the Sl case, it increases from -22 to -12 dBZ towards the
ground whereas, for the OO case, it reaches a maximum of -20 dBZ at an altitude of 800 m
and then slightly decreases to -25 dBZ at the cloud base. These vertical trends are consistent
within ‘situ' measurements which have shown that hydrometeors are larger in the Sl case
(Figure 5). In WRF38, the vertical evolution of the median a-PDF of the modelled reflectivities
is comparable to the observations for both cases (Figures 10c-d). However, the reflectivity
fields are more homogeneous in the model than in the MiRAC observations (see Q1-Q3
spread). Also, Figure 10d confirms that MPCs simulated for the OO case are less high than
observed (due to the position of the T-inversion; Figure 9b).

Figure 10 shows that radar reflectivities modelled in WRF38 slightly underestimate the cloud
radar MiIRAC observations for both cases (median difference < 4 dB). This underestimation
might be explained by the fact that the simulated ice particle spectra underestimate the
observed particle number but give a wider spectrum with larger particles, which contribute
essentially to the reflectivity. Table 2 shows that the modelled ice PSDs are prescribed
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according to exponential distributions (u = 0) in MORR whereas the observed PSDs are rather
defined according to gamma distributions (Figure 5).

3.3 Impact of the atmospheric boundary layer and microphysical parameterisations

The WRF38 baseline experiment provides reasonable results compared to the observations
with some discrepancies such as the underestimation of the ice phase and the altitude of the
cloud top. To evaluate how these MPC parameters can be impacted by the physics
parameterisations used in our modelling set-up, we performed sensitivity studies using other
representations for the boundary layer (BL) and the microphysical properties (MP), as
described in Section 3.1. These alterations with respect to the WRF38 set-up are summarised
in Table 1. Figure 11 represents the median vertical profiles of the LWC and IWC obtained in
WRF-BL and WRF-MP for both cases. We can note that the trend of LWC for WRE-MP in
Figures 11a and 11b corresponds to adiabatic lifting.

LWC and IWC simulated with WRF-BL are similar to the values found in WRF38:but'both liquid
and ice water phases extend on thicker layers and are observed at higher altitudes. For the SI
case, the cloud liquid water phase is shifted upwards by approximately.200'm and the cloud
ice reaches up to 800 m altitude (Figure 11). Figures 11b and 11d'show that the impacts are
opposite for the OO case since IWC is shifted upwards by approximately 200 m whereas the
liquid water phase extends over 500 m, i.e., 100 m more than'in WRF38. We can note that
LWC at cloud top (Figure 11b) reaches 30 to 50 m higher than IWC (Figure 11d). In fact,
according to Figure 9d, the temperature becomes positive just below the 900 hPa level in WRF-
BL causing the instantaneous melting of the ice crystal“to liquid droplets at cloud top. The
modifications of the vertical profiles of the condensed water for the two cases can be induced
by changes in surface sensible (Fsen) and latent (Fia) fluxes and in the thermodynamics
structure within the ABL. Indeed, the mean.Fix increases by around 20% in WRF-BL for both
cases, while a significant reduction in the mean Fsen 0f -25% only occurs for the Sl case. Table
3 summarises the mean Fsen and Fia Obtained for each WRF-BL experiment. Note that the
surface fluxes in the OO case are 5-6.times stronger than in the Sl case. From Figure 9, one
can see that the air temperature.at the surface is 1°C warmer in WRF-BL than in WRF38 for
the Sl case. The lower atmaspheric.layer is more humid up to 910 hPa where a more marked
T-inversion is present, i.e.;-at higher altitude than in WRF38 as well as in the observations (see

Figure 9c). For the OO case, the T-inversion is also located at a slightly higher altitude (~ 10-

20 hPa) than in WRF38 (Figure 9d). Below this point, T and T4 have a similar vertical gradient

even if they are'stronger than in WRF38. Thus, the MYNNS3 scheme allows the development
of stronger turbulent mixing impacting the cloud top inversion layer and/or its displacement to
higher altitudes.

Table 3. Mean:surface sensible (Fsen) and latent (Fia) fluxes simulated in WRF38 and WRF-BL for both SI and OO
cases»The.numbers in brackets indicate the respective relative differences between WRF-BL and WRF38.

Sl case OO0 case
WRF38 WRF-BL WRF38 WRF-BL
Fsen (W M) 4.94 3.67 (-25.7%) 21.81 21.44 (-1.70%)
Fiat (W m) 3.38 4.10 (+21.3%) 26.03 31.10 (+19.5%)

Figure 11 also represents the vertical profiles of the LWC and IWC obtained in WRF-MP for
both cases (see Table 1). In that WRF microphysics experiment, not only the quantities for
LWC and IWC change but also their vertical profiles. For the Sl case, the ice phase is more
important than in WRF38 by a factor of 2 and extends up to 750 m altitude (= 150 m higher
than in WRF38) and becomes more comparable to the observations (see Figure 11c). The
liquid phase simulated in WRF-MP also extends up to 750 m and reaches a maximum of 0.56
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g m= at 650 m altitude, i.e., an amount that is twice the one in WRF38 or in the observations
(Figure 11a). So, with the MIYA microphysics scheme (used in the WRF-MP experiment), both
LWC and IWC become more important than in WRF38 for the Sl case. This is due to changes
in the temperature and humidity profile: the T-inversion is located at higher altitude (as in WRF-
BL) and also the lowest levels of the atmosphere are more humid and warmer (0.5-1°C) in
WRF-MP compared to the WRF38 experiment and the observations (Figures 9a,c). The liquid
water fraction (LWF) estimated for WRF38 is higher (» 90%) than WRF-BL (~ 70%) in the
lowest layers for Sl case. For the OO case, the changes in the vertical profile of LWC and IWC
are small in WRF-MP compared to WRF38 (Figures 11b,d) since only the ice phase appears
more important in the lowest atmosphere and the maximum of the liquid phase increases
around 20% at the cloud top. At this altitude of 925 hPa, more water vapour is.available
according to the thermodynamics conditions (see Figure 9d) while they are similarto WRF38
conditions at lower altitudes. For the OO case, the vertical distribution of water is almost the
same in both cases.

The MIYA microphysics scheme (used in the WRF-MP experiment, see Table 1) implies more
ice, especially in the Sl case. This is related to the different temperature thresholds used in
MORR and MIYA microphysics schemes in order to activate the heterogeneous ice nucleation
mechanisms. Indeed, all of the ice formation mechanisms parameterisedin MIYA are activated
at warmer temperatures than in MORR (see Section 3.1). Thus,these assumptions can have
an important impact on the Sl simulations where in-cloud temperatures are flirting with the
threshold values.

4. Sensitivity to CCN concentration

An additional sensitivity study is performed-using the'WRF38 baseline simulations for the SI
and the OO cases (defined in Section 3.2) to.investigate the effects of the CCN concentration
(Ncen) on MPCs’ microphysics properties. Inthat context, several WRF experiments are done
(see Table 1) where the cloud droplet.concentration (N¢) is set equal to CCN concentrations
(In]) as observed in various Arcticor-marine environmental conditions (e.g. Planche et al.
(2017); Wendisch et al. (2019); Baudoux (2022)). Figure 12 shows the median vertical profiles
of LWC and IWC for the different scenarios.

For the Sl case, an increase by a factor of three in the CCN concentration (from 10 cm in
WRF-10CCN to 30.em= in WRF-30CCN) impacts the LWC as well as the IWC (Figures 12a,c).
Indeed, the LWC increases by a factor of 2 while the IWC increases from 1.5 x 104 g m3to 5
x 10 g m=. The vertical'distribution of the liquid water phase is also modified since it extends
over 600 m(i.e., 100 m more than in WRF38) (Figure 12a). Consequently, with an increasing
CCN perturbation;.the liquid water phase becomes more important and extends over a deeper
layer.;Stronger changes in the CCN concentration modify the thermodynamic properties close
to .the . surface and induce modifications in the MPC development. Indeed, in all WRF

experiments with Ncen 2 100 cm3 the T-inversion is shifted upwards since it is located around

150 m higher than in WRF38 (not shown). Note that an increase of 2.5 times in the CCN
concentration from 100 cm= to 250 cm™ only induces a slight increase (+5%) of the liquid
phase and has almost no effect on the ice phase (see WRF-100CCN and WRF-250CCN in
Figures 12a,c).

For the OO case, with an increase in the CCN concentration by a factor of three (from 10 to
30 cm®), the liquid phase increases by a factor of 2.5 and extends over a deeper layer while
the ice phase increases by a factor of 10 (Figures 12b and 12d). These changes in the IWC
are more important than in the Sl case for an identical variation in the initial CCN concentration.

Increasing the CCN concentration to 100 cm, the LWC continues to increase and the cloud
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top becomes higher. Note that in all sensitivity tests with CCN concentrations higher than =

250 cm3, the total water content remains similar. As in the S| case, there is a critical CCN

concentration from which the ABL seems “to be saturated” for the OO case. Moreover, the
thermodynamic properties are quite similar in all experiments, except in WRF-10CCN, where
the T-inversion does not evolve vertically and remains at an altitude of 300 m.

The sensitivity of cloud microphysics properties to CCN concentration is more important for
the Sl case than for the OO case. As in Eirund et al. (2019), an increase of the CCN
concentration successively increases LWC and IWC. However, at a critical concentration, the
LWC and IWC no longer increase for both Sl and OO cases. Moreover, the higher the CCN
concentration is, the deeper the cloud is.

5. Discussion

During the ACLOUD campaign two shallow cloud layers (< 700 m) were probed;.one over sea
ice surface (Sl) at temperatures around -5°C, and another over the open ocean (OO) under
slightly warmer conditions around -2°C. LIDAR and RADAR observations indicate that the
cloud field over sea ice typically ranged from the surface up to 500'm while clouds over open
ocean were more elevated with a cloud base close to 200 m and.a cloud top of around 900 m
(Figure 4). In situ measurements show that the LWC reaches.0.4.g m™ at 400 m over the open
ocean while a maximum of 0.2 g m? is obtained in cloud layers over sea ice at the same
altitude level. LWC still increases in the OO case up to 0.5 g m= at 500 m (Figure 8d) while
LWC in the SI case at these levels strongly decreases, indicating the top of the cloud. We
presume that a strong entrainment with sub-saturated air from altitudes above the cloud top
reduced the LWC in the Sl case. In addition, in the S| case, the vertical structure of the
temperature measured by the dropsonde-DS1 (Figure 3) reflects a wet adiabatic profile
indicating a well-mixed structure over the entire cloud layer. In contrast to that, the observed
temperature profile (DS4) in the lower 400 m of the OO case is dry-adiabatic, justifying the
observed LWC of 0.4 g m™ for adiabatic ‘ascent between 200 and 400 m.

Airborne measurements indicate that'the aerosol particle concentrations differed significantly
between both situations;. suggesting that the CCN concentration over Sl (with 10 cm)
represents a cleaner environment than clouds encountered in the OO case (with 100 cm3).
This strong discrepancy could not be confirmed by measurements of the droplet number, which
typically counted 30-droplets/cm? in the Sl case, and only 70 droplets/cm? in the OO case. The
number of ice-crystals was not correlated with the differences in aerosol concentration: while
20 crystals peritre were counted in the Sl case, only 5 crystals per litre were detected in clouds
over the open‘ocean. We can speculate that the lower temperatures in the Sl clouds intensified
ice particle formation due to more efficient heterogeneous nucleation. The colder temperatures
of the S| case also probably favoured the formation and the growth of larger crystals up to 2
mm;, while“ice particles sizes remained below 0.5 mm in the OO case (Figure 5). The presence
of large ice crystals is confirmed by observations of the cloud radar reflectivity Z at 94 GHz.
While Z remains below -20 dBZ in the cloud layers over the open ocean, it is higher, ranging
from -20 to 0 dBZ in the Sl case.

After an integration time of 12 to 14 h, simulations with the WRF model reasonably reproduced
the low Arctic cloud layers observed on 17 June 2017 over sea ice and open ocean. Model
results for cloud layer depth, LWC and drop number are quite comparable with the
observations. However, IWC and ice crystal number are significantly underestimated.
Furthermore the model could not represent the mid-level cloud layer, which was observed by
remote sensing instruments between 1500 and 3500 m in both cases (Figure 4). This cloud
layer could affect the turbulent structure of the ABL by reducing the cloud-top cooling of the
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lower cloud layer and hence its turbulence and entrainment rates as shown by Chechin et al.
(2023). A seeder-feeder mechanism could also take place, influencing the ice crystal
concentration and mass of the lower cloud layer. These processes could be responsible for a
part of the observed microphysical discrepancies but were not further investigated in the
present study.

In a first step, the role of the vertical resolution of the large-scale data, which provide initial and
boundary conditions for the model, was tested. Simulations with 21 vertical levels were
compared with those using 38 levels. The low-level cloud layer formed in both configurations.
However, with additional levels close to the surface, clouds could form at lower altitudes
causing a slight increase of LWC in the 400 m level, thus in better agreement ‘with the
observations. Model results for ice crystal number concentration Nice and IWC are.only
marginally affected by the change of the vertical resolution. Most striking is the comparison
between the simulations and the observations of Nice. Modelled ice crystal-numbers are 100
times lower than observed numbers in the Sl case and 50 times lower than.observations in the
OO case (Figure 8). Cloud imaging probe measurements are subject to potentially significant
errors when estimating concentrations and the shape of small hydrometeors. On the one hand,
assuming that all the hydrometeors with size larger than 75 um are.ice crystals could result in
an overestimation of Nice and to a lesser extent IWC. On the other-hand, the total ice number
concentration is probably underestimated since only crystals with'size larger than 75 um are
considered in the CIP data analysis. Observational results for.the IWC are also uncertain as
this quantity strongly depends on the m-D relationship” applied to the particle number
distributions and to the degree of riming of the ice-particles (Figures 8 and 10). The resulting
IWC range in the SI case is typically from 1 to.5 mg m=and from 0.1 to 1 mg m in the OO
case. These values are nonetheless an order ofrmagnitude higher than the maximum IWC
(below 0.2 mg m®) found by the model, especially for the Sl case. We can see from these
results that the formation of ice crystalscand the resulting IWC are significantly underestimated
by the microphysics of the model. Te a certain extent, the underestimation of the modelled
IWC can also be attributed to the warmer.air; simulated in the first 500 m for all modelled cases.
This underestimation is more pronounced in the Sl case, where the simulated temperature in
the lower 300 m was up to 1.5 °C higher than the observed one.

Significant changes in thewvertical structure of the simulated boundary and cloud layer
occurred, after replacing the MYJ ABL scheme with the model of Nakanishi and Niino (2009)
(MYNN3). The use of the MYNN3 scheme caused a significant vertical shift of the cloud layer
in both cases (see WRF-BL in Figure 11). The cloud top for the Sl case extends from 450 to
750 m and for.the OO case from 400 to 800 m. All microphysical properties remained quite
similar in.the cloud layer as in previous simulations using the MYJ scheme (WRF38 in Figure
11). The lifting. of the cloud top is accompanied by the lifting of the temperature inversion
(Figures 9c-and d). Below the inversion, the cloud evolution produced a wet adiabatic lapse
rate, and.the temperature increased from the surface up to the cloud top compared to the MYJ
results. This warming in the ABL can be attributed to the increase in surface latent heat flux
(Table 3), which increased in both cases by 20% for simulations with the MYNN3 scheme. We
can speculate that this modified evolution in the ABL is due to the different parameterisation
of turbulence used in the MYNN3 scheme.

Heterogeneous ice nucleation is the dominant microphysical process for crystal formation in
the temperature range slightly below 0°C. All simulation results discussed until here concerned
the Morrison scheme, wherein heterogeneous nucleation is triggered for temperatures below
-4°C. The consequence of a shift to warmer temperatures for the cloud layer was studied using
the microphysics scheme MIYA wherein heterogeneous nucleation begins at -2°C. For the
simulation with MIYA microphysics over open ocean no remarkable modifications occurred in

18



OO NOOUL P, WN P

R e
N = O

W WINNNNNNNNNNRPRPRRRERRPR
P O WVWOOWNOOUDNWNRPROOLOONOO U D W

32

33
34
35
36
37
38
39
40
41

42
43
44
45
46
47
48

the profiles of LWC and IWC (i.e. similar to the ones shown on Figure 11). The ABL structure
(Figure 9d), is also almost identical with temperature profiles close to the ones obtained on
Figure 9d with the Morrison scheme. This result is not surprising as the temperatures in the
simulated OO case remain largely above -2°C. Under colder conditions, such as those
encountered in the sea ice case, the magnitude of LWC and IWC as well as the cloud layer
depth increased significantly. Due to the amplified release of latent heat by water vapour
condensation, temperatures in the cloud became almost 1°C warmer and the cloud top height
increased by 200 m. As the increase of LWC in the MIYA scheme dominates the results in the
Sl case, it becomes obvious that other cloud parameterisations than heterogeneous ice
nucleation influence these model results. Thus, simulations with the MIYA microphysics do not
provide unambiguous information on the role of the temperature threshold for heterogeneous
ice nucleation.

The microphysics scheme of Morrison is initialised with a fixed CCN value, which.carresponds
to the number of cloud droplets that is kept constant along the simulation. Variations of the
CCN number (Figure 12) show that an increasing CCN concentration leads to-more LWC and
clouds become deeper. The same result can be detected for the vertical profiles of IWC, even
though the trend is less pronounced. This unexpected behaviour of the LWC with changing
cloud drop number is basically due to the fact that the total dropsnumber determines,
consecutively to LWC, the shape (u¢; Table 2) of the gamma size distribution (Martin et al.,
1994). For a given LWC of 0.2 g m™ and droplet numbers of 10, 30, 50, 100, or 200 per cm?
(typical values encountered in our sea ice case), the resulting gamma distribution corresponds
to an effective radius of 15.72, 10.89, 9.22, 7.45 or-6.17-um, respectively (Figure 13a). Thus,
the lower the number concentrations the more spread theimodelled droplet spectrum has. The
most important consequence of this is that fall speed.and auto-conversion rate both increase
and enhance the precipitation formation when,low droplet concentrations are simulated (as in
Khairoutdinov and Kogan (2000); Planche et al.. (2015), among others). In this example, for
spectra with 10 drops per cm? the corresponding mass-weighted fall speed of the droplets is
almost 10 times higher and the auta-conversion rate is 200 times stronger than for spectra with
200 drops per cm?® (Figure 13b).. Thus, the increase of LWC and cloud depth encountered in
the simulations for increasing CCN numbers could be attributed to the overestimation of
precipitation caused by the use of a prescribed gamma function.

6. Conclusions and outlook

The main objective of this work was to investigate changes in cloud microphysical and ABL
thermodynamic properties with surface type. To do this, we compared the modelling results
with a large number of observations (in situ and remote sensing) performed during the
ACLOUD flight #19 where two MPC systems were observed over sea ice and open ocean.
Both MPCs evolved in a quite warm environment (between -4 and 0°C) and are characterised
by‘a.dominating liquid phase. The impact of particle pollution on the cloud parameters was
alsoinvestigated by varying the CCN/droplets number concentration. This study also enabled
us to'assess the WRF model's performance in accurately reproducing Arctic MPCs
microphysical structure over different surfaces.

For both cases, the WRF model underestimates the observed ice crystal number
concentrations and the associated IWC using the microphysics schemes MORR or MIYA.
Indeed, ice crystal number concentrations are underestimated by around one or two orders of
magnitude for the OO case and the Sl case respectively. Temperatures in WRF simulations
are slightly higher (about 1 to 2°C) than the observed ones, affecting that ice formation via the
heterogeneous ice nucleation process becomes quite unimportant. However, simulated radar
reflectivity reasonably compares (median difference < 4 dB) with observations because the
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predefined exponential function for the ice particle distribution describes wider spectra with
larger particles than observed (which are essential to the reflectivity).

Changing the number of levels in the vertical profiles of the ECMWF ERA-5 data used to
initialise the simulations affects both the altitude of the MPC layer and the LWC while modifying
the ABL scheme (MYJ or MYNN3) essentially affects the altitudes of the cloud top and base
for up to 200 m. Thus, WRF better reproduces the two Arctic MPCs studied in this work when
the number of ECMWF ERA-5 levels is higher close to the surface and with the MYJ scheme.

Increasing the CCN and thus the droplet number concentrations induce deeper clouds (up to
approx. 200 m) and larger LWC. Also, the ice amount increases from 2 x 10* g m3to 7 x 10*
g m3when CCN is increased by a factor of 10 but remains significantly smaller than-the liquid
amount (by 3 orders of magnitude). Actually, due to the gamma function used torepresent.the
drop size distributions, the effective droplet radius is reduced by a factor. of 2, impacting
strongly the efficiency of the warm rain processes (i.e., lower auto-conversion rate since it
decreased by 2 orders of magnitude). This influences the altitude of the T-inversion inducing
deeper cloudy conditions where ice can also be formed. This results confirm findings of
Stevens et al. (2018) highlighting that the representation of the cloud droplet size distribution
and the autoconversion scheme should be improved in «models and constrained by
observations to correctly estimate aerosol-cloud interactions in.the Arctic.

In the future, it could be interesting to assess the performances of other mesoscale models
(such as MetUM or ICON) in reproducing Arctic MPCs microphysical structures. Moreover,
studies with a newer version of the WRF model(than-v3.8.1) will benefit from improved
approaches to represent microphysical processes.in MPC systems, such as the treatment of
the prognostic aerosols (Thompson and Eidhammer, 2014), of the riming process (P3 scheme;
Morrison and Milbrandt, 2015) and of the ice habit (ISHMAEL scheme; Jensen et al., 2017). In
another approach, we plan to simulate the two studied MPC systems studied with a 3D
mesoscale model using the DEtailed SCAvenging Model (DESCAM; Flossmann and Wobrock,
2010; Planche et al., 2010, 2014) bin.microphysical scheme (where the size distributions for
drops and ice crystals are not predefined and the supersaturation is explicitly computed for
each time step (i.e., no saturationadjustment assumption is used)). Then, studies that are
more extensive are possible to quantify the role of the aerosol particles on the liquid and the
ice phases of the different MPCs.

Appendix A

The instruments, and measurements described hereafter are used for the analysis of the
research flight #19 (considered in this study):

i. Vertically pointing MiRAC 94 GHz cloud radar (Polar 5) (Kuchler et al., 2017) provides the
radar reflectivity Z. (in mm® m=) and the reflectivity factor Z = 10 logio Z. (in dBZ) with
an uncertainty of 0.5 dBZ (Mech et al., 2019). The data set is available via Kliesch
and Mech (2019);

ii. Airborne Mobile Aerosol Lidar (AMALI) system (Polar 5) (Stachlewska et al., 2010)
measures the cloud top height. The processed data of AMALI (Neuber et al., 2019)
were combined with the MiIRAC dataset to characterise the vertical structure of the
MPC systems;

iii. Dropsondes (Polar 5) were operated using the AVAPS (Advanced Vertical Atmospheric
Profiling System; lkonen et al., 2010) providing vertical profiles of air temperature,
humidity, pressure, and horizontal wind vector between the typical flight altitude of 3
to 4 km and the surface with a vertical resolution of 5 m (Ehrlich et al., 2019b);
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iv. Cloud Droplet Probe (CDP-2) (Polar 6) is a forward-scattering optical spectrometer

operated with anti-shatter tips to limit artefacts caused by the shattering of ice crystals
on the probe inlet. CDP-2 measures the droplet number size distribution (DSD) over
the size range from 2 um to 50 pm (with a 1 to 2 um bin width) (Lance et al., 2010).
Microphysical parameters such as the liquid water content (LWC), the number
concentration of droplets (Narop), and the droplet size are derived from the measured
DSDs. Systematic uncertainties on these quantities are estimated at 10 to 30% for
Narop, 10 to 50% for droplet sizing and 20% for LWC (Baumgardner et al., 2017).
Statistical uncertainties in droplet number concentration are typically lower than a few
%. CDP-2 products and DSD data are published in the PANGAEA database.in"Dupuy
et al., 2019.

v. Cloud Imaging Probe (CIP) (Polar 6) is an optical array probe which acquires-the two-

dimensional black and white images of the hydrometeors as they.pass through the
laser beam of the instrument. The shadow cast by the cloud particle is'recorded on a
photodiode array and analysed to provide the hydrometeor isize and shape
(Baumgardner et al., 2011). Total cloud particle size distributions are computed from
the hydrometeor images from 75 to 1550 ym with a+25:um resolution (the first two
size bins are removed due to large measurement uncertainties in the 25-75um size
range). Shattering and splashing of hydrometeors.on the‘instrument tips are removed
based on image processing and inter-arrival time ‘statistics. When the area of the
hydrometeor image is larger than 16 pixels; a circularity parameter is calculated to
distinguish non-spherical ice crystals (with.circularity larger than 1.25) from spherical
liquid droplets (Crosier et al., 2011)."In our two case studies, almost all the
hydrometeors with size larger than-250 um were identified as ice crystals. Ice water
contents (IWC) are then derived from the hydrometeor PSD using two power law
mass-diameter (m-D) relationships: the modified Brown and Francis (1995) and
Leinonen and Szyrmer-(2015). In both relationships, the maximum dimension (D =
Dmax) is used and we"assume-that all hydrometeors with size larger than 75 um are
ice crystals. The measurement uncertainty on the crystal dimension is typically around
20% while it reaches at least 50% for the number concentration, Nice, (Baumgardner
et al., 2017;:McFkarquhar et al., 2017; Gurganus and Lawson, 2018). In the MPC
layers dominated by ice crystals, a systematic uncertainty of 50% can be assumed
for the IWC according to Heymsfield et al. (2010) and Hogan et al. (2012). Moreover,
the_estimated statistical uncertainty in the PSD is typically a few percent but maxima
close.to 70% are reached for number concentration below 10° cm=3. CIP patrticle size
distributions are published in Dupuy et al. (2019);

vi.. Condensation Particle Counter (CPC TSI-3010) (Polar 6) provides the total aerosol

particle number concentration in the diameter range 10 nm to 3 ym using light
scattering technique to detect and count aerosol grown by condensation inside the
instrument (Mertes et al., 1995). The CPC was connected behind a counterflow virtual
impactor (CVI, Twohy et al., 2003) inlet. Inside clouds, the CVI counterflow was
switched on (with a cut-off diameter around 10 pm) allowing the CPC to measure the
number concentration of the cloud droplet residuals which are representative of the
cloud condensation nuclei (CCN). In clear sky conditions, the counterflow was
switched off and the ambient aerosol number concentration can be measured by the
CPC. Details on the CVI operation, its characteristics (cut-off diameter, enrichment
factor, counterflow) and the CPC data are published in Mertes et al. (2019) and Ehrlich
et al. (2019).
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vii. Ultra-High Sensitivity Aerosol Spectrometers (UHSAS-1 and UHSAS-2) (Polar 6)
measure the aerosol particle number size distribution for optical diameters ranging
from 60 or 80 to 1000 nm (with a 2 to 30 nm resolution) based on the intensity of the
laser light scattered by the particles (Cai et al., 2008). The UHSAS-1 was plugged to
the CVI inlet while the UHSAS-2 was alternatively connected to the total aerosol inlet
(stainless-steel inlet with shrouded diffuser) or the CVI inlet. These instruments are
used in our study to estimate and inter-compare CCN and total aerosol concentrations
with the ones measured by the CPC. UHSAS-2 Aerosol size distributions are also
exploited to derive ice nuclei particle (INP) number concentrations based on the
parameterisation of DeMott et al. (2010) which relates the INP concentration to.the air
temperature T and the number concentration of the aerosol particles with.diameters
larger than 500 nm. More details on the UHSAS-2 settings, measurements and data
processing as well as on the aerosol inlets are available in Zanatta et al. (2023).
UHSAS-1 and UHSAS-2 data are published respectively, in Mertes et al. (2019) and
Zanatta and Herber (2019).
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All the datasets are listed in the references section.
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Figure 1. Flight paths (a) and-altitudes, (b) for both the Polar 5 (P5, in red) and the Polar 6 (P8, in yellow) aircrafts
done on 17 June 2017 (i.e.,.the ACLOUD flight 19). Note that Polar 5 performed three horizontal paths at several
constant altitudes. The solid and dotted blue lines indicate the 15% and the 90% sea ice concentration (derived
from the AMSR2 measurements; Ludwig et al. (2019)). The white shading represents the cloud cover (visible image
from MODIS). Locations where the dropsondes (DS) were released are marked by black triangles. Blue and green
rectangles on both panels present the domain analyses for, respectively, the sea ice (SI) and the open ocean (OO)
case studies. The small numbers on panel b) indicate the legs (i.e., periods when the aircraft flew at constant
altitude) performed by the P6 aircraft. The distance between the Sl and OO domains is approximately 245 km.
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Figure 2. Synoptic maps of the ERA-5 reanalyse product provided by ECMWF on 17 June 2017 at 12:00 UTC for
(a) the sea level pressure (in hPa; white contours).and the 750 hPa geopotential heights (in meters; colour scale),
(b) the relative humidity (RH) (in %), and (c) the air temperature T (in K). Blue and red arrows on panel (a) represent
the two air masses towards the Svalbard archipelago while the blue and red rectangles present the domain analyses
for, respectively, the sea ice (Sl) and theropen‘ocean (OO) case studies (see also Figure 1a). Panel (d) illustrates
the 72 hours mean mass back-trajectories calculated from the positions represented by the black stars. These start
points correspond to the P6 aircraft position.in longitude and in latitude at 11:00 UTC and 14:00 UTC respectively,
and at an altitude of = 500 + 200.m (corresponding to the S| and the OO cases).
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Figure 3. Skew-T Log-P diagram with the vertical profiles of the air temperature.T (solid"lines) and the dew point
temperature Tq (dashed lines) measured from the dropsondes DS1 and DS4. These dropsondes are released at
11:20 UTC (DS1) over sea ice surface (Sl: in light blue) and at 14:25 UTC (DS4) over open ocean surface (OO: in
green). The positions of DS1 and DS4 are represented in Figure 1a. The barbs.show the vertical properties of the
horizontal wind speed and direction for both situations.
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Figure 4. Temporal evolution of the profile of the radar reflectivity obtained with the 94 GHz MIRAC cloud radar
system deployed on-board the Polar 5 (P5) aircraft for (a) the Sl case and (b) the OO case. The grey thick solid
lines represent the'P5 flight altitude. The black thin solid lines describe the altitude of the cloud top determined by
the AMALI lidar-system. Note that the Polar 5 aircraft turned back several times over the Sl (at 11:40 UTC and
12:00'UTC).and OO (at 14:10 UTC and 14:30 UTC) domains.
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Figure 5. Median (calculated with ~ 350 individual spectra for each leg) droplet size distributions:(DSDs) and
hydrometeor size distributions with size larger than 75 um (PSDs) calculated for the different.legs of the Polar 6
(P6) aircraft (described in Figure 1b) for (a) the Sl case (i.e., leg 1: 60 m, leg 2: 220.m, leg 3::380 m, leg 5: 550 m,
and leg 4: 1000 m) and (b) the OO case (i.e., leg 1: 60 m, leg 2: 300 m, leg 3: 400 m, leg+4:500 m, and leg 5: 900
m).
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Figure 6. Probability density function (PDF) of the reflectivities measured by the MIRAC cloud radar (deployed on-
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16

board the P5) and calculated from in situ measurements (deployed on-board the P6) for (a) the Sl case and (b) the
OO case. The SSRGA associated with two different mass-diameter relations: Brown and Francis (1995) (BF95) or
Leinonen and Szyrmer (2015) (LS15), to consider different hypothesis regarding the degree of riming of the ice
aggregates, is applied.to the in situ PSD data to compute the radar reflectivity. Values in the legend indicate the

medianof the respective parameters.
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Figure 7. Examples of CIP images illustrating the presence of slightly rimed aggregates in the different legs. For
the OO case, only images for leg 3 are represented due to the small occurrence of ice crystals with:sizes larger
than 500 pm (see Figure 5b) which is the minimum size for a reasonable analysis of the CIP images., The images
enclosed in the dashed and solid black rectangles correspond to aggregates in size ranges 0.5-1 mm and >1 mm,
respectively. Temperature ranges (in °C) for each leg are also indicated.
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Figure 8. Median vertical profiles of the droplet (Narop) and ice particle (Nice) concentrations (a-b), and of the liquid
(LWC)and.ice (IWC) water contents (c-d) for the Sl case (a,c) and the OO case (b,d) obtained from in situ ACLOUD
observations (black circles and squares). For these observations, the IWC are calculated using either the BF95
(circles) or the LS15 (squares) mass-diameter relationship. Note that all results obtained using LS15 are plotted
with a vertical shift (+30 m) to make the figure easier to read. Symbols correspond to the median values obtained
for the different legs and the intervals indicate the first (Q1) and the third (Q3) quartiles. Median profiles (solid lines)
and Q1-Q3 spread (coloured shadings) obtained for WRF21 (red) and WRF38 (blue) simulations are also
represented. Note that the y-axes are different for both cases.
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Figure 9. Mean vertical profiles of the air temperature T (solid lines) and the dew point temperature Tq (dashed
lines) obtained in WRF38 (blue), in WRF21 (red) and from observations (black) for (a) the S| case and (b) the OO
case. Results from the WRF sensitivity studies, WRF-BL (purple).and WRF-MP (green), presented in Section 3.3
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for (c) the Sl case and (d) the OO case are also illustrated.
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Figure 10. Altitude-dependent probability density function (a-PDFs) of the reflectivities, resolved in bins of 2 dBZ,
from the MIRAC radar system (a-b) and obtained applying the CR-SIM module to the WRF38 simulations (c-d) for
the Sl case (a,c) and for OO case (b,d). The a-PDFs-are obtained by calculating the PDF for each retrieved level.
Solid black lines represent the median whereas dashed black lines represent the first (Q1) and the third (Q3)
quartiles. Median (grey symbols) and Q1-Q3 spread of the PDF of the reflectivities calculated from in situ
measurements using BF95 (circles) or LS15(squares) are also illustrated. Note that all the results obtained using
LS15 are plotted with a vertical shift (+30 m) to make-the figure easier to read.
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Figure 11. Median (solid or dashed lines) vertical profiles of the LWC (a-b)and IWC (c-d) for the SI case (a,c) and
the OO case (b,d) simulated in WRF38 (blue), WRF-BL (purple), and"WRF-MP (green) experiments. Coloured
shadings represent the Q1-Q3 spread. Observations aredndicated by black symbols (compare Figure 8).
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Figure 12. As in Figure 11, but for the different WRF-[n]CCN experiments where [n] = 10 cm3, 30 cm3, 100 cm3,
and 250 cm3. Note that in the WRF38 baseline experiments described in Section 3.2, [n] = 10 cm2 for the Sl case
and [n] = 100 cm for the OO case.
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Figure 13. Impacts of the initial droplet number concentration on (a) the drop size distribution (DSD) and the
effective radius, and then on (b) the auto-conversion rate using the MORR microphysics scheme. Panels (a) is
obtained for a given LWC of 0.2 g m= (typical value encountered in our Sea.Ice case). Panel (b) are obtained
considering a LWC equal to 0.2 g m= for the Sl case and 0.4 g m™ for the OO:case.
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