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Abstract 
Clouds are omnipresent in the Earth's atmosphere. Their phase composition significantly 
modulates their interaction with solar and terrestrial radiation, as well as precipitation 
formation. Particularly for clouds containing both phases, known as mixed-phase clouds, a 
thorough understanding of the processes governing the distribution of both liquid water and 
ice is imperative for their accurate representation in models, which is achieved through 
empirical parameterizations. Compared to liquid-phase processes, mechanisms related to 
ice formation have been notably understudied, with most weather prediction and global 
climate models still lacking descriptions of critical ice multiplication processes, capable of 
efficiently amplifying ice crystal concentrations at relatively warm subzero temperatures. 

This PhD thesis aims to investigate microphysical processes that play a crucial role in 
determining the ice- and liquid-phase partitioning of mixed-phase clouds. We first 
demonstrated the ability to accurately predict cloud droplet numbers in orographic mixed-
phase clouds using cloud parcel theory, along with in-situ aerosol measurements and 
remotely-sensed updraft velocities. Additionally, we established a relationship that could 
potentially be applied to decipher cloud droplet formation regimes in virtually any type of 
non-precipitating boundary-layer clouds. 

With a primary focus on the overlooked ice-related processes, we updated the microphysics 
scheme of a widely-used numerical weather prediction model, to account for previously 
neglected ice multiplication processes. We found that the combined effect of crystal 
fragmentation due to collisions with seeding ice particles from above the cloud, and to a 
lesser extent those lofted from the snow-covered surface, significantly increased modeled 
ice crystal concentrations, aligning them with in-situ observations of low-level orographic 
clouds. These findings were further corroborated through comparisons with ground-based 
radar measurements in a mountainous region, underscoring the need for models to 
incorporate additional secondary ice processes for accurate simulations of the amount of 
snowfall on the ground. By coupling the model with a radar simulator, we further proposed 
an interpretation of complex radar signatures linked to distinct ice growth and multiplication 
processes. 

Lastly, we introduced a novel framework to represent the impact of ice multiplication in 
polar stratiform mixed-phase clouds, identified as the most radiatively important cloud type. 
This framework, developed by applying machine learning techniques to regional climate 
simulations, demands fewer inputs for predicting ice multiplication, making integration into 
large-scale models more straightforward compared to conventional secondary ice schemes. 

In summary, this thesis advances our understanding of microphysical processes in mixed-
phase clouds from various perspectives, characterizing the droplet formation regime and 
identifying conditions favoring secondary ice production in polar and orographic clouds, 
inferring potential signatures of ice growth and multiplication from radar observations, and 
introducing a novel methodological tool to parameterize its impact in large-scale models. 
These outputs open new avenues for microphysical process descriptions in global climate 
models, with expected improvements in predicting precipitation patterns and the radiative 
properties of mixed-phase clouds on a global scale.
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RÈsumÈ 
Les nuages sont omniprÈsents dans l'atmosphËre terrestre. Leur composition en phases 
modifie considÈrablement leurs interactions avec le rayonnement solaire et terrestre, ainsi 
que la formation des prÈcipitations. En particulier, pour les nuages contenant les deux 
phases, appelÈs nuages mixtes, une comprÈhension approfondie des processus rÈgissant la 
rÈpartition de l'eau liquide et de la glace est impÈrative pour leur reprÈsentation prÈcise 
dans les modËles, qui est obtenue par des paramÈtrisations empiriques. Comparativement  
aux processus en phase liquide, les mÈcanismes liÈs ‡ la formation de la glace ont ÈtÈ 
largement sous-ÈtudiÈs, la plupart des modËles de prÈvision mÈtÈorologique et de 
climatologie mondiale manquant encore de descriptions des processus critiques de 
multiplication de la glace, capables d'amplifier efficacement les concentrations de cristaux 
de glace mÍme ‡ des tempÈratures sous zero relativement douces. 

Cette thËse de doctorat vise ‡ Ètudier les processus microphysiques qui jouent un rÙle crucial 
dans la dÈtermination de la rÈpartition des phases de glace et de liquide dans les nuages 
mixtes. Nous avons d'abord dÈmontrÈ la capacitÈ de prÈdire avec prÈcision les nombres de 
gouttelettes de nuage dans les nuages mixtes orographiques en utilisant la thÈorie des 
paquets de nuages, ainsi que des mesures in situ des aÈrosols et des vitesses de courant 
ascendant dÈtectÈes ‡ distance. De plus, nous avons Ètabli une relation qui pourrait 
potentiellement Ítre appliquÈe pour dÈcrypter les rÈgimes de formation des gouttelettes de 
nuage dans pratiquement n'importe quel type de nuage de couche limite sans prÈcipitations. 

Avec un accent particulier sur les processus liÈs ‡ la glace, largement sous-ÈtudiÈs, nous 
avons mis ‡ jour le schÈma de microphysique d'un modËle de prÈvision mÈtÈorologique 
numÈrique largement utilisÈ pour tenir compte des processus de multiplication de la glace 
prÈcÈdemment nÈgligÈs. Nous avons constatÈ que l'effet combinÈ de la fragmentation des 
cristaux due aux collisions avec des particules de glace ensemencÈes depuis le dessus du 
nuage, et dans une moindre mesure celles soulevÈes depuis la surface couverte de neige, a 
considÈrablement augmentÈ les concentrations de cristaux de glace modÈlisÈes, les alignant 
avec les observations in situ des nuages orographiques de bas niveau. Ces conclusions ont 
ÈtÈ corroborÈes par des comparaisons avec des mesures radar au sol dans une rÈgion 
montagneuse, soulignant la nÈcessitÈ pour les modËles d'incorporer des processus de glace 
secondaire supplÈmentaires pour des simulations prÈcises de la quantitÈ de neige au sol. En 
couplant le modËle avec un simulateur radar, nous avons en outre proposÈ une 
interprÈtation des signatures radar complexes liÈes ‡ des processus distincts de croissance 
et de multiplication de la glace.  

Enfin, nous avons introduit un nouveau cadre pour reprÈsenter l'effet de la multiplication de 
la glace dans les nuages mixtes stratiformes polaires, identifiÈs comme le type de nuage dont 
l’impact radiatif est le plus important. Ce cadre, utilisant des techniques d'apprentissage 
automatique appliquÈes ‡ des simulations climatiques rÈgionales, demande moins d'entrÈes 
pour prÈdire les contributions de multiplication de la glace, facilitant l'intÈgration dans les 
modËles ‡ grande Èchelle par rapport aux schÈmas de glace secondaire conventionnels. 

En rÈsumÈ, cette thËse amÈliore notre comprÈhension des processus microphysiques dans 
les nuages mixtes sous diffÈrentes approches, notamment la caractÈrisation du rÈgime de  
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formation des gouttelettes et l'identification des conditions favorables ‡ la production de glace 
secondaire dans les nuages polaires et orographiques, l'infÈrence de signatures potentielles de 
croissance et de multiplication de la glace ‡ partir d'observations radar, et l'introduction d'un nouvel 
outil mÈthodologique pour paramÈtrer son impact dans les modËles ‡ grande Èchelle. Ces rÈsultats 
ouvrent de nouvelles perspectives pour les descriptions des processus microphysiques dans les 
modËles climatiques mondiaux, avec des amÈliorations attendues dans la prÈdiction des schÈmas de 
prÈcipitations et des propriÈtÈs radiatives des nuages mixtes ‡ l'Èchelle mondiale. 
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1.  Introduction 
 

1.1 Motivations 

Predicting the Earth's surface temperature response following a doubling of atmospheric 

carbon dioxide – a parameter termed climate sensitivity – ranks among the greatest 

challenges faced by the atmospheric modeling community (Gettelman et al., 2019; Zelinka 

et al., 2022). Accurate responses to this question involve addressing a primary source of 

uncertainty in future climate projections: clouds. In a warming climate, cloud patterns and 

composition undergo gradual shifts that can either amplify or mitigate global warming, 

giving rise to the so-called cloud-phase feedback (Murray et al., 2021). The latest generation 

of Global Climate Models (GCMs) participating in the recent Coupled Model Intercomparison 

Project phase 6 (CMIP6) has demonstrated increased climate sensitivity compared to their 

predecessors. This increase is primarily attributed to the refined representation of middle- 

to high-latitude mixed-phase clouds (MPCs; Bodas-Salcedo et al., 2019; Ceppi & Nowack, 

2021; Zelinka et al., 2020). This underscores the critical importance of accurately 

representing these clouds in GCMs to reduce inter-model discrepancies in climate 

predictions. 

Accurate representation of MPCs in models requires a precise description of the mechanisms 

governing their liquid- and ice-phase partitioning. The processes driving cloud and 

precipitation formation and evolution span scales from sub-micron to centimeters. This 

poses significant challenges in their model depiction, considering that numerical weather 

prediction (NWP) models and GCMs typically project atmospheric processes onto horizontal 

grid spacings that range from a few kilometers to approximately 100 kilometers. Interaction 

between processes occurring at finer scales than the spatial grid resolution – termed 

subgrid-scale microphysical processes – and resolved model scales occurs solely through 

parameterizations, which are tuned to enhance agreement with theoretical principles or 

observations (Hourdin et al., 2017). 

Recognizing the significance of microphysical processes, the cloud modeling community has 

progressively advanced cloud microphysical schemes with increasing sophistication (e.g., 

Morrison et al., 2005; Seifert & Beheng, 2006). Yet, ice formation remains among the most 

poorly understood and parameterized microphysical processes. This limitation introduces 

persistent radiative model biases, particularly over climatologically-sensitive high-latitude 

regions where MPCs are abundant (Shaw et al., 2022; Sledd & L’Ecuyer, 2021; Tan & 
Storelvmo, 2019). Given that the majority of global precipitation, especially in midlatitudes, 

originates in the ice phase (Heymsfield et al., 2020; M¸lmenst‰dt et al., 2015), the imperative 

for intensifying collaborative efforts in refining modeling of ice-related processes is further 

underscored. 

An unresolved scientific enigma revolves around ice crystal number concentrations (ICNCs) 

within MPCs. Typically, ICNCs in surface-decoupled MPCs lacking seeding from higher-level 

clouds are expected to align with the number of pre-existing ice nucleating particles (INPs), 

as the latter are required to facilitate ice nucleation within the mixed-phase temperature 

regime (Hoose & Mˆhler, 2012; Murray et al., 2012). However, a body of airborne studies 

investigating cloud microstructure has yielded evidence indicating that INPs can be orders 

of magnitude less abundant than ICNCs (J‰rvinen et al., 2022; Korolev et al., 2022). 
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This disparity highlights the existence of additional microphysical processes capable of amplifying 

ICNCs in MPCs without necessitating further INP action. These processes, known as secondary ice 

production (SIP) or ice multiplication, were studied in laboratory settings during the late 1950s to the 

1970s, leading to the proposition of six possible mechanisms (Field et al., 2017; Korolev & Leisner, 

2020). However, only three of these mechanisms – rime splintering, also known as the Hallett-Mossop 

process (HM), ice-ice collisional break-up (BR), and droplet shattering during freezing (DS) – have been 

observed in real atmospheric conditions (J‰rvinen et al., 2022; Korolev et al., 2020; Pasquier et al., 

2022). Nevertheless, the relative contributions and precise physics of the proposed SIP mechanisms 

have remained persistently uncertain. This PhD thesis addresses this research gap, aiming to advance 

our comprehension of SIP processes in MPCs. 

From the modeling perspective, more sophisticated expressions have recently emerged to represent 

the frequently-acknowledged SIP processes, amalgamating prior experimental observations 

(Deshmukh et al., 2022; Phillips et al., 2017a; Phillips et al., 2018). However, despite growing 

recognition of the significance of SIP through experimental, in-situ, remote sensing, and modeling 

studies (Field et al., 2017), most GCMs and NWP models still rely on simplistic parameterizations solely 

for the HM process. As a result, these models lack a potentially critical source of ice particles, which 

has implications for simulated cloud radiative impacts and precipitation patterns (e.g., Vergara-

Temprado et al., 2018). A number of promising modeling efforts have aimed to incorporate 

parameterizations for additional SIP mechanisms, with the majority of them confined to single case 

studies with limited horizontal and temporal scales (e.g., Karalis et al., 2022; Sotiropoulou, Vignon, et 

al., 2021; Waman et al., 2022), while only one examines the global importance of SIP (Zhao & Liu, 

2021). All modeling efforts consistently confirm substantial ICNC elevation due to SIP mechanisms in 

stratiform, frontal, multilayer, cumulus, orographic, and deep convective clouds (Hoose, 2022). 

When parameterizing new processes, modelers must strike a balance between model complexity and 

computational efficiency. This balance is particularly pertinent to microphysical processes, which 

demand handling a large amount of information in simulations (Morrison et al., 2020). Incorporating 

SIP in large-scale models comes with the need to make certain assumptions, as it involves describing 

numerous empirical parameters not explicitly resolved within their microphysics scheme. As the 

complexity of GCMs increases, their results may become less interpretable, emphasizing the 

importance of model simplification (Proske et al., 2022, 2023). In the era of big data, physics-guided 

machine learning (ML) algorithms offer a promising avenue for simplifying models and elucidating 

processes within GCMs (e.g., Beucler et al., 2021). 

This PhD thesis aims to tackle the mentioned challenges through a cascade of approaches. It focuses 

on two important types of MPCs: orographic clouds, which play a pivotal role in the hydrological cycle, 

and Arctic clouds, strongly associated with enhanced surface warming – a phenomenon known as 

Arctic Amplification. Relying primarily on cloud modeling and machine learning techniques, evaluated 

against in-situ and ground-based remote sensing observations, this PhD research aims to enhance the 

comprehension of droplet formation and ice multiplication within MPCs. 

 

1.2 Microphysical processes in mixed-phase clouds 

At temperatures between 0 and -38˚C, although the solid phase of water is thermodynamically 

favored, liquid cloud droplets do not freeze spontaneously in the atmosphere. Indeed, at 

temperatures below freezing cloud droplets persist in a metastable state known as supercooling. 

Within this temperature range, supercooled droplets can coexist with heterogeneously frozen ice 

crystals (Section 1.2.2) within the same cloud volume, resulting in the formation of mixed-phase cloud 

conditions. This chapter will explore the complex microphysical processes that take place in this 

context, forming the main focus of this PhD research. 
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Mixed-phase conditions can arise within various cloud types, such as wave, frontal, convective, and 

stratiform clouds, under a range of meteorological conditions. The lower saturation vapor pressure 

over ice compared to supercooled liquid water renders the mixture of ice and liquid 

thermodynamically unstable (Section 1.2.3), resulting in rapid glaciation (e.g.  Korolev et al., 2017). 

However, a substantial body of literature has documented their unexpected persistence in diverse 

locations, spanning from the tropics (e.g., Lawson et al., 2015; Riihimaki et al., 2012) to higher latitudes 

and the poles (e.g., D’Alessandro et al., 2023; Shupe et al., 2011; Xi et al., 2022). Mixed-phase 

conditions are also frequently observed in orographic clouds forming over mountainous terrain, like 

the Swiss Alps. A complex interplay involving cloud microphysics, large-scale moisture advection, 

radiative cooling and turbulent fluxes is critical in sustaining liquid droplets below freezing 

temperatures in Arctic clouds (Morrison et al., 2012). In contrast, orographic clouds rely more 

prominently on orographically-induced updraft velocities to maintain liquid-phase supersaturation, 

thereby enabling the simultaneous growth of liquid and ice condensate (Lohmann et al., 2016). 

 

1.2.1 Cloud droplet formation and susceptibility to aerosol or dynamical forcing 

The formation of cloud droplets in the atmosphere requires the presence of soluble or hydrophilic 

aerosol particles, such as sea salt or sulfate. This subset of the aerosol particles, termed cloud 

condensation nuclei (CCN), can undergo hygroscopic growth into aqueous droplets, triggering cloud 

droplet activation once a critical supersaturation level is attained. The key factors driving CCN 

activation encompass their number, size, chemical composition reflected in the hygroscopicity 

parameter (»), and the occurrence of updrafts inducing supersaturated conditions at the cloud base. 

Plotting the number of cloud droplets against the total aerosol concentration usually demonstrates 

an increasing trend, indicating that cloud droplet formation is primarily influenced by aerosol 

availability. This regime of droplet formation is termed "aerosol-limited". As the droplet number 

increases, the fierce competition for available water vapor molecules depletes cloud supersaturation, 

preventing the activation of additional cloud droplets. When cloud supersaturation drops below 

approximately 0.1% (e.g., Kacarab et al., 2020), droplet formation becomes insensitive to aerosol 

changes, transitioning into a new regime driven entirely by fluctuations in vertical velocity. This is 

known as the "velocity-limited" regime. Between these two limiting cases, a transitional regime is 

expected to exist, where cloud droplet formation is sensitive to both updraft velocity and aerosol 

properties (Reutter et al., 2009). In the remote Alpine atmosphere, cloud droplet number 

concentrations are predominantly influenced by aerosol availability (Hoyle et al., 2016), except during 

periods of enhanced anthropogenic activity, related to for example biomass-burning emissions 

(Georgakaki et al., 2021). The same applies to the pristine Arctic atmosphere, where velocity-limited 

conditions are rarely met except for short periods during the Arctic haze in early spring (Motos et al., 

2023). 

 

1.2.2 Heterogeneous ice nucleation 

At temperatures below freezing, the nucleation of a new stable phase requires an energy barrier to 

be surpassed, which is dictated by an intermediate maximum in the Gibbs free energy of the system. 

Below -38˚C, the energy barrier for the phase transition from liquid to ice is so minimal that even a 
slight rearrangement of molecular structure can convert liquid or solution cloud droplets into ice – a 

process known as homogeneous freezing. At warmer temperatures, however, insoluble aerosols are 

needed to lower the energy barrier and catalyze the ice nucleation processes, which is therefore called 

heterogeneous freezing. INPs provide a solid surface that facilitates the formation of stable ice 

clusters. In contrast to CCN, only approximately one in a million aerosol particles can serve as INPs 

(Murray et al., 2012). The most prevalent INPs include mineral dust, biological particles, bacteria, ash, 
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pollen and sea-spray (Kanji et al., 2017). Ice formation in the atmosphere, whether homogeneous or 
heterogeneous, is termed primary ice production (PIP), contrasting with SIP, which arises from the 
multiplication of pre-existing ice particles and is discussed further in Section 1.2.4.1. 

Heterogeneous freezing can be initiated through one of four freezing modes, as illustrated in Figure 
1.1 and briefly discussed below: 

• Contact freezing: An INP comes into contact with a supercooled droplet, initiating ice nucleation at 
the phase boundaries among the droplet, particle, and surrounding air. This pathway triggers ice 
formation at warmer temperatures (> -10˚C) compared to the other freezing modes (Ladino 
Moreno et al., 2013). 

• Immersion freezing: This mode is initiated from within a cloud or solution droplet, where an INP is 
already immersed. Freezing of the cloud droplet occurs upon cooling. This is believed to be the 
dominant nucleation mode in most MPCs (Whale, 2017). 

• Condensation freezing: This process occurs in two stages. First, the soluble component of the INP 
acts as a CCN to form a cloud droplet when saturation with respect to liquid water is achieved. 
Then, the insoluble part of the INP facilitates the freezing of the cloud droplet. It is still unclear 
whether this process differentiates from immersion freezing (Vali et al., 2015). 

• Deposition nucleation: Water vapor molecules deposit directly onto the INP surface, provided that 
the environment is supersaturated with respect to ice. The occurrence of this mechanism is still 
controversial due to the generally unfavorable nature of a phase transition from vapor to solid. A 
recent proposal suggests that the actual process behind deposition nucleation is pore 
condensation and freezing, where liquid water can condense under water subsaturated conditions 
(David et al., 2019). 

 

 

Figure 1.1 Overview of different heterogeneous freezing modes that can take place within the mixed-
phase temperature regime of a thunderstorm cloud. Figure adapted from Kanji et al. (2017). 

 

The relative importance of each nucleation mode within the atmosphere heavily depends on the 
ambient temperature and supersaturation, as well as the INP size, composition and morphology 
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(Hoose & Mˆhler, 2012; Knopf & Alpert, 2023). In the Swiss Alps, INP concentrations may vary from 

10
-3

 up to over 100 L
-1

  (e.g., Lacher et al., 2017). Free-tropospheric INP observations collected at the 

high-altitude Jungfraujoch (JFJ) station have shown that Saharan dust intrusions enrich the 

atmosphere with mineral dust particles acting as INPs at temperatures around -30˚C (Brunner et al., 

2021). Aged sea-spray aerosols arriving via long-range transport can also serve as effective INPs 

(Lacher et al., 2021). However, at moderate supercooling (temperatures > -15˚C), the majority of INPs 
were found to originate from epiphytic bacteria or fungi (Conen et al., 2022). In the remote Arctic 

atmosphere, INPs are mostly found to vary between 10
-5

 and 1 L
-1

 (e.g., Wex et al., 2019). Mineral dust 

particles from local sources in summer and long-range transport in winter were again identified as 

important INP contributors (Abbatt et al., 2019). Marine biogenic particles resulting from cracks and 

open leads in the sea ice are another important INP source in the high Arctic, capable of initiating ice 

nucleation at temperatures as high as -7.5˚C (Hartmann et al., 2020). The origin of these INPs is linked 

to phytoplankton blooms (Creamean et al., 2019) or the emission of sea-spray aerosols during bubble 

bursting at the atmosphere-ocean interface (Wilson et al., 2015). 

Within MPCs, changes in the number of available INPs may carry important implications for their 

radiative properties. Generally speaking, in a warming climate, replacement of ice with liquid is 

expected to enhance their reflectivity to shortwave (SW) solar radiation, resulting in a negative cloud-

phase feedback that counters initial warming (Tan & Storelvmo, 2019; Vergara-Temprado et al., 2018). 

This scenario, however, becomes more complex if we also consider potential changes in INP 

concentrations. For instance, in a warming climate, diminished sea ice concentrations in polar regions 

might result in higher atmospheric INP levels, driven by increased biogenic emissions from the open 

ocean (Carlsen & David, 2022). Consequently, MPCs would contain ice crystals at warmer 

temperatures than previously estimated, rendering them optically thinner and resulting in a positive 

cloud-phase feedback (Murray et al., 2021). This underscores the intricacy of ice-related processes 

and the necessity for their accurate representation in GCMs. 

 

1.2.3 Ice growth processes in mixed-phase clouds 

What makes the study of ice crystals so intriguing is their unique individuality. When ice germs form 

in the atmosphere, rapid vapor diffusion drives their growth into what is termed pristine ice crystals. 

This process is called growth by vapor deposition. Laboratory experiments have yielded a well-

recognized diagram that elucidates how ambient temperature and ice supersaturation govern the 

resulting morphology of ice crystals, denoted as ice crystal habits (Libbrecht, 2017). For instance, 

columnar and needle-like ice crystals are formed at temperatures between -5 and -10C, followed by 

planar, dendritic ice structures at temperatures between roughly -10 and -20C. This temperature 

regime is known as dendritic growth layer (DGL). Below -20C, planar or columnar shapes may emerge 

depending on the prevailing ice supersaturation. More complex shapes as presented in picture iv of 

Figure 1.2 can arise when a pristine ice crystal continues its growth under new environmental 

conditions. Understanding the growth history of such intricate ice crystal habits is not trivial. The 

growth history of two complex, fragile ice structures was recently inferred from observations of MPCs 

in the Arctic (Pasquier et al., 2023). 

In MPCs, the difference between the saturation vapor pressure over ice than over liquid creates a 

vapor pressure gradient from the higher pressure region surrounding the droplets to the lower 

pressure surrounding the ice crystals. When the environment becomes subsaturated with respect to 

liquid water, cloud droplets start evaporating as water vapor molecules rapidly diffuse toward 

neighboring ice crystals. This mechanism, in which ice crystals grow at the expense of surrounding 

evaporating supercooled droplets, is known as the Wegener–Bergeron–Findeisen (WBF) process. WBF 

can efficiently glaciate MPCs within minutes to tens of minutes (Korolev & Mazin, 2003). However, the 

efficiency of this process might be strongly dependent on the MPC cloud morphology. Indeed, 



Chapter 1: Introduction 

 

 

6 

 

observations of MPCs have revealed the potential for either uniform mixing or spatial separation 

between liquid droplets and ice crystals. This implies that clusters of either liquid or ice phase can be 

enclosed within extended glaciated or liquid clouds at spatial scales below 100 m (Korolev & 

Milbrandt, 2022). This configuration limits interactions between the two phases and may favor the 

preservation of supercooled droplets within MPCs. Nevertheless, this subgrid scale phase 

heterogeneity is currently absent from large-scale models and could serve as a significant source of 

biases. 

Following the initial depositional growth, ice particles in MPCs can further augment their size through 

collisional processes, either with other ice crystals or cloud droplets/raindrops. Within mixed-phase 

conditions, when ice particles fall and collide with supercooled droplets or raindrops, a portion of the 

liquid-phase hydrometeor can freeze onto them, resulting in the formation of an ice shell. This process 

is known as riming and contributes to the transfer of mass from the liquid to the ice phase. As a result, 

the ice particle becomes more spherical, and massive, therefore increasing its terminal velocity. 

Riming has been identified as enhancing surface precipitation by 20-50% (e.g., Borys et al., 2003; 

Lowenthal et al., 2016). Graupel particles commonly emerge as the end products of the riming 

process, while intense riming present in vigorous convective clouds can lead to the creation of large 

hailstones. 

 

 

Figure 1.2 (a) Ice crystal habits growing in atmospheric air as a function of temperature and 

supersaturation with respect to ice. The solid curve represents the supersaturation with respect to 

the liquid phase of water. (b) Pictures of pristine ice crystals: (i), (ii) planar, dendritic ice particles, (iii) 

columnar, and (iv) capped-column ice crystals. Figure adapted from Libbrecht (2017). 

 

Aggregation occurs when ice crystals collide and adhere, resulting in the creation of larger aggregated 

snowflakes. This growth mechanism exhibits greater efficiency within two distinct temperature 

ranges: (i) at temperatures spanning from -10 to -15C, where the dendritic structure of ice particles 

is favored, particularly when high ice supersaturation prevails. This is because the entanglement of 

two branched ice structures becomes more likely upon collision. (ii) at temperatures near 0C, where 

a thick quasi-liquid layer forms on the surface of the melting ice particles, significantly enhancing their 

sticking ability. However, radar observations from Arctic MPCs have suggested the suppressed role of 

aggregation at such warm subzero temperatures (Chellini et al., 2022). Turbulence in the atmosphere 
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(Sheikh et al., 2022) or varying terminal velocities of ice hydrometeors further promote aggregational 

growth. Given that riming can increase differential settling and the chance of collisions, the formation 

of aggregates becomes more likely if riming initially occurs in the atmosphere. 

 

1.2.4 Discrepancies between ice crystal numbers and ice nucleating particles 

1.2.4.1 Secondary ice production 

Brewer and Palmer (1949) introduced the concept that the splintering of ice crystals from growing 

snowflakes or hailstones could elevate ICNCs beyond the levels of INPs, effectively transforming a 

water cloud into an ice cloud. Subsequent global field campaigns have consistently reported 

substantial disparities between the two, confirming that ICNCs can exceed INPs by several orders of 

magnitude (e.g., Huang et al., 2022; Lawson et al., 2023; O’Shea et al., 2017; Rangno & Hobbs, 2001; 
Young et al., 2016). In cases where MPCs are decoupled from the surface and lack seeding from upper-

level clouds, an ice enhancement factor (IEF) or ice multiplication factor (IMF) can be calculated as the 

ratio between ICNCs and INPs, serving as an indicator of the prevalence of SIP. Both observational 

(e.g., Korolev et al., 2022; Wieder et al., 2022) and modeling studies (e.g., Waman et al., 2022; Zhao 

et al., 2023) have contributed to literature-derived IMF values.  

The schematic depiction in Figure 1.3 summarizes the IMF outcomes from various field observations 

conducted over the past decade, spanning maritime convective (Stith et al., 2011), continental 

(Crawford et al., 2012; Taylor et al., 2016), tropical (Ladino et al., 2017; Lasher-Trapp et al., 2016), 

orographic (Lauber et al., 2021; Mignani et al., 2019; Wieder et al., 2022), and Arctic (Pasquier et al., 

2022) MPCs. SIP is observed across temperatures ranging from nearly 0 to approximately -25C. 

Predominantly, within warmer temperatures below the -15C isotherm, SIP substantially augments 

ICNCs by over four orders of magnitude compared to ambient INP concentrations. In colder 

conditions, IMF calculations are scarcer, yet still manifest ICNC enhancements surpassing a factor of 

100. 

After over a decade of continuous research both in laboratory settings and in the field, contributing 

to advancements in our comprehension of primary ice formation (e.g., DeMott et al., 2011, 2018), SIP 

is a process that has gained considerably less attention within the scientific community. Unlike PIP, 

the most pioneering laboratory experiments concerning SIP date back several decades (early '70s), 

carried out using simplified setups that posed technological challenges given the available resources 

at the time (Hallett & Mossop, 1974; Takahashi et al., 1995; Vardiman, 1978). The outcomes of these 

experiments laid the groundwork for all present-day SIP parameterizations found in cloud models 

(Field et al., 2017). Nowadays, more intricate and precise experiments and observations are feasible 

due to the advancement of high-speed video microscopy (e.g., Lauber et al., 2018) and the utilization 

of anti-shatter cloud probe tips that mitigate data contamination by shattering artifacts (Korolev et 

al., 2013). 

Field et al. (2017) and Korolev and Leisner (2020) offer a comprehensive overview of current SIP 

knowledge. Since these comprehensive papers, further evidence for the significance of SIP in clouds 

has emerged from various observational and laboratory studies utilizing sophisticated equipment 

(Keinert et al., 2020; Kleinheins et al., 2021; Mignani et al., 2019). Hartmann et al. (2023) aimed to 

quantify ice splinters ejected when droplets rime onto ice particles within the HM temperature range, 

finding limited action of this mechanism. This contrasts with the hundreds of SIP particles per mg rime 

discovered in the Hallett and Mossop (1974) optimal setup. Recently, increased attention from the 

cloud research modeling community has been directed towards SIP due to the need for more 

advanced microphysical parameterizations (e.g., Fridlind et al., 2007; Listowski & Lachlan-Cope, 2017; 

Phillips et al., 2018; Phillips et al., 2017a; Yano et al., 2016). While uncertainties persist in the modeling 

parameterization of SIP, modeling studies unanimously converge on the conclusion that accounting 
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for SIP can effectively bridge the gap between model predictions and observations in various MPC 

types (e.g., Dedekind et al., 2021; Sotiropoulou, Vignon, et al., 2021; Waman et al., 2022; Zhao et al., 

2023). These factors underscore the urgency of revisiting key SIP experiments with modern 

instrumentation and advancing our in-situ observations of SIP. This is to better quantify the 

contribution of these mechanisms to observed ICNC enhancements and the necessary and sufficient 

conditions for SIP initiation, which will ultimately advance the way these processes are parameterized 

in models. 

 

 

Figure 1.3 Literature review of ice multiplication factors derived from field observations across various 

types of MPCs, plotted against their respective temperature ranges. SIP is recognized when the IMF 

exceeds unity, denoted by the vertical black dashed line. Figure adapted from Wieder et al. (2022), 

with the range of their findings in alpine clouds indicated by the gray shaded region and their median 

predictions represented by the black solid line. 

 

In recent decades, several SIP-identifying mechanisms have emerged in literature, as detailed in Field 

et al. (2017) and Korolev and Leisner (2020). A concise overview of the four significant SIP mechanisms 

explored within this PhD thesis is presented below. This review encompasses laboratory and field 

observations, modeling, and atmospheric remote sensing, all of which have contributed to our 

understanding of these mechanisms: 

a. Droplet shattering during freezing: Historically, this was the first SIP mechanism reported in 

clouds (e.g. Cannon et al., 1974; Langham & Mason, 1958; Mason & Maybank, 1960). DS occurs 

when a drizzle droplet, typically larger than ∼50 μm, collides with either an INP or an ice particle. 

Upon contact, the droplet begins freezing from the outside in, creating a solid ice shell around it 

(e.g., Griggs & Choularton, 1983) (Figure 1.4a). As freezing progresses inward, pressure builds, 

leading to fragmentation, which can result in the droplet breaking in two halves, cracking, bubble 

bursting, or jetting (e.g., Keinert et al., 2020). These processes may be accompanied by the 
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ejection of small ice fragments, the number of which was the research focus of individual freezing 
experiments reporting the maximum fragmentation rate at temperatures between ∼-10 and -
15˚C (Kleinheins et al., 2021; Lauber et al., 2018). 
 
DS efficiently operates in vigorous convective updrafts (Korolev et al., 2020; Lawson et al., 2015; 
Qu et al., 2020), which do not meet the criteria for HM. Sullivan, Hoose, et al. (2018) 
demonstrated that DS is significant for clouds formed above the freezing level, provided that 
limited INPs and intermediate to high updrafts are present (refer to their Figure 8b and 9). In 
slightly supercooled Arctic MPCs, remote sensing observations indicate that DS can be more 
conducive to SIP than the well-established HM process (Luke et al., 2021). This aligns with in-situ 
observations from Ny-lesund and single-column simulations conducted by (Zhao et al., 2021), 
but contrasts with smaller-scale modeling studies suggesting that DS is ineffective in polar regions 
(Fu et al., 2019; Sotiropoulou et al., 2020). Through refinement of SIP and PIP parameterizations 
in the Community Earth System Model version 2, Zhao et al. (2023) discovered that DS accounts 
for about 75% of simulated ICNCs in Southern Ocean MPCs, within the temperature range of -15 
to -10˚C (see pie charts in their Figure S4). 
 
In wintertime orographic clouds, radar measurements implied the importance of DS in cloud 
regions with high liquid water content (LWC; Billault-Roux et al., 2023), or in cloud top generating 
cells (Ramelli et al., 2021a). Additionally, in-situ data suggest the increasing efficiency of this 
process at temperatures warmer than -3˚C (Lauber et al., 2021)l, attributed to a raindrop 
recirculation theory (Korolev et al., 2020) facilitated by orographically-induced updrafts passing 
through the melting layer. However, mesoscale model simulations of the same type of MPCs 
formed at temperatures colder than -8˚C indicate that DS has minimal contribution to the 
modeled ICNCs (Dedekind et al., 2021; Georgakaki et al., 2022). This might, however, be related 
to the challenging representation of DS in bulk microphysics schemes, with the models following 
a bin-emulated framework systematically reporting higher efficiency of this process 
(Sotiropoulou et al., 2022; Zhao & Liu, 2022).  

 

b. The rime splintering or Hallett-Mossop process: HM stands out as the most extensively studied 
and firmly established SIP mechanism. It operates effectively within a specific temperature range, 
spanning from -3˚C to -8˚C, where supercooled liquid droplets sized between 13 μm and 25 μm 
(Choularton et al., 1980; Hallett & Mossop, 1974) freeze onto the surfaces of ice particles (Figure 
1.4b). Nevertheless, aircraft measurements (e.g., Korolev et al., 2020, 2022) have revealed 
instances of high ICNCs even when the conditions required for the HM mechanism are not met. 
Even under favorable conditions, the HM process alone may prove insufficient to account for 
observed ice crystal production rates in MPCs (Hobbs & Rangno, 1990; Korolev et al., 2020). 
 
Observationally, signatures of HM can be inferred more readily than other SIP mechanisms due 
to its constrained temperature ranges, which favor the growth of ejected ice splinters into 
needle-like or columnar ice habits (Figure 1.2). During field campaigns, the potential presence of 
HM is therefore speculated based on in-situ imagery where heavily rimed particles (e.g., graupel), 
liquid droplets, and small columns/needles coexist (e.g., Grazioli et al., 2015; J‰rvinen et al., 2022; 
Lloyd et al., 2015). The presence of distinct hydrometeor modes with different morphologies and 
habits further facilitates the inference of HM through vertically-pointing radar spectrograms (e.g., 
Luke et al., 2021; Oue et al., 2015; Sinclair et al., 2016). 
 
From the modeling perspective, parameterized expressions of HM have been extensively 
implemented in NWP models and GCMs with explicit microphysics. However, uncertainties 
persist regarding this mechanism, such as the rate of splinters ejected per mass of rime 



Chapter 1: Introduction 
 
 

10 
 

(Hartmann et al., 2023). Atlas et al. (2022) supported the significant impact of HM on the 
simulated cloud radiative forcing (CRF) of low cumulus clouds over the Southern Ocean, yet 
highlighted a significant shortcoming in the representation of this process in models. Specifically, 
the initiation of HM in models necessitates arbitrary, non-physically based thresholds in the 
mixing ratios of ice and liquid hydrometeors to be achieved. Multiple modeling studies have 
indicated that removing these thresholds could enhance the efficiency of HM in models (e.g., 
Atlas et al., 2020; Young et al., 2019). Nonetheless, even after eliminating these thresholds, the 
representation of HM does not always bridge the gap with observed ICNCs, underscoring the 
complementary role of other SIP mechanisms (Karalis et al., 2022; Sotiropoulou et al., 2020). 

 

c. Fragmentation due to ice-ice collision: Collisions between delicate ice particles leading to 
mechanical break-up (Figure 1.4c) have been identified as an effective SIP mechanism across a 
broad temperature range, showing a distinct peak in ice splinter production at around -15˚C 
(Grzegorczyk et al., 2023; Takahashi et al., 1995). Our understanding of this mechanism remains 
limited due to sparse airborne investigations (e.g., Schwarzenboeck et al., 2009; Takahashi, 1993) 
and a scarcity of laboratory studies (Griggs & Choularton, 1986; Takahashi et al., 1995; Vardiman, 
1978) utilizing simplified experimental setups, which have raised concerns about result accuracy. 
Recent efforts have focused on studying graupel-graupel and graupel-aggregate collisions in a 
wind tunnel laboratory with improved experimental designs, aiming to reproduce and validate 
earlier findings (Grzegorczyk et al., 2023). 
 
Signatures of BR activity can be deduced from in-situ particle images showing a combination of 
large rimed particles and smaller irregular-shaped particles like broken-off arms of dendritic 
crystals and aggregates. The action of BR has been recognized in various cloud types, including 
the mature stage of convective clouds (Huang et al., 2022; Waman et al., 2022), cold-air outbreaks 
(Karalis et al., 2022), stratiform conditions, especially within multilayer cloud systems formed in 
orographic terrain (Ramelli et al., 2021a; Georgakaki et al., 2022), as well as in the Arctic (Pasquier 
et al., 2022) and the Southern Ocean (Jarvinen et al., 2022). The occurrence of BR, resulting from 
collisions among fragile dendritic crystals formed between -20 and -10˚C, can also be inferred 
from ground-based remote sensing observations (von Terzi et al., 2022). Unlike the columnar-ice 
mode often associated with HM, the presence of a disk-like mode in turbulent cloud regions at 
colder temperatures may indicate BR activity (Billault-Roux et al., 2023). 
 
In modeling approaches, three different methods have been employed to parameterize the 
impact of BR-induced SIP. These methods either entail prescribing a constant number of 
fragments generated per collision (e.g., Hoarau et al., 2018), parameterizing the fragment count 
using simple exponential fits to the experimental findings of Takahashi et al. (1995) (Dedekind et 
al., 2023; Sullivan, Hoose, et al., 2018), or utilizing more sophisticated expressions dependent on 
initial kinetic energy, colliding particle size, and rimed fraction (Sotiropoulou, Ickes, et al., 2021; 
Zhao & Liu, 2022). BR parameterizations have been tested across small-scale, mesoscale, and 
GCMs confirming the efficacy of this mechanism in increasing modeled ICNCs by up to ∼3 orders 
of magnitude. 

 

d. Sublimational break-up: When dendritic or heavily rimed particles descend within subsaturated 
cloudy regions, they may undergo sublimation, causing certain portions of these particles to 
become detached from the main ice structure (such as the arms of dendrites, Figure 1.4e). 
Termed as SUBBR, this process was initially identified through laboratory investigations in the 
1980s and 1990s. Oraltay and Hallett (1989) documented the fracturing of dendrites under 
subzero temperatures and relative humidities over ice of less than 70%. Subsequent to this, Dong 
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et al. (1994) and Bacon et al. (1998) observed the fragmentation of rimed and frost ice particles, 

respectively. Combining the collective experimental findings, Deshmukh et al. (2022) formulated 

two empirical parameterizations for SUBBR in graupel and dendritic snow. The number of 

fragments produced due to SUBBR was parameterized as a function of temperature, 

supersaturation, ice particle size, and a ventilation coefficient dependent on the particle's fall 

speed. 

 

For ice fragments formed during sublimation to contribute to ice multiplication, they must re-

enter a supersaturated cloud region. This raises concerns about the effectiveness of this 

mechanism under real atmospheric conditions, given the small size and consequently low 

terminal velocities of the resulting ice fragments (Korolev & Leisner, 2020). Nonetheless, idealized 

simulations estimated an IMF of approximately 5 (10) following SUBBR of dendritic snow 

(graupel) particles in a deep convective descent of ∼2 m s
-1

 (Deshmukh et al., 2022). SUBBR might 

also become active within the subsaturated layer of air separating a multilayer cloud system 

within a seeder-feeder cloud configuration (Section 1.2.4.2). The first modeling study 

encompassing all four SIP mechanisms found that SUBBR can be the second most significant SIP 

process after BR, generating an IMF of up to ∼10
2
 in the fastest downdrafts (> -5 m s

-1
) of a 

continental convective storm (Waman et al., 2022). Incorporating this mechanism into GCM 

simulations of Arctic MPCs revealed minimal efficiency, constrained to lower atmospheric levels, 

with ice production rates being at least one order of magnitude lower than those of other SIP 

mechanisms (Sotiropoulou et al., 2022). This was attributed to the generally high relative 

humidities prevailing in polar MPCs. 

 

 

Figure 1.4 Schematic illustration presenting a summary of six proposed SIP mechanisms: (a) droplet-

shattering, (b) Hallett-Mossop, (c) ice-ice collisional break-up, (d) thermal shock ice fragmentation, (e) 

sublimational break-up, and (f) INP activation in transient supersaturation. Figure adapted by Korolev 

& Leisner (2020). 
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Two additional ice multiplication mechanisms have been identified and presented in Korolev and 

Leisner (2020). Thermal shock-induced fragmentation (Figure 1.4d) can occur in the atmosphere when 

a supercooled cloud droplet rimes onto the surface of an ice crystal (King & Fletcher, 1976). This 

collision releases latent heat from the freezing droplet, raising the temperature of the ice crystal to its 

melting point. This differential expansion of the ice crystal may lead to its fragmentation. Another 

proposed SIP mechanism involves again the latent heat release during the freezing of a falling warm 

hydrometeor, which generates a temperature difference between the surface of the freezing 

hydrometeor and the surrounding air. In this case, water vapor evaporates from the surface of the 

frozen hydrometeor generating regions of high transient supersaturation in the cold cloudy air, 

activating virtually all interstitial aerosol that can act as INPs (Krayer et al., 2021; Prabhakaran et al., 

2020), as illustrated in Figure 1.4f. These two mechanisms have received limited investigation, and 

their potential for ice multiplication remains uncertain. This PhD research primarily aims to improve 

the representation of SIP within NWP models and GCMs, and to create methods that can potentially 

be applied to detect SIP signs from remote sensing observations. 

 

1.2.4.2 Seeder-feeder mechanism 

Elevated ICNCs in low-level MPCs, exceeding what can be explained by the presence of a few INPs, are 

sometimes found to result from the seeder-feeder process. This mechanism involves the 

sedimentation of ice particles either within layered clouds or internally within a single cloud (Proske 

et al., 2021; Roe, 2005), leading to two distinct cloud configurations: 

• External seeder-feeder: ice particles fall from an upper-level (glaciated) seeder cloud through 

subsaturated cloud-free air, surviving sublimation and re-entering supersaturated conditions upon 

reaching the lower-level (mixed-phase or liquid-only phase) cloud. 

• In-cloud seeding: large ice particles precipitate from higher (glaciated) parts of a cloud to lower 

lying (mixed-phase or liquid-phase) parts of the same cloud. In this case, a vertical continuum of 

cloud condensates spans between the seeder and feeder regions, and the falling ice particles do 

not encounter subsaturated conditions. 

Both configurations are characteristic of orographic clouds frequently associated with precipitation 

enhancement and cloud glaciation over mountains (e.g., Mott et al., 2014; Purdy et al., 2005; Roe, 

2005). Satellite remote sensing analysis over an 11-year span (2006-2017) by Proske et al. (2021) 

indicated that in Switzerland, in-cloud seeding occurred in 18% of observations, while the external 

seeder-feeder mechanism appeared 15% of the time for cirrus cloud seeders. Beyond orographic 

terrain, the Arctic region also frequently experiences multilayer clouds. Satellite data analysis revealed 

that such cloud systems occur between 15-25% of the time in the Arctic – a possibly conservative 

estimate due to retrieval uncertainties over the high-albedo surfaces of the polar regions (Liu et al., 

2012). Combining ground-based remote sensing with in-situ measurements over a year in the Arctic, 

Vassel et al. (2019) found ice seeding in 23% of total measurements. Interestingly, even in the absence 

of ice seeding, the two clouds in the seeder-feeder system can still interact radiatively. This is because 

the upper-level cloud is anticipated to enhance downwelling longwave (LW) radiation reaching the 

lower-level cloud, which reduces cloud-top radiative cooling – critical for turbulent mixing and low-

level cloud maintenance (e.g., Christensen et al., 2013). 

Another significant aspect of ice seeding cases is their association with SIP events. This link has been 

highlighted by several modeling (e.g., Georgakaki et al., 2022; Sotiropoulou, Vignon, et al., 2021) and 

observational studies in the Alpine (Ramelli et al., 2021a) and the Arctic region (Pasquier et al., 2022), 

as well as in the Southern Ocean (J‰rvinen et al., 2022), underscoring its significance given the 

frequency of such cloud configurations.  
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1.2.4.3 Surface-induced ice particles 

Over the complex, mountainous terrain, 

surprisingly high ICNCs are often attributed to 

surface processes, such as blowing snow, 

surface hoar frost detachment, turbulent 

effects near mountain surfaces, ice particle 

convergence due to orographic lifting, and 

riming on snow-covered surfaces (Beck et al., 

2018; Geerts et al., 2015; Rogers & Vali, 1987). 

Among these processes, the impact of blowing 

snow ice particles has been extensively 

studied, either using mountain observations 

(e.g.,  Lowenthal et al., 2019), and remote 

sensing (e.g., Geerts et al., 2015; Vali et al., 

2012), or snow-cover models (e.g., Lehning et 

al., 2006) sometimes coupled with 

atmospheric models (e.g., Sharma et al., 2023; 

Vionnet et al., 2014). Blowing snow particles 

can stay suspended near the surface provided 

that the wind speed exceeds a threshold value, which varies between 4 and 13 m s
-1

 (e.g., Mahesh et 

al., 2003), depending on the snowpack properties and the prevailing atmospheric conditions. 

Simplified methods have been employed to model surface-based processes in orographic MPC 

development, as demonstrated in Farrington et al. (2016) and Georgakaki et al. (2022). To achieve a 

more precise representation of lower atmospheric processes and assess their potential in contributing 

to ice-related processes in near-surface MPCs, coupling NWP models with advanced surface snow 

models, as demonstrated by Gerber et al. (2023) and Sharma et al. (2023), would be necessary. 

 

1.2.5 Indirect aerosol effects via mixed-phase clouds 

Improving our understanding of the intricate microphysical processes within MPCs is important for 

better quantifying aerosol indirect effects, which refer to alterations in cloud properties driven by 

variations in atmospheric particulate matter, or simply aerosols. In purely liquid-phase clouds it is 

recognized that changes in the aerosol concentrations serving as CCN can modify liquid cloud droplet 

concentrations as well as their cloud radiative properties and lifetime through different indirect effects 

(Albrecht, 1989; Twomey, 1974). Yet, the response of ice-containing clouds, such as MPCs, to changes 

in the aerosol loading is less understood. This is largely because of the complex and nonlinear 

microphysical pathways that can influence the properties and evolution of MPCs. Three indirect 

aerosol-cloud interactions have been proposed to act in MPCs: 

• The glaciation indirect effect, where increased aerosol concentrations are followed by an increase 

in the available INPs, allowing for more ice crystals to be nucleated in the atmosphere. This is 

expected to speed up the WBF process and augment ice-phase precipitation until complete cloud 

glaciation is achieved (Lohmann, 2002). 

• The riming indirect effect (Lance et al., 2011; Lohmann & Feichter, 2005) opposes the glaciation 

indirect effect. It highlights how elevated CCN concentrations can result in clouds with numerous, 

smaller cloud droplets, reducing the riming of ice crystals and, consequently, the mass of ice 

particles and precipitation (Borys et al., 2003; Lohmann, 2017). 

• The thermodynamic indirect effect (Lohmann & Feichter, 2005), elucidates that an increase in CCN 

and subsequent reduction in the effective radius of cloud droplets can delay the onset of freezing 

Figure 1.5 Illustration of the effect of wind-induced 

surface snowflakes (blowing snow) on the ice crystal 

number concentrations found in orographic mixed-

phase clouds. Figure cropped and adapted from Beck 

et al. (2018). 
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in clouds. This is due to the decreased probability of heterogeneous immersion freezing and/or SIP 
processes, which therefore suppresses precipitation and cloud glaciation. 

 

1.3 Representing ice microphysics in models 

Cloud microphysics encompasses numerous and nonlinear interactions among hydrometeors, with 
the most intricate likely occurring in the context of cold cloud microphysics, which was the primary 
focus of Section 1.2. Microphysics schemes in atmospheric models aim to capture the behavior of 
cloud and precipitation particles and their impacts on weather patterns, climate, and radiative fluxes. 
As summarized in Morrison et al. (2020), microphysics schemes confront two primary challenges, 
partly stemming from representing the cloud and precipitation particle population due to 
computational limitations, and from uncertainties arising from gaps in cloud physics understanding. 

Cloud microphysics schemes typically fall into two categories: spectral or bin microphysics and bulk 
microphysics (Figure 1.6). The key distinction lies in how they handle particle size distributions (PSDs). 
Bin schemes divide PSDs of ice and liquid hydrometeors into discrete size or mass intervals ("bins"), 
modeling the evolution of each bin individually. In contrast, bulk microphysics schemes do not 
explicitly track the entire spectrum of particle sizes but assume some functional form for the particles’ 
PSDs. The predicted microphysical quantities in bulk schemes are typically moments or weighted 
integrals of the assumed PSDs. Bin schemes provide more degrees of freedom allowing for a more 
realistic representation of the hydrometeor PSDs, yet they are considerably more computationally 
demanding than bulk schemes – typically one to two orders of magnitude higher. This computational 
burden has confined bin schemes primarily to research modeling, while bulk schemes continue to 
serve operational and long-range climate studies (e.g., Milbrandt et al., 2016). Bulk schemes can be 
either single- or double-moment, depending on whether they predict solely the hydrometeors mass 
mixing ratio or both their number concentration and mixing ratio, being the zeroth and first moment 
of the assumed distributions, respectively.  

 

 
Figure 1.6 Comparison of cloud and precipitation particle size distributions using bulk (left) and bin 
(right) microphysics schemes. The horizontal axes represent particle size or mass, while the vertical 
axes indicate the number density distribution. Cropped and adapted from Morrison et al. (2020). 

 

Figure 1.7 illustrates the considerable scale variability addressed by the microphysics component of 
the model. Microscopic entities, such as individual ice crystals and cloud droplets can measure just a 
few microns in size, whereas heavily rimed structures like hailstones can extend to centimeter scales. 
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The diverse and intricate nature of these processes cannot be numerically captured within the coarse 
horizontal grid spacing of large-scale models. Only Direct Numerical Simulation (DNS) models explicitly 
resolve the myriad of hydrometeors – albeit within spatially-limited cloudy volumes. Transitioning to 
cloud-scale motions, these can be largely resolved by Large Eddy Simulation (LES) models with 
horizontal resolutions around tens of meters. However, for larger-scale regional or GCMs with grid 
spacings of approximately 100 km or more, subgrid-scale processes necessitate approximations or 
parameterizations to interact effectively with the broader resolved model scales. As individual clouds 
and their dynamical motions become progressively unresolved from left to right in the schematic 
shown in Figure 1.7, the emergence of microphysics parameterizations as a complex yet indispensable 
aspect of atmospheric modeling becomes evident. 

 

 

Figure 1.7 Schematic representation of atmospheric motion scales across a range of atmospheric 
models, illustrated within color-coded boxes. Figure adapted from Morrison et al. (2020). 

 

1.3.1 Machine learning for parameterization development 

Artificial intelligence, employing ML techniques, has made significant advancements across various 
scientific disciplines over recent decades. Within the atmospheric sciences, its contributions are 
widely acknowledged (e.g., Irrgang et al., 2021; Reichstein et al., 2019) as it unlocks possibilities such 
as purely data-driven weather forecasting (e.g., Weyn et al., 2020) and climate modeling (Rasp et al., 
2018; Yuval & O’Gorman, 2020). ML algorithms operate by identifying complex relationships and 
generalizing statistical associations to establish a function that maps inputs to outputs. This is achieved 
through minimizing predefined loss metrics tailored to a specific task. 

ML for climate modeling shows great promise, particularly in addressing computational challenges 
and bottlenecks associated with traditional physically-based parameterizations (e.g., Gentine et al., 
2018; Grundner et al., 2022). Two ML methods, neural networks (NNs) and random forests (RFs), have 
been used to develop parameterizations for GCMs. RF, an ensemble learning algorithm composed of 
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multiple decision trees, preserves physical properties by averaging predictions from subsets of training 
samples (Breiman, 2001). This conservative behavior leads to more stable GCM simulations compared 
to NNs, which may deviate from the training data pool (Han et al., 2020; O’Gorman & Dwyer, 2018). 
NN parameterizations, while memory-efficient in GCMs, can introduce numerical instabilities and 
result in model blow ups or climate drift (Brenowitz & Bretherton, 2018, 2019; Rasp et al., 2018). 
Stable long-term simulations require post-prediction adjustments and accurate processing of the 
training dataset (Rasp, 2020; Yuval et al., 2021). 

Parameterizing cloud microphysical processes and aerosol-cloud interactions is among the most 
challenging aspects of climate simulations (e.g., Liu et al., 2023; Morrison et al., 2020). 
Parameterizations for bulk microphysics schemes are often derived from fitting techniques applied to 
bin scheme outputs (e.g., Barahona & Nenes, 2007; Seifert, 2008) or laboratory results (e.g., 
Deshmukh et al., 2022; Sullivan, Hoose, et al., 2018), or by analytically solving equations governing the 
microphysical processes (e.g., Barahona & Nenes, 2009). Attempts have already been made to simplify 
the representation of warm cloud microphysical processes, such as autoconversion or accretion, using 
ML approaches (Chiu et al., 2021; Gettelman et al., 2021; Seifert & Rasp, 2020). However, addressing 
cold cloud microphysics remains more complex, with no tailored ML-based attempt to date. A first 
attempt will be presented in Chapter 5. 

 

1.3.2 The Weather Research and Forecasting Model 

The Weather Research and Forecasting (WRF) model is an open-source mesoscale NWP model 
employing the Advanced Research WRF (ARW) dynamical core. WRF operates on horizontal scales 
ranging from a few kilometers to several hundred kilometers, designed for both atmospheric research 
and operational forecasting. It is suitable for simulations under actual atmospheric or idealized 
conditions, aiding physical parameterization development and testing. While a comprehensive 
technical description exists in Skamarock et al. (2008), a succinct overview is provided here. 

WRF operates as a fully compressible and nonhydrostatic model, resolving vertical pressure 
distribution without the hydrostatic approximation. Among the prognostic variables are the horizontal 
velocity, perturbation potential temperature, geopotential and surface pressure of dry air, water 
vapor mixing ratio and the microphysical variables for each hydrometeor species considered. ARW 
employs an Arakawa-C grid staggering, locating horizontal velocity and geopotential components at 
the edge of the grid cells to capture the advection of variables. The rest of prognostic are positioned 
at the center of the grid cells. Vertically, WRF utilizes a terrain-following hybrid sigma-pressure 
coordinate system. Temporal integration employs the 3rd order Runge-Kutta integration scheme, 
while spatial integration employs 2nd to 6th order advection schemes. 

WRF offers a range of microphysics options, which encompass bin models and single- or double-
moment bulk schemes. These schemes predict the mass mixing ratios of hydrometeor species and, in 
the case of double-moment schemes, also include their number concentrations. Among the 
microphysics schemes available in WRF, the Morrison double-moment bulk scheme (Morrison et al., 
2005; Morrison et al., 2009; hereafter M05) was chosen to simulate cloud microphysics throughout 
the modeling studies of this PhD research, and will be detailed in the following section. 

 

1.3.2.1 The Morrison Double-Moment Microphysics Scheme 

The performance of the M05 scheme has been rigorously validated in the literature across various 
types of MPCs found in Arctic (Cho et al., 2020), Antarctic (Vignon et al., 2019), and Alpine (Farrington 
et al., 2016) regions. This scheme is well-suited for stratiform MPCs in large-scale models and can also 
handle convective clouds when the horizontal resolution allows it (< 3 km). Otherwise, for shallow-
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convection subgrid processes, a cumulus scheme is recommended. M05 accounts for two liquid 

hydrometeor species: cloud droplets and raindrops, and three ice species: cloud ice, snow, and 

graupel. Prognostic equations describe both the mass and number concentration of all hydrometeor 

species, except for liquid cloud droplets, whose single-moment representation requires defining a 

prescribed cloud droplet number concentration. The hydrometeor sizes are represented by gamma 

functions, as described below: 

Ā(ÿ) = Ă0ÿĀÿ2ÿĀ
, (1.1) 

where D refers to the hydrometeor diameter, μ is the spectral index, while  

Ā = [ÿ��(Ā+Ā+1)
Ă�(Ā+1) ]

1
�

, 
(1.2) 

is the slope parameter (in m
-1

) and  

Ă0 = þÿ�+1

�(Ā+1), 
(1.3) 

is the intercept (in kg
-1

 m
-1

). Except for cloud droplets, where μ is determined as a function of cloud 
and thermodynamic properties (see Equation 30 in Morrison et al., 2005), all other hydrometeors 

exhibit ā = 0, indicating their distributions follow an exponential form. In Equations (1.2) and (1.3), q 

and N represent the hydrometeor mass mixing ratio (in kg kg
-1

) and number concentration (in kg
-1

), 

respectively. The parameter Ā = 3  and ÿ = Ā/ÿ
6 , where Ā/ is the particle’s bulk density (in kg m-3

) 

following (Reisner et al., 1998). Assumed to be spherical, all hydrometeors conform to the mass-

diameter relationship as follows: 

ÿ = ÿÿĀ
. (1.4) 

Figure 1.8 presents a condensed overview of the microphysical interactions encompassed by the M05 

scheme in WRF. It is important to note that interactions involving graupel particles are omitted from 

this schematic. At the end of each model timestep, equations governing the Eulerian tendencies of 

mixing ratios and number concentrations for all five hydrometeor species are updated. The number 

tendency of cloud ice particles has the following form: 

þþÿ
þą =  Advection + Primary ice production + Ice multiplication – 

Autoconversion – Sublimation/melting – Sedimentation – Collection 

(1.5) 

The equation above summarizes all potential sources and sinks of small cloud ice particles in the M05 

scheme. Within a specific model grid point, cloud ice particles can undergo advection through 

horizontal transport or form through primary ice nucleation or ice multiplication. Primary ice 

nucleation is parameterized using several simplified temperature-dependent schemes, including 

immersion freezing of cloud droplets or large raindrops (Bigg, 1953), contact freezing (Meyers et al., 

1992), which accounts for the collection of INPs by cloud droplets through Brownian motion, and 

deposition/condensation freezing nucleation (Cooper, 1986). 

Regarding ice multiplication, the default M05 scheme includes only the HM mechanism. However, as 

will be discussed in detail in Chapters 3 and 4, the M05 scheme was updated to incorporate state-of-

the-art SIP parameterizations for all four important SIP mechanisms (Section 1.2.4.1). Small ice 

particles can grow either through vapor deposition or by collecting cloud droplets (provided they 

exceed 100 μm in size). Once they surpass a characteristic diameter of 250 μm, they are converted 
into the snow category through autoconversion. The number of ice particles may decrease due to 
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sublimation, melting, sedimentation, or if they are collected by larger snow or graupel particles or by 
raindrops. 

 

 
Figure 1.8 A box diagram summarizing the microphysical processes described in the Morrison 
microphysics scheme of WRF. Note that cloud droplet and raindrop riming that can lead to the 
formation of graupel are not included in this schematic. Figure adjusted and adapted from Morrison 
et al. (2005). 

 

Equation (1.5) will be slightly modified when applied to the snow particle species. Snow can be 
generated within the model through ice-to-snow autoconversion or as a result of collisions between 
ice and rain particles. In M05, snow aggregation, parameterized according to Passarelli (1978) and 
Reisner et al. (1998), serves as an efficient source of snowflakes. Snow particles may also be subject 
to removal via sedimentation or transformed into graupel following collisions with the two liquid 
hydrometeors. 

The formation of graupel particles in the model occurs through riming, where either cloud droplets or 
raindrops collide with snow, or through the collection of cloud ice by raindrops. This transformation 
takes place when specific thresholds in the mass mixing ratios of the involved hydrometeors are 
exceeded. It is worth noting that the choice of these thresholds is rather arbitrary and lacks strong 
physical justification, yet their choice can influence simulation results. This was addressed in Morrison 
and Grabowski (2008), where the variability in threshold values was found to limit graupel formation 
and subsequently reduce the mean fall speed of hydrometeors, thereby impacting surface 
precipitation. 

 

1.4 Particular objectives 

Given the radiative and hydrological impact of MPCs, and particularly of ice formation therein, the 
overall goal of this PhD project is to bring a step further our understanding of microphysical processes 
occurring in this climatologically important cloud type. The coexistence of ice and liquid phase in the 
same cloud volume makes the study of MPCs more intriguing – as both phases are interlinked into a 
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complex web of ice growth and multiplication processes that can significantly affect the cloud 

radiative forcing and lifetime (Section 1.2.5) dictating their glaciation fraction and precipitation 

produced. Reviewing the present state of literature (Sections 1.2 and 1.3), it becomes clear that it is 

rather recent when both experimental and modeling communities turned their attention to ice 

multiplication processes. From the modeling point-of-view, significant work remains to incorporate 

state-of-the-art SIP descriptions in NWP models and GCMs, as their role in affecting the modeled 

liquid-ice phase partitioning in clouds is already demonstrated. 

With the aim to extend the current knowledge and understanding of microphysical properties and 

processes in orographic as well as polar MPCs, the main points that will be addressed within this PhD 

research are the following: 

1. Do changes in cloud dynamics or aerosol content influence cloud droplet formation in the Alpine 
region? 

a) To what extent can cloud parcel modeling, when combined with in-situ and remote-sensing 

observations, predict cloud droplet numbers in orographic clouds? 

b) Is there a relationship that characterizes the shift from aerosol-limited to velocity-limited 

cloud conditions? 

c) Can we deduce information about the distribution of updraft velocities when velocity-

limited conditions occur, and what are the implications for the ice-phase of clouds? 

 

2. Does inclusion of SIP descriptions in an NWP model help explain the elevated ice crystals found in 
orographic MPCs? 

a) How do seeding ice particles influence the low-level MPCs? 

b) Which is the dominant SIP process? 

c) Do wind-induced ice particles influence the simulated ice crystal concentrations close to 

the surface? 

d) What is the impact of these processes in total accumulated precipitation? 

 

3. Can we infer signatures of SIP from radar observations of orographic clouds? 

a) Does coupling a SIP-aware NWP model with a forward radar simulator produce the 

measured reflectivities?  

b) What are the environmental conditions promoting SIP? 

c) What is the role of snowflake aggregation? 

d) Do SIP processes within the DGL produce characteristic signatures in the full Doppler 

spectra? 

e) Is there an indication of SIP in the standard radar moments? 

 

4. Can the combined effect of SIP in stratiform MPCs be parameterized in large-scale models using 
an ML-framework? 

a) What are the most important parameters for describing the effects of SIP in large-scale 

models? 

b) What is the offline performance of the ML-based SIP algorithm? 

c) Does replacing the detailed SIP descriptions in an NWP model with the ML-based SIP 

scheme impact the performance of the model? 

d) Are there any effects on computational efficiency or numerical stability in simulations? 

e) To what extent does the ML framework replicate the SIP physics from conventional 

parameterizations it was trained on? 

 

The structure of this PhD thesis is outlined as follows: In the following three chapters, the focus will 

be on orographic MPCs. Chapter 2 presents an analysis of the factors influencing droplet variability in 
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Alpine MPCs. This analysis utilizes in-situ and remote-sensing observations collected during the Role 
of Aerosols and Clouds Enhanced by Topography on Snow (RACLETS) field campaign in Davos, 
Switzerland. Moving on to Chapter 3, the primary emphasis is on the impact of SIP processes in 
orographic clouds. This is accomplished through numerical modeling and model evaluation using field 
observations from the Cloud and Aerosol Characterization Experiment (CLACE) 2014 campaign in the 
Swiss Alps. In Chapter 4, an intensive snowfall event documented during the Cloud-AerosoL 
InteractionS in the Helmos background TropOsphere (CALISHTO) campaign at Mount Helmos, Greece, 
is examined. A synergistic approach, which combines modeling tools and remote sensing 
observations, is presented for inferring SIP from radar data. The updated microphysics code developed 
as part of the research in Chapter 3 serves as the foundation for the development of a new ML 
parameterization for SIP, designed for seamless integration into large-scale models. This ML 
framework is the subject of Chapter 5. The thesis concludes with Chapter 6, which offers a final 
discussion, outlining perspectives as well as open questions. 
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2. On the drivers of droplet variability in alpine 

mixed-phase clouds 
 

This chapter investigates whether cloud droplet formation in the Alpine region is modulated 
by variations in cloud dynamics or aerosol concentrations. The analysis is based on in-situ 
observations gathered during the RACLETS campaign in the Davos region, Switzerland, 
during February and March 2019. The research involves post-processing of in-situ aerosol 
and remote sensing data, along with cloud parcel model simulations. The text is adapted 
from the postprint version of the article: 

• Georgakaki, P., Bougiatioti, A., Wieder, J., Mignani, C., Ramelli, F., Kanji, Z. A., 
Henneberger, J., Hervo, M., Berne, A., Lohmann, U., and Nenes, A. (2021): On the 
drivers of droplet variability in alpine mixed-phase clouds, Atmospheric Chemistry 
and Physics, 21, 10993–11012, doi: 10.5194/acp-21-10993-2021. 
 

The presented cloud droplet analysis and processing of the CCN data was carried out by 
Paraskevi Georgakaki with inputs and supervision from Athanasios Nenes. The CCN 
instrumentation was setup by Aikaterini Bougiatioti, the aerosol instrumentation and inlet 
setup were done by Jˆrg Wieder, Claudia Mignani, and Zamin A. Kanji, the cloud data by 
Fabiola Ramelli and Jan Henneberger, and the lidar data by Maxime Hervo. The original 
manuscript was written by Paraskevi Georgakaki and Athanasios Nenes, with input from all 
authors. 

 

2.1 Summary 

Droplet formation provides a direct microphysical link between aerosols and clouds (liquid 
or mixed-phase), and its adequate description poses a major challenge for any atmospheric 
model. Observations are critical for evaluating and constraining the process. To this end, 
aerosol size distributions, cloud condensation nuclei (CCN), hygroscopicity, and lidar-derived 
vertical velocities were observed in alpine mixed-phase clouds during the Role of Aerosols 
and Clouds Enhanced by Topography on Snow (RACLETS) field campaign in the Davos, 
Switzerland, region during February and March 2019. Data from the mountain-top site of 
Weissfluhjoch (WFJ) and the valley site of Davos Wolfgang are studied. These observations 
are coupled with a state-of-the-art droplet activation parameterization to investigate the 
aerosol–cloud droplet link in mixed-phase clouds. The mean CCN-derived hygroscopicity 
parameter, », at WFJ ranges between 0.2–0.3, consistent with expectations for continental 
aerosols. » tends to decrease with size, possibly from an enrichment in organic material 
associated with the vertical transport of fresh ultrafine particle emissions (likely from 
biomass burning) from the valley floor in Davos. The parameterization provides a droplet 
number that agrees with observations to within ∼25 %. We also find that the susceptibility 
of droplet formation to aerosol concentration and vertical velocity variations can be 
appropriately described as a function of the standard deviation of the distribution of updraft 
velocities, Ãw, as the droplet number never exceeds a characteristic limit, termed the 
<limiting droplet number=, of ∼150-550 cm-3, which depends solely on Ãw. We also show that  

https://doi.org/10.5194/acp-21-10993-2021


Chapter 2: Droplet formation in orographic mixed-phase clouds 
 

22 
 

high aerosol levels in the valley, most likely from anthropogenic activities, increase the cloud droplet 
number, reduce cloud supersaturation (< 0.1 %), and shift the clouds to a state that is less susceptible 
to changes in aerosol concentrations and very sensitive to vertical velocity variations. The transition 
from an aerosol to velocity-limited regime depends on the ratio of cloud droplet number to the 
limiting droplet number, as droplet formation becomes velocity limited when this ratio exceeds 0.65. 
Under such conditions, droplet size tends to be minimal, reducing the likelihood that large drops are 
present that would otherwise promote glaciation through rime splintering and droplet shattering. 
Identifying regimes where droplet number variability is dominated by dynamical – rather than aerosol 
– changes is key for interpreting and constraining when and which types of aerosol effects on clouds 
are active. 

 

2.2 Introduction 

Orographic clouds, and the precipitation they generate, play a major role in Alpine weather and 
climate (e.g., Grubisic & Billings, 2008; Lloyd et al., 2015; Roe, 2005; Saleeby et al., 2013; Vosper et al., 
2013). The formation and evolution of orographic clouds involves a rich set of interactions at different 
spatial and temporal scales encompassing fluid dynamics, cloud microphysics and orography (Roe, 
2005; Rotunno & Houze, 2007). Atmospheric aerosol particles modulate the microphysical 
characteristics of orographic clouds by serving as cloud condensation nuclei (CCN) that form droplets, 
or ice nucleating particles (INPs) that form ice crystals (Muhlbauer & Lohmann, 2009; Pruppacher & 
Klett, 1997; Saleeby et al., 2013; Zubler et al., 2011). 

Emissions of aerosol particles acting as CCN and INPs can affect the microphysical and radiative 
properties of clouds with strong (but highly uncertain) effects on local and regional climate (IPCC, 
2013; Seinfeld et al., 2016). Aerosol interactions with orographic clouds are subject to even larger 
uncertainties, owing in part to the complex flows generated by the interaction of the large-scale flow 
with the mesoscale orographic lifting and condensation and complex anisotropic turbulent air motions 
that arise (Roe, 2005; Rotunno & Houze, 2007; Smith, 2006). Most importantly, orographic clouds are 
often mixed-phase clouds (MPCs), which are characterized by the simultaneous presence of 
supercooled liquid water droplets and ice crystals (Farrington et al., 2016; Henneberg et al., 2017; 
Lloyd et al., 2015; Lohmann et al., 2016). MPCs remain one of the least understood cloud types, due 
to the multiple and highly nonlinear cloud microphysical pathways that can affect their properties and 
evolution. MPCs tend to glaciate (i.e., transition to pure ice clouds) over time because of the Bergeron–
Findeisen process, which is the rapid growth of ice crystals at the expense of the evaporating cloud 
droplets, owing to the higher saturation vapor pressure of liquid water over ice (Bergeron, 1935; 
Findeisen, 1938). Aerosol concentrations may also alter the microphysical pathways active in MPCs 
and ultimately drive their glaciation state. For instance, an increase in CCN concentrations leads to 
more numerous and smaller cloud droplets, reducing the riming efficiency of ice crystals and therefore 
the hydrometeor crystal mass and the amount of precipitation (Lance et al., 2011; Lohmann & 
Feichter, 2005; Lohmann, 2017). This mechanism counters the glaciation indirect effect, where 
increases in INP concentrations elevate ice crystal number concentration (ICNC) and promotes the 
conversion of liquid water to ice and therefore the amount of ice-phase precipitation (Lohmann, 
2002). Increases in CCN can also decrease cloud droplet radius and impede cloud glaciation, owing to 
reductions in secondary ice production (SIP), which includes rime splintering, collisional break-up, and 
droplet shattering (Field et al., 2017; Sotiropoulou et al., 2020; Sotiropoulou, Vignon, et al., 2021). 

Cloud-scale updraft velocity (i.e., the part of the vertical velocity spectrum with positive values) is the 
major driver of droplet formation, owing to the supersaturation generated from adiabatic expansion 
and cooling (Ghan et al., 2011; Nenes et al., 2001). Despite its importance, the simulation of updraft 
velocity by atmospheric models is rarely constrained by observations, which can lead to large 
uncertainties in climate and numerical weather prediction models (Sullivan et al., 2016; Sullivan, 



Chapter 2: Droplet formation in orographic mixed-phase clouds 
 

23 
 

Barthlott, et al., 2018). Reutter et al. (2009) pointed out that droplet formation in clouds can be limited 
by the amount of CCN present (called the <aerosol-limited= regime), or by the vertical velocity that 
generates supersaturation in the cloudy updrafts (called the <velocity-limited= regime). Over the 
complex Alpine terrain, vertical motions can be significantly shaped by the effects of orography 
(Lohmann et al., 2016). Orographic MPCs have been frequently observed in the Swiss Alps under high 
updraft velocity conditions, where supersaturation with respect to liquid water is formed faster than 
it is depleted by diffusional and collisional ice growth processes (Korolev & Isaac, 2003) leading to 
persistent MPCs (Lohmann et al., 2016).  

Given the importance of droplet number for the radiative cloud properties and microphysical 
evolution of alpine MPCs, it is essential to understand the main aerosol and dynamics properties that 
drive droplet formation. A limited number of studies exist that discuss this very important topic, 
although they focus on liquid-phase clouds (Hammer et al., 2014, 2015; Hoyle et al., 2016). Hoyle et 
al. (2016) showed that 79% of the variance in droplet number in warm clouds formed at the high-
altitude research station of Jungfraujoch in the Swiss Alps (3450 m a.s.l.) is driven by variations in 
potential CCN concentration (i.e., aerosol particles with a dry diameter > 80nm). Using a cloud parcel 
model, Hammer et al. (2015) also investigated the influence of updraft velocity, particle concentration, 
and hygroscopicity on liquid cloud formation in the alpine region and found that variations in vertical 
wind velocity have the strongest influence on the aerosol activation. We are not aware of existing in 
situ studies assessing cloud droplet closure in MPCs where the existence of ice crystals can deplete 
supersaturation or the low temperatures may decrease CCN activity through the formation of glassy 
aerosols. 

Here we analyze observational data collected as part of the Role of Aerosols and Clouds Enhanced by 
Topography on Snow (RACLETS) field campaign, which was held in the region of Davos, Switzerland, 
during February and March 2019. This intensive field campaign aims to address questions related to 
the modulators of orographic precipitation, the drivers of the enhanced ice-crystal number 
concentrations observed in MPCs, as well as the human-caused pollution effects on cloud 
microphysical and optical properties. In this study we focus on a two-week period and seek to unravel 
the complex aerosol–droplet–updraft velocity interactions that occur in the orographic MPCs. For this, 
we combine CCN number concentrations with the particle size distributions to understand the 
variations in hygroscopicity over time and for sites located in the valley and a nearby mountain-top 
site. The in situ measurements are subsequently coupled with a state-of-the-art droplet 
parameterization to determine the potential droplet numbers and the corresponding maximum 
supersaturation achieved in cloudy updrafts. The predicted droplet numbers are evaluated against 
direct observations and the degree to which droplet formation is velocity or aerosol limited is 
determined for the whole time series.  

 

2.3 Methods 

2.3.1 Observational datasets 

This analysis utilizes measurements collected during the RACLETS campaign, which took place from 8 
February to 28 March 2019 (https://www.envidat.ch/group/about/raclets-field-campaign, last access: 
17 December 2020 (Lauber et al., 2020; Mignani et al., 2021; Ramelli et al., 2021a; Ramelli et al., 
2021b). This joint research project offers a unique dataset of orographic clouds, precipitation, and 
snow measurements in an effort to shed light on some fundamental microphysical processes present 
in subsequent stages of the life cycle of clouds (i.e., cloud formation, precipitation onset, and cloud 
dissipation). All measurements presented in this paper were performed at two distinct observation 
stations near Davos, Switzerland (Figure A1 in Appendix A). A measurement site is located at Davos 
Wolfgang, which is the pass between Davos (1560 m a.s.l.) in the south and Klosters (1200 m a.s.l.) in 

https://www.envidat.ch/group/about/raclets-field-campaign
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the north and is otherwise known as Wolfgang Pass (WOP; 1630 m a.s.l., 46°50’08.0763N 
9°51212.9393E). Measurements were also conducted at the mountain-top station Weissfluhjoch (WFJ; 

2700 m a.s.l., 46°49’58.6703N 9°48223.3093E), which is located ∼1km above the valley floor in Davos, 

in the eastern part of the Swiss Alps. The current study primarily focuses on data collected during a 

two-week period of interest, which spans from 24 February to 8 March 2019. During the RACLETS 

campaign, a defective sheath air filter affected the CCN measurements collected at WFJ, thus 

inhibiting data usage from the instrument for a large duration of the campaign. Therefore, we limit 

our analysis to the abovementioned period when the CCN counter was fully operational. In addition, 

during the selected period two distinct weather patterns were observed (fair weather conditions 

interrupted by a precipitating period), allowing for a contrasting analysis of the observed scenarios. 

The following description refers to the measurements that provided the basis for the present analysis 

(see Table 2.1). 

 

2.3.1.1 Aerosol particle size distribution measurements 

Particle size distributions were continuously monitored at WOP and WFJ using commercially available 

scanning mobility particle sizers (SMPS; Model 3938, TSI Inc., US). At both stations, the systems 

consisted of a differential mobility analyzer (Model 3081, TSI Inc., US), a soft X-ray neutralizer (Model 

3088, TSI Inc., US), and a water-based condensation particle counter (Model 3787 at WOP, Model 

3788 at WFJ, TSI Inc., US). Running the particle counters in low flow mode (0.6 L min
−1

), using a sheath 

flow of 5.4 L min
−1

, and applying a total scanning time of 2 min (scan time: 97 s; retrace time: 3 s; purge 

time: 10 s), particle size distributions between 11.5 and 469.8 nm diameter were monitored. 

 

2.3.1.2 CCN measurements 

A Droplet Measurement Technologies (DMT) single-column continuous-flow streamwise thermal 

gradient chamber (CFSTGC; Roberts & Nenes, 2005) was used to carry out in situ measurements of 

CCN number concentrations for different supersaturations (SS). The CFSTGC consists of a cylindrical 

flow tube with wetted walls, inside which SS is developed by applying a linear streamwise temperature 

gradient between the column top and bottom. Owing to the greater mass diffusivity of water vapor 

than the thermal diffusivity of air, a constant and controlled SS is generated with a maximum at the 

centerline of the flow tube. The SS is mainly dependent on the applied temperature gradient, flow 

rate and pressure (Roberts & Nenes, 2005). An aerosol sample flow is introduced at the column 

centerline and those particles having a critical supersaturation lower than the instrument SS will 

activate to form droplets and will afterward be counted and sized by an optical particle counter (OPC) 

located at the base of the CFSTGC column. The SS developed within the instrument responds linearly 

to changes in pressure, since its operation relies on the difference between heat and mass diffusivity. 

Calibration of the instrument, which determines the output supersaturation, was performed by the 

manufacturer at ∼800 mbar, while throughout the campaign the CFSTGC was operating at a lower 

pressure ∼735 mbar, therefore the SS reported by the instrument is adjusted by a factor of 
735
800 =

0.92, which accounts for the difference between the ambient and the calibration pressure (Roberts & 

Nenes, 2005). CCN concentrations were measured at a specific SS for approximately 10 min; the 

instrument was cycled between six discrete values ranging from 0.09% to 0.74% supersaturations, 

producing a full spectrum every hour. Each 10 min segment of the raw CCN data is filtered to discount 

periods of transient operation (during supersaturation changes) and whenever the room temperature 

housing the instrument changed sufficiently to induce a reset in column temperature (the instrument 
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control software always sets the column temperature to be at least 1.5 above the room temperature 
to exclude spurious supersaturation generation in the column inlet). The CFSTGC was deployed on the 
mountain-top site of WFJ with the intention of relating the CCN measurements directly to the size 
distribution and total aerosol concentration data measured by the SMPS instrument at the same 
station. 

 

2.3.1.3 Cloud microphysical measurements 

In situ observations of the cloud microphysical properties were obtained with the tethered balloon 
system HoloBalloon (Ramelli et al., 2020). The main component of the measurement platform is the 
holographic cloud imager HOLIMO 3B, which uses digital in-line holography to image an ensemble of 
cloud particles in the size range from 6 µm to 2 mm diameter in a three-dimensional detection volume. 
Note that particles smaller than 6 µm are not detected by HOLIMO, which means that the droplet 
number concentration may be underestimated. Based on a set of two-dimensional images, 
information about the particle position, size, and shape can be obtained. The detected particles can 
be classified as cloud droplets and ice crystals using supervised machine learning (Fugal et al., 2009; 
Touloupas et al., 2020). The differentiation between cloud droplets (circular) and ice crystals (non-
circular) is done for particles exceeding 25 µm diameter based on their shape (Henneberger et al., 
2013). From the classification, the phase-resolved size distribution, concentration, and content can be 
derived (Henneberger et al., 2013; Ramelli et al., 2020). The HoloBalloon platform was flying at WOP 
and provided vertical profiles of the cloud properties within the lowest 300 m of the boundary layer 
(BL). The current analysis utilizes the cloud droplet number concentration and liquid water content 
(LWC) measurements. Note that the LWC is calculated based on the size distribution of the cloud 
droplets using a liquid water density (Ãw) of 1000 kg m−3 and is therefore dominated by large cloud 
particles. 

 

2.3.1.4 Meteorological data 

During the measurement period, meteorological parameters (e.g., pressure, temperature, 
precipitation, and horizontal wind speed and direction) were continuously monitored by the 
permanent MeteoSwiss observation station at WFJ. Additionally, a weather station was installed on 
the OceaNet container (Griesche et al., 2020) deployed at WOP, which also hosted several remote 
sensing instruments (e.g., cloud radar, Raman lidar, and microwave radiometer) and a particle size 
velocity (Parsivel) disdrometer (Parsivel2, OTT HydroMet GmbH, Germany; Tokay et al., 2014) to 
measure precipitation. As there was no wind sensor included in the weather station on the OceaNet 
container, we utilized the horizontal wind speed and direction measurements from the nearby 
MeteoSwiss station in Davos, assuming that they provide a good proxy for the wind regime in the 
valley. Vertical wind speed profiles were obtained with a wind Doppler lidar (WindCube 100S, 
manufactured by Leosphere) at WOP. Throughout the campaign the wind lidar measured from 200 to 
8100 m above ground level (AGL) with high temporal (5 s max) and vertical resolution (50 m). The wind 
lidar operated following the Doppler beam switching technique with an elevation of 75˚. More 
information about the remote sensing measurements can be found in Ramelli et al. (2021a). 
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Table 2.1 Overview of data sources from the RACLETS campaign used for this study. Along with the 
observed parameters, the corresponding instrumentation, measurements range, and time resolutions 
are listed. 

 

2.3.2 Aerosol hygroscopicity 

The aerosol hygroscopicity parameter, », encompasses the impact of particle chemical composition 
on its subsaturated water uptake and CCN activity (Petters & Kreidenweis, 2007). Here, we determine 
» similarly to the approach of Moore et al. (2011), Jur·nyi et al. (2011), Lathem et al. (2013), 
Kalkavouras et al. (2019), Kacarab et al. (2020), and others by combining the CCN measurements with 
the SMPS aerosol size distribution data as follows. For each SMPS scan, the particle size distribution is 
integrated backward starting from the bin with the largest-size particles, which corresponds to the 
CCN with the lowest critical supersaturation, Scr. We then successively add bins with smaller and 
smaller diameters until the aerosol number matches the CCN concentration observed for the same 
time period as the SMPS scan. The particles in the smallest size bin, which we call critical dry diameter, 
Dcr, correspond to the CCN with the highest Scr possible, which is the instrument supersaturation (SS). 
From Dcr and SS we determine » from Kˆhler theory (Petters & Kreidenweis, 2007) assuming the 
particle chemical composition is internally mixed: 

ÿ =
4�3

27ÿýă
3 ÿÿ2   (2.2) 

Measured 

parameter 

Measurement 

site 
Instrument 

Measurement 

range 

Time 

resolution 

Aerosol number size 

distribution 
WOP/ WFJ 

Scanning Mobility 

Particle Sizer 

11.5 – 469.8 

nm 
2 min 

CCN number 

concentration 
WFJ 

Continuous flow 

streamwise thermal 

gradient CCN counter 

SS = 0.09 – 

0.74% 
1 s 

Cloud droplet number 

concentration and 

liquid water content 

WOP 
Holographic cloud 

imager HOLIMO 
6 μm – 2 mm 10 – 20 s 

Precipitation WOP/ WFJ 

Parsivel disdrometer/ 

MeteoSwiss weather 

station 

0.2 mm – 25 

mm 
30 s 

Horizontal wind speed 

and direction 
WOP/ WFJ 

MeteoSwiss weather 

station 
– 

10-min 

averages 

Profiles of vertical wind 

speed 
WOP Wind Doppler Lidar 

200 m – 8100 

m AGL 
5 s max 
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where � = 4ý���
ýÿĀ�

 is the Kelvin parameter, in which Mw (kg mol-1) is the molar mass of water, Ã (J m-2) 

is the surface tension of the solution droplet, R is the universal gas constant, and T (K) is the ambient 
temperature. Here, we assume the surface tension of the solution droplet is equal to that of pure 
water (Ã = Ãw) by convention. The » determined above represents the composition of particles with 
diameter Dcr (large particles can have a different » but still activate given that their Scr is lower than 
the prevailing SS in the CCN chamber). This means that over the course of an hour, over which a full 
SS cycle is completed, » is determined for a range of Dcr, which in our case were in the range of 50–
200 nm (Section 2.4.1). This size-resolved » information provides insights on the possible origin and 
chemical components of the aerosol, which is important given that there is no other measurement 
available to constrain chemical composition during RACLETS. From », we infer an equivalent organic 
mass fraction, εorg, assuming that the aerosol is composed of an organic–inorganic mixture: 

�Āăā =
(ÿ 2 ÿÿ)
(ÿĀ 2 ÿÿ)

 (2.2) 

where »i = 0.6 and »o = 0.1 are characteristic hygroscopicity values for the inorganic fraction of an 
aerosol (represented by ammonium sulfate) and organic aerosol, respectively (Dusek et al., 2010; 
Petters & Kreidenweis, 2007; Wang et al., 2008). Note that these values for a continental aerosol are 
supported by observations and analyses (e.g., Andreae & Rosenfeld, 2008; Pringle et al., 2010; Rose 
et al., 2008). 

 

2.3.3 Cloud droplet number and cloud maximum supersaturation 

Here, we apply adiabatic cloud parcel theory to the observational datasets to determine the maximum 
in-cloud supersaturation (Smax) and cloud droplet number (Nd) that would form over both 
measurement sites throughout the observation period. Droplet calculations are carried out with the 
physically based aerosol activation parameterization of Nenes and Seinfeld (2003), with extensions 
introduced by Fountoukis and Nenes (2005), Barahona et al. (2010), and Morales and Nenes (2014). 
Each Nd calculation requires knowledge of the observed pressure, temperature, vertical winds, aerosol 
size distribution, and hygroscopicity. For the WFJ site, all data are available as described in the sections 
above. For the WOP site, CCN (hence hygroscopicity) data are not available so we carry out Nd 
calculations at two » values, 0.1 and 0.25, which are the upper and the lower limit determined from 
the WFJ analysis (Section 2.4.1). The ability to reproduce observed cloud droplet number 
concentrations (Section 2.4.2.1) further supports the selection of these values. 

The wind lidar measurements conducted at WOP (Section 2.3.1.4) are used to determine the 
prevailing vertical velocities at both sites. Data extracted from the first bin of the lidar at 200 m AGL 
are considered representative for WOP as the wind lidar has no values very close to the ground, while 
measurements extracted for 1100 m AGL are used as a proxy for the vertical velocities at WFJ. The 
high-resolution wind lidar data are grouped by hour and each fitted to half Gaussian probability 
density functions (PDFs) with zero mean and standard deviation Ãw. An hourly PDF of updraft velocities 
is provided in the Supplement as an example of the calculation method we followed here (Figure A2). 
Employing the <characteristic velocity= approach of Morales and Nenes (2010), the PDF-averaged 
values of Nd and Smax are calculated by applying the parameterization using a single characteristic 
velocity, w*=0.79Ãw. This approach has been shown to successfully predict cloud-scale values of Nd in 
field studies for cumulus and stratocumulus clouds (e.g., Conant et al., 2004; Fountoukis et al., 2007; 
Kacarab et al., 2020; Meskhidze et al., 2005). The droplet closure carried out in this study is also used 
to support the validity of this approach for alpine MPCs. To determine the Ãw values used in the closure 
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study (Section 2.4.2.1), we isolated the segments of the wind lidar measurements that correspond to 
each cloud event observed by the HoloBalloon platform. The subsequent fitting of the measured 
updraft velocities to half Gaussian PDFs revealed a Ãw value representative of each cloud. The accuracy 
of the wind lidar products is affected by precipitation, as the measured updraft velocities might be 
masked by the terminal fall velocity of the hydrometeors. We therefore use disdrometer 
measurements to identify and exclude precipitating periods from our analysis. Aiming to examine how 
Nd responds to different vertical velocity–aerosol situations, potential Nd for both sites are calculated 
at 10 values of Ãw between 0.1 and 1.0 m s−1 (Section 2.4.2.4). Note that we use the term <potential= 
droplet number throughout this study, as its calculation is performed regardless of the actual 
existence of clouds over the measurement sites. 

 

2.4 Results and discussion 

2.4.1 Particle number, CCN concentration, and κ at WOP and WFJ 

The total aerosol number concentration (Naer) time series (integrated aerosol size distribution) 
together with horizontal wind speed and direction measurements are depicted for both sites in Figure 
2.1. The Naer data points of WFJ are colored by » (Section 2.3.2), while the orange solid line is used as 
a trace for WOP time series, as » was not determined for the site owing to a lack of corresponding CCN 
measurements. Aiming to interpret the aerosol variations and the potential differences observed 
between valley and high-altitude measurements, the two-week period of interest is divided into two 
different subperiods. During 24 and 28 February, a high-pressure system was dominant over Europe 
with clear skies and elevated temperatures (Figure A3). During this first subperiod, the Naer varies 
considerably and tends to follow a diurnal cycle that anticorrelates between the two sites (Figure 
2.1a). As expected, most of the time the concentrations at WOP are elevated with respect to WFJ 
because the Naer in the valley is influenced by local sources, which during this time of the year includes 
emissions from biomass burning (BB) (Lanz et al., 2010). Naer at WOP peaks in the evening, reaching 
up to ∼104 cm−3, presumably because of BB emissions in the valley, which seem to stop around 
midnight (Figure 2.1a). Up to 2 orders of magnitude lower Naer is measured at the same time at the 
WFJ site. In the afternoon, Naer at WFJ approach those observed at WOP, indicating that the two sites 
are possibly experiencing similar air masses. The » for WFJ seems to follow a clear temporal pattern 
as well, ranging between ∼0.1–0.4 with a minimum in the afternoon when the two sites experience 
the same air masses. Low Naer values are accompanied by higher », while at higher Naer conditions less 
hygroscopic aerosols are recorded (Figure 2.1a). 

The above diurnal cycles and their relationships can be understood in terms of BL dynamics typically 
occurring in mountain–valley systems (Chow et al., 2013). During daytime under clear sky conditions, 
the slopes and the valley itself are warmed by solar radiation, causing rising of the BL and additionally 
the production of buoyant air masses that rise up the slope toward the summit (through <upslope= 
and <up-valley= winds) (Okamoto & Tanimoto, 2016). This hypothesis can be further supported by the 
fair weather recorded by the weather station at WFJ until 28 February (Figure A3). The buoyant 
upslope flow could then transport polluted air masses originating from the BL of the valley up to the 
WFJ site, elevating the concentrations of less hygroscopic aerosols observed in the afternoon. The 
situation reverses during nighttime, when cold air descends from the slopes (downslope winds) and 
flows out of the valley (down-valley winds) due to the radiative cooling of the surface. The less polluted 
air observed during the early hours of the day before sunrise indicates that the WFJ station remained 
in the free troposphere (FT), with lower Naer and more aged air (i.e., larger ») with a more prominent 
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accumulation mode (Baltensperger et al., 1997; Jur·nyi et al., 2011; Kammermann et al., 2010; 
Seinfeld & Pandis, 2006, pp. 376–378). 

Another consideration is that the upslope flow that <connects= the valley and the mountain-top site 
may not only be driven by thermal convection but also from mechanically forced lifting. The latter 
mechanism is caused by the deflection of strong winds by a steep mountain slope and it can be of 
great importance depending mainly on the height of the mountain and the mean speed of the wind 
(Kleissl et al., 2007). The local wind effects can be further interpreted looking at the MeteoSwiss time 
series of wind speed and direction for both stations (Figure 2.1b, c). Wind measurements at the WFJ 
station recorded a strong wind speed reaching up to ∼11 m s−1 from the easterly–northeasterly 
directions between 24 and 28 February. The wind direction measured at WFJ coincides with the 
relative location of WOP site (see black dashed line in Figure 2.1c). The steep orography over the Alps 
would transform part of this strong horizontal motion into vertical motion and transport air from WOP 
to WFJ, as seen in other alpine locations like Jungfraujoch (e.g., Hoyle et al., 2016). A detailed analysis, 
however, is out of the scope of this study. 

 

 

Figure 2.1 (a) Naer under standard temperature and pressure conditions (cm−3 STP) at WOP (orange 
line) and at WFJ (circles colored by »), (b) wind speed (m s−1), and (c) wind direction (in degrees) 
obtained from the MeteoSwiss observation stations at WFJ (blue dots) and Davos (orange dots) 
between 24 and 28 February 2019. The black dashed line indicates the relative direction of WOP to 
WFJ. Each day is referenced to 00:00 UTC. 
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Figure 2.2 Naer (cm
−3

 STP) at WOP (orange line) and at WFJ (circles colored by »). The black solid line 

represents the precipitation rate (mm h
−1

) recorded from the MeteoSwiss observation station for each 

10 min interval at WFJ between 1 and 8 March 2019. The blue shaded areas represent the periods 

when precipitation recorded at the WFJ site is most intense. 

 

Similar to Figure 2.1a, Figure 2.2 illustrates the Naer time series measured at both sites along with the 

precipitation rate recorded by the MeteoSwiss station at WFJ during the time period between 1 and 

8 March 2019. Meteorological observations show the pressure and temperature dropping (Figure A3) 

together with intense snow and rain events, associated with the passage of cold fronts over the region. 

Three intense precipitation events are visible in our dataset occurring on 1, 4, and 7 March 2019 (blue 

shaded areas in Figure 2.2) creating up to 7.8 mm h
−1

 of precipitation. The most intense drop in Naer is 

seen to occur during and after the precipitation events, with the aerosol concentrations dropping to 

less than 200 cm
−3

 (100 cm
−3) at WOP (WFJ). This is not the case for the last event, where a big <spike= 

of Naer is observed before the precipitation event in the WOP time series, which is in contrast with the 

concurrent sharp decrease in Naer (< 20 cm
−3

) observed at WFJ. This could be an indication of a local 

source affecting the Naer recorded in the valley. During dry weather conditions, we can notice again 

the aerosol time series correlating during the afternoon and anticorrelating later in the evening and 

early morning hours. On 3 March, a steep increase in Naer is seen in the WFJ time series reaching up 

to ∼4000 cm
−3

, which is followed by a period of several hours with low hygroscopicity values (» < 0.2) 

indicating once more the influence of freshly emitted particles arriving at WFJ from the BL of lower 

altitudes. Additionally, between 1 and 8 March, the diurnal cycle of particle hygroscopicity is less 

pronounced compared to the period between 24 and 28 February. Especially on 1 and 7 March, less 

hygroscopic aerosols (» < 0.1) – hence less effective CCN particles – are found at WFJ (Figure 2.2). This 

is likely from either precipitation removing aerosol particles through diffusive and impaction processes 

or the removal of aerosol particles that first activate and then are removed by precipitation. Also, 
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because Naer drops, fresh local emissions become more important, further justifying the predominance 

of low » values. 

 

 

Figure 2.3 Time series of in situ CCN number concentrations (cm
−3

) at WFJ for different levels of 

supersaturation (SS) with respect to water between 24 February and 8 March 2019. 

 

Figure 2.3 presents the CCN number concentration time series measured at ambient conditions at WFJ 

for all six supersaturations. Throughout the two-week measurement period the recorded CCN number 

concentrations do not seem to follow a clear temporal pattern. The absence of a diurnal cycle in CCN 

properties measured at Jungfraujoch during winter was also pointed out in the study by Jur·nyi et al. 

(2011) because the site is mainly in free tropospheric conditions during most of the winter. According 

to Figure 2.3, the observed CCN concentrations tend to be low (∼10
2
 cm

−3
) even at the highest SS 

(0.74%), which is expected given that WFJ is a remote continental measurement site with CCN 

concentrations that are typical of free tropospheric continental air (Fanourgakis et al., 2019; Hoyle et 

al., 2016; Jur·nyi et al., 2010, 2011). This is again in line with the measured monthly median values of 

CCN (at SS=0.71%) reported by Jur·nyi et al. (2011) being equal to 79.1 and 143.4 cm
−3

 for February 

and March 2009, respectively. Some local CCN spikes are, however, recorded during the evening of 28 

February and at the beginning of March (e.g., on 2, 4 and 6 March), with the observed values of CCN 

reaching up to 650 cm
−3

 at SS=0.09% (lowest SS) and 1361 cm
−3

 at SS=0.74% (highest SS). Considering 

that WFJ is a site frequently located in the FT, sudden fluctuations in the CCN concentrations could be 

related to the vertical transport of freshly emitted particles (e.g., wood burning or vehicle emissions) 

from the valley floor in Davos. It is also worth noting that some aerosol spikes observed on the 3 March 

(∼3350 cm
−3

) and the 5 March (∼2100 cm
−3

) in the WFJ time series (Figure 2.2) are not accompanied 

by a corresponding peak in the CCN time series. This indicates the presence of small aerosol particles 

that activate above 0.74% supersaturation (i.e., particles with a diameter smaller than ∼25 nm). This 
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case could also be associated with new particle formation (NPF) events. A previous study by Herrmann 

et al. (2015) reported the aerosol number size distribution at Jungfraujoch over a 6-year period 

indicating that NPF was observed during 14.5% of the time without a seasonal preference. Trˆstl et al. 

(2016) also showed that NPF significantly adds to the total aerosol concentration at Jungfraujoch and 

is favored only under perturbed FT conditions (i.e., BL injections). Finally, during the three intense 

precipitation events (on 1, 4 and 7 March) we can identify again that the wet removal of the more 

hygroscopic aerosols (Figure 2.2) suppresses the presence of cloud-activating particles, at times 

depleting the atmosphere almost completely from CCN (Figure 2.3). This is clearly shown on 1 and 7 

March, when the CCN number measured at 0.74% supersaturation drops below 10 cm
−3

, which is 

extremely low for BL concentrations. 

The aerosol hygroscopicity parameter derived from all CCN data collected between 24 February and 

8 March is presented in Figure 2.4a. The red solid line represents the hourly averaged hygroscopicity 

values over one complete instrument supersaturation cycle. The hygroscopic properties of the 

particles at WFJ vary as a function of supersaturation, exhibiting on average lower values (∼0.1) at 

high SS and higher values (∼0.3) at the lower SS. Since the supersaturation inversely depends on 

particle size, Figure 2.4a indicates that the hygroscopicity of the particles drops by almost 60% as the 

particles are getting smaller (i.e., as the supersaturation increases). Table 2.2 summarizes the mean 

values of » and Dcr and their standard deviations, as calculated for each measured SS. The 

anticorrelation seen between the instrument SS and Dcr is reasonable if we consider that the latter 

represents the minimum activation diameter in a population of particles; therefore, only the particles 

with a Dcr > 193.54 nm are able to activate into cloud droplets at low Dcr values (0.09%). The hourly 

averaged » at each SS slot falls within a range of ∼0.2 and ∼0.3, which is a representative value of 

continental aerosols (Andreae and Rosenfeld, 2008; Rose et al., 2008). 

 

Table 2.2 Average » and Dcr values at WFJ for each SS measured between 24 February and 8 March 

2019. Uncertainty for each value is expressed by the standard deviation. 

 

The hygroscopicity parameter » along with the inferred εorg (Equation 2.2) are shown in Figure 2.4b as 

a function of particle size. Compared to smaller particles, the higher » of larger particles (> 100 nm) is 

consistent with them being more aged and with a lower fraction of organics. The smaller particles are 

possibly enriched in organic species, which is consistent with the notion that air masses in the valley 

can contain large amounts of freshly emitted BB smoke with lower ». Aerosol particles in the FT are 

considerably more aged (Seinfeld and Pandis, 2006, pp. 376–378) and exhibit higher values of » and 

consequently lower values of εorg. The chemical composition of sub-100 nm particulate matter was 

therefore presumably dominated by organic material transported from the valley, while the higher » 

SS (%) �ÿ��Ā  ���,ÿ��Ā  

0.09 0.26 ± 0.10 193.54 ± 29.58 

0.18 0.31 ± 0.13 116.80 ± 22.20 

0.28 0.25 ± 0.13 96.69 ± 21.62  

0.37 0.24 ± 0.13 82.67 ± 20.93 

0.55 0.20 ± 0.12 68.30 ± 20.95 

0.74 0.19 ± 0.11 58.11 ± 17.54 
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values characterizing the larger particles are consistent with the more aged character of free 
tropospheric aerosols (e.g., Jur·nyi et al., 2011). The higher εorg inferred for the smaller particles 
suggests that mixing between fresh emissions in the valley and the free tropospheric aerosols might 
also be taking place at WFJ. 

 

2.4.2 Droplet formation in the alpine region 

2.4.2.1 Method evaluation against direct observations 

During the RACLETS campaign, planar and dendritic ice particles were collected from supercooled 
clouds at WFJ aiming to examine their refreezing ability. A detailed description of the sampling 
methodology can be found in Mignani et al. (2019). Between 1 and 7 March, images of single dendrites 
were taken and analyzed visually for the degree of riming (Figure A4). The estimated riming degree 
varies from 1 (lightly rimed) to 4 (heavily rimed) following the categorization of Mosimann et al. 
(1994). Some representative images of each measured riming degree are shown in Figure A4b in the 
Supplement. Although images were captured intermittently, they were taken within all three intense 
precipitating events occurring during the period of interest (blue shaded areas in Figure 2.2). All 
dendrites captured were at least lightly rimed (i.e., riming degree=1), which provides direct evidence 
for the co-existence of supercooled droplets and ice in clouds. Except the indirect evidence of the 
presence of MPCs over WFJ, Figure 2.5 provides an overview of the direct microphysical 
measurements carried out by the HoloBalloon at WOP (Section 2.3.1.3). Three cloud events are 
sampled during 7 and 8 March, a more detailed description of which can be found in Ramelli et al. 
(2021a, b). The observed low-level clouds are likely produced by orographic lifting when the low-level 
flow is forced to ascent over the local topography from Klosters to WOP producing local updrafts and 
thus water supersaturated conditions. The cloud LWC measurements from the holographic imager 
display significant temporal variability that is also related to variations in the altitude of the tethered 
balloon system, as it tends to follow an adiabatic profile (Figure 2.5a, b). Deviations from the adiabatic 
LWC profile are likely caused by entrainment of dry air within the low-level clouds. During the mixed-
phase conditions recorded on 8 March (Figure 2.5b), such deviations could also be attributed to the 
depletion of Nd through riming and depositional growth. These two processes are frequently found to 
enhance orographic precipitation in feeder clouds. Indeed, a large fraction of rimed ice particles and 
graupel were observed that day with HOLIMO between 17:00 and 17:40 UTC (Ramelli et al., 2021b). 
Throughout the two-day dataset presented in Figure 2.5, the HoloBalloon system samples at altitudes 
lower than 300 m AGL, providing observations that are representative of BL conditions. 
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Figure 2.4 (a) Time series of the hygroscopicity parameter » at WFJ at different levels of SS (0.09 %–
0.74 %) throughout the period of interest. The red solid line indicates the hourly averaged » time series 
over a complete SS cycle. (b) Size-resolved aerosol hygroscopicity (blue squares) and the respective 
εorg (orange triangles) calculated for the WFJ site. 

 

 

Figure 2.5 Time series of 7 March (a, c, e) and 8 March (b, d, f) showing the vertical profiles of the LWC 
(g m−3) in panels (a) and (b), the filtered (black lines) and the 2 min averaged (cyan circles) Nd (cm−3) 
measured at WOP with the HoloBalloon platform in panels (c) and (d), and the corresponding SMPS 
aerosol concentrations (cm−3) (orange line) and the hourly wind lidar derived Ãw values (m s−1) (black 
line) in panels (e) and (f). Error bars represent the standard deviation of Nd during the averaging 
period. 
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The observed Nd time series collected at WOP are illustrated in Figure 2.5c and d. The measurements 
corresponding to LWC < 0.05 gm−3 are filtered out from the analysis, assuming that they do not 
effectively capture in-cloud conditions. A similar criterion for LWC was also applied in Lloyd et al. 
(2015) to determine the periods when clouds were present over the alpine station of Jungfraujoch. 
Since the measured cloud properties have finer resolution (10–20 s) than the predicted ones, the 
observed dataset is averaged every 2 min. On 7 March, the balloon-borne measurements were taken 
in a post-frontal air mass (i.e., passage of a cold front in the morning) and indicated the formation of 
two low-level liquid layers (Figure 2.5c) over WOP, which is attributed to low-level flow blocking 
(Ramelli et al., 2021a). Note that small droplets (< 6 µm) cannot be detected by HOLIMO (Section 
2.3.1.3) and therefore the reported Nd should be considered a lower estimate. However, the influence 
of small cloud droplets on the reported LWC is minor, since the contribution of the larger cloud 
droplets dominates. During the first cloud event, an Nd of up to ∼100 cm−3 was recorded, while slightly 
increased Nd in the range of ∼50–120 cm−3 is visible during the second cloud event. On 8 March, a 
small-scale disturbance passed the measurement location Davos, which brought precipitation (Ramelli 
et al., 2021b). During the passage of the cloud system, the in situ measurements collected at WOP 
revealed the presence of a persistent low-level feeder cloud confined to the lowest 300 m of the cloud. 
The mixed-phase low-level cloud that is shown in Figure 2.5d turned into an ice-dominated low-level 
cloud after 18:00 UTC (not shown). Throughout this event, Nd seems to range between ∼100– 350 
cm−3 (Figure 2.5d), while the observed ICNC was in the range of ∼1–4 L−1 (see Figure 2.6b in Ramelli et 
al., 2021b). 

According to Figure 2.5e and f, low Naer (<103 cm−3) and highly variable Ãw values (∼4 times higher Ãw 
after 17:00 UTC) are representative of the period throughout which the first cloud formed, while up 
to 4 times higher Naer is observed during the following two cloud events, with relatively low Ãw values 
characterizing the second cloud compared to the third one. On 8 March, the disdrometer recorded 
rainfall over WOP, starting a few minutes after the development of the observed cloud system, which 
is reflected in the removal of updraft velocity measurements after 16:15 UTC (Figure 2.5f). Note that 
the concentration measurements presented in Figure 2.5 correspond to ambient temperature and 
pressure conditions. The contrasted aerosol and vertical velocity regimes, in which the observed 
clouds are formed, offer a great opportunity to test how the proposed methodology performs under 
a wide range of aerosol and velocity conditions. Indeed, the mean cloud droplet diameters exhibit a 
wide range of values, which for WOP range between 10 and 17 µm on 7 March and 8 to 12µm on 8 
March (not shown). 

The Nd closure performed for the three cloud events observed over WOP during the last two days of 
the period of interest is presented in Figure 2.6. Note that the predicted Nd is evaluated using the 
updraft velocity PDF calculated for each cloud period, rather than the hourly Ãw data shown in Figure 
2.5e and 5f (Section 2.3.3). Owing to the precipitation occurrence during 8 March, we focused on the 
15 min time period between 16:00 and 16:15 UTC to determine a relevant updraft velocity from the 
wind lidar measurements representative of Cloud 3. The Gaussian fit to the updraft velocities gave a 
distribution with Ãw = 0.24 and 0.16 m s−1 for the first two clouds present on 7 March and Ãw = 0.37 
ms−1 for the cloud system observed on 8 March. The w∗ values used to apply the droplet 
parameterization are therefore between 0.1–0.4ms−1 (Section 2.3.3). Figure 2.6 indicates that the 
parameterization predictions agree to within 25% with the in situ cloud droplet number 
concentrations. A similar degree of closure is frequently obtained for other in situ studies (Fountoukis 
et al., 2007; Kacarab et al., 2020; Meskhidze et al., 2005; Morales Betancourt et al., 2011); however, 
these focused on liquid-phase clouds. Here we show that the methodology can also work for MPCs 
(i.e., Cloud 3 in Figure 2.6). It is important to note here that part of the discrepancy between prediction 
and measurement could also be related to the underestimation of the measured Nd (Section 2.3.1.3). 
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Hence, an even better degree of closure is likely. Also, the derived Ãw value used to calculate the 
predicted Nd for Cloud 1 might be biased low by the lower Ãw values recorded before 17:00 UTC (Figure 
2.5e). Nevertheless, the updraft averaging used in the droplet closure study corresponds to the 
measured Nd averaging time period and, therefore, we do not expect the degree of closure to be 
affected. 

 

 

Figure 2.6 Comparison between average predicted Nd (cm−3) with the droplet activation 
parameterization and observed Nd (cm−3) during the three cloud events on 7 March (blue and cyan 
circles) and 8 March (orange circles) 2019. For all three cloud events, droplet closure is performed 
assuming a » parameter of 0.1 (filled circles) and 0.25 (empty circles). The error bars represent the 
standard deviation of Nd during each cloud event. 

 

The good agreement between measurements and predictions – even under mixed-phase conditions 
– reveals that processes like condensation freezing and the removal of cloud droplets through riming 
and collision coalescence do not disturb the Smax and hence the Nd predicted by the parameterization, 
at least for the given clouds. That said, it is known that pre-existing liquid and ice hydrometeors falling 
to the activation region of clouds can deplete the supersaturation affecting the number of the 
activated droplets; such supersaturation depletion effects can be included in the droplet activation 
parameterization (Barahona et al., 2014; Sud et al., 2013) if needed. Furthermore, the 
parameterization predictions indicate that the best fit is achieved using a » of ∼0.1 (Figure 2.6). Naer 
at WOP is likely dominated by lower » values, indicating that the particles are getting richer in organic 
material, compared to WFJ, which supports the aerosol analysis carried out in Section 2.4.1. These 
results are robust, indicating that for non-precipitating BL clouds the proposed calculation method 
captures cloud droplet formation at WOP and WFJ. 
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2.4.2.2 Potential droplet formation at WOP and WFJ 

According to the methodology proposed in Section 2.3.3, using the in situ measured Naer, the 
estimated chemical composition, and the observed updraft velocity range, we determine the potential 
Nd and Smax that would form over both measurement sites. At WOP, clouds are formed locally due to 
the local topography (Ramelli et al., 2021a, b), supporting the use of surface measured aerosol to 
estimate the potential Nd over this site. This is further supported by the good agreement between 
predicted and measured Nd (Section 2.4.2.1). A similar closure study could not be repeated for WFJ 
owing to a lack of in situ data; however, the air masses sampled (i.e., those given as input to the 
parameterization) are often in the FT, so they should contain the same aerosol as the one used to 
form the clouds. This does not apply under perturbed FT conditions, which are, however, accompanied 
by the presence of less hygroscopic particles over the mountain-top site and are less likely related to 
cloud formation (Section 3.4.1). Here we assume a » of 0.25 to calculate the potential droplets for WFJ 
according to our CCN-derived hygroscopicity values (Table 2.2) and given that Smax usually ranges 
between ∼0.1%– 0.3%. In estimating the potential droplets for WOP, we use a » of 0.1 given that the 
aerosol is likely strongly enriched in organics; the good degree of closure supports its selection 
(Section 2.4.2.1). Figure 2.7 depicts the potential Nd and the corresponding Smax time series calculated 
at ambient conditions for WOP (orange dots) and WFJ (blue dots) using cloud updraft velocities that 
are indicative of the observed Ãw range (Section 2.4.2.4), namely 0.1, 0.3, 0.6, and 0.9 m s−1. The same 
behavior is seen for all four Ãw values selected while, as expected, larger values of Nd and Smax are 
achieved at higher Ãw. During the first days of the period of interest, the calculated Nd at WOP (Figure 
2.7a, c, e, g) is up to 10 times larger than at WFJ, despite the lower » values characterizing its aerosol 
population. WFJ tends to have lower Nd due to the lower Naer recorded. It is also important to highlight 
the anticorrelation between Smax and Nd values arising from the nonlinear response of droplet number 
and maximum cloud parcel supersaturation to fluctuations in the available aerosol and CCN 
concentrations (Bougiatioti et al., 2016; Kalkavouras et al., 2019; Reutter et al., 2009). Higher Naer 
elevates the potential Nd values. The available condensable water is then shared among more growing 
droplets, depleting the supersaturation. Even more interesting is the fact that until 28 February the 
calculated Nd time series at WOP show a pronounced diurnal cycle, similar to the total Naer time series 
(Section 2.4.1). Lower Nd values are visible after midnight, presumably due to a paucity of BB activities 
in the valley. Droplet concentrations at WFJ do not follow a diurnal pattern in contrast to the aerosol 
data (Figure 2.1a). However, the activation fraction (i.e., Nd/Naer) at WFJ displays a clear diurnal 
variability until the end of February (Figure A5). 

Through comparison with the MeteoSwiss precipitation measurements at WFJ (Figure 2.2), it should 
be emphasized again that during the second sub-period of interest the occurrence of precipitation is 
followed by a depression in Nd (Figure 2.7a, c, e, g) and a concurrent increase in Smax reaching up to 
∼1% (Figure 2.7b, d, f, h). Especially at WFJ, Nd drops almost to zero on 1, 4, and 7 March, when 
precipitation is most intense (blue shaded areas in Figures 2.2 and 2.7). These trends are related to 
the washout of hygroscopic material observed at WFJ (Figure 2.2) leading to the extremely low CCN 
concentrations (∼10 cm−3) measured during these 3d (Figure 2.3). During the first two intense 
precipitation events, the Naer is relatively high compared to the third event, with concentrations 
reaching up to ∼300 cm−3 at both stations (Figure 2.2). The small activation fraction (Figure A5) 
combined with the high Smax values indicate once more that small particles that activate into cloud 
droplets only above 0.3% to 0.5% of supersaturation are present at both stations. However, this 
behavior is not seen on 7 March at WFJ. 
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Figure 2.7 Calculated time series of Nd (cm
−3

) (left panels) and Smax (%) (right panels) for updraft 

velocities of Ãw=0.1 m s−1
 in panels (a) and (b), 0.3 m s−1

 in panels (c) and (d), 0.6 m s−1
 in panels (e) and 

(f), and 0.9 m s−1
 in panels (g) and (h) during the period of interest at WOP (orange dots) and WFJ (blue 

dots). The blue shaded areas represent the intense precipitating periods shown in Figure 2.2. 

 

2.4.2.3 Droplet behavior under velocity-limited conditions 

Combining the potential Nd and the corresponding Smax with the Naer data yields important information 

on whether clouds are sensitive to vertical velocity or aerosol changes. Cloud studies (e.g., Ghan et al., 

1998; Jensen & Charlson, 1984; Nenes et al., 2001; Reutter et al., 2009; Twomey, 1993) have long 

recognized the role of water vapor competition on droplet formation, while the success of mechanistic 

parameterizations for climate models relies on the ability to capture this effect accurately (e.g., Ghan 

et al., 2011; Morales Betancourt & Nenes, 2014). Twomey (1993) discusses this conceptually and 

states that competition may be fierce enough to reduce Nd with increasing Naer, which was later 

demonstrated by Ghan et al. (1998) to occur for mixtures of sulfate aerosol and sea spray. Reutter et 

al. (2009) did not focus on such extreme conditions of water vapor competition, but rather situations 

that are consistent with dominance of anthropogenic pollution in clouds. Indeed, for high Naer, 

droplets in clouds become insensitive to aerosol perturbations, giving rise to the so-called <velocity-

limited cloud formation=. Figure 2.8 displays this by presenting the response of the calculated Nd to 

changes in Naer for a representative range of updraft velocities prevailing over WOP (top panels) and 

WFJ (bottom panels). The data are colored by the respective Smax achieved in cloudy updrafts. For low 

Ãw values (Figure 2.8a, d) we can identify that above an Naer of ∼300 cm
−3

, the Nd at both stations 

reaches a plateau where it becomes insensitive to further aerosol changes. At WFJ, the same behavior 

is seen for intermediate Ãw values and Naer 1000 cm
−3

 (Figure 2.8f). Kacarab et al. (2020) and Bougiatioti 

et al. (2020) examined a wide range of ambient size distributions and proposed that clouds became 

velocity limited when Smax dropped below 0.1%. This reflects the increasingly fierce competition for 

water vapor during droplet formation, which allows only a few particles to activate into cloud droplets. 

Building upon these findings, we used the calculated Smax as an indicator for aerosol- or velocity-limited 

conditions prevailing over the Alps. The horizontal dashed lines plotted in Figure 2.8a, e, and f illustrate 

a plateau, where Smax <0.1% and the modulation of the Nd is driven mostly by the cloud dynamics, 



Chapter 2: Droplet formation in orographic mixed-phase clouds 

 

39 

 

hence the updraft velocity variability, rather than aerosol variations. This plateau is termed the limiting 

droplet number (Ăþ
ýÿþ

), following Kacarab et al. (2020), and is essentially the maximum Nd that can be 

formed under these vertical velocity conditions. The vertical-velocity regime is therefore strictly 

defined as whenever Smax drops below 0.1% and Nd approaches Ăþ
ýÿþ

. Conversely, when Smax in clouds 

exceeds 0.1%, droplet formation in the BL of both measurement sites is in the aerosol-limited regime, 

as the Smax is high enough for clouds to be responsive to aerosol changes. 

 

 

Figure 2.8 In situ Nd (cm
−3

) vs. Naer (cm
−3

) for updraft velocities of Ãw=0.1 m s−1
 in panels (a) and (e), 

0.3 m s−1
 in panels (b) and (f), 0.6 m s−1

 in panels (c) and (g), and 0.9 m s−1
 in panels (d) and (h) during 

the period of interest at WOP (top panels) and WFJ (bottom panels). Data are colored by Smax (%). 

 

An alternative way of examining the Ăþ
ýÿþ

 response to changes in Ãw is shown in Figure 2.9. It should 

be noted that the Ăþ
ýÿþ

 values shown on this figure are determined by calculating the averaged Nd 

achieved whenever Smax <0.1% for each examined Ãw value. At WOP, droplet formation is in the 

velocity-limited regime only for low Ãw values, namely 0.1 and 0.2 m s
−1

, when the activated particles 

have more time to deplete the gas phase and the Smax reached is that required to activate only the 

largest particles. At WFJ the prevailing dynamics create velocity-limited conditions even for more 

turbulent boundary layers when Ãw reaches up to 0.5 m s
−1

. Ăþ
ýÿþ

 (cm
−3

) is linearly correlated with Ãw 

(m s
−1

), which can be described as Ăþ
ýÿþ = 1137.9 �� 2 17.1 (Figure 2.9). As a result, doubling σw 

from 0.1 to 0.2 m s
−1

 increases Ăþ
ýÿþ

 by ∼60% for both sites, while transitioning from 0.2 to 0.4 m s
−1

 

further increases Ăþ
ýÿþ

 by ∼45% and finally an additional ∼20% increase in Ăþ
ýÿþ

 occurs for WFJ for 

the 0.4–0.5 m s
−1

 velocity range. Remarkable agreement is seen for corresponding trends between 

Ăþ
ýÿþ

 and Ãw calculated for marine Stratocumulus clouds formed under extensive BB aerosol plumes 

over the Southeast Atlantic (SEA) Ocean (Kacarab et al., 2020), along with BL clouds formed in the 

Southeast United States (SEUS) (Bougiatioti et al., 2020). Both studies have followed the same 

probabilistic approach for computing Nd as the one followed here. This realization is important as it 

implies that for regions where velocitylimited conditions are expected (i.e., under particularly high 

particle loads), Nd ∼ Ăþ
ýÿþ

 and the Ăþ
ýÿþ– Ãw relationship can be used to diagnose Ãw from retrievals of 
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droplet number for virtually any type of BL cloud using a number of established methods (e.g., 

Grosvenor et al., 2018; Snider et al., 2017). 

 

 

Figure 2.9 Ăþýÿþ(cm
−3

) against Ãw (m s−1
) calculated when velocity-limited conditions are met at WOP 

(orange circles) and WFJ (blue circles) throughout the period of interest. Superimposed are the 

corresponding values calculated for clouds forming over the SEA Ocean (rhombuses) and over the 

SEUS (asterisks). 

 

2.4.2.4 Ãw and observed Nd determine if droplet formation is aerosol or velocity limited 

Observations of Nd when compared against Ăþýÿþ can potentially be used to deduce if droplet 

formation is velocity or aerosol limited. This is important because it indicates whether aerosol 

fluctuations are expected to result in substantial Nd responses in clouds. The strong correlation 

between Ãw and Ăþýÿþ enables this comparison. From the Ãw time series together with the linear Ăþýÿþ– 
Ãw relationship (Section 2.4.2.3; Figure 2.9) we obtain estimates of Ăþýÿþ for both measurement 

stations (black dashed line in Figure 2.10a, b) and the ratio Ăþ Ăþýÿþ⁄  (magenta dotted lines in Figure 

2.10a, b). The Nd time series calculated for WOP tend to be approximately one third of Ăþýÿþ for most 

of the observational period (colored circles in Figure 2.10a, b), while for WFJ the same ratio is even 

lower (∼1/4). Focusing on the relatively short periods when Smax values drop below 0.1%, we estimate 

that droplet formation over both measurement sites enters a velocity-limited regime when the ratio 

Ăþ Ăþýÿþ⁄  exceeds a critical value of 0.65, with the most prevalent value being at ∼0.9 (Figure A6). 

Throughout the period of interest, velocity-limited conditions are met at WOP (WFJ) with a frequency 

of ∼0.5% (∼2.5%) of the total time, again reflecting the sensitivity of droplet formation to aerosol 

fluctuations. During nighttime, however, when lower Ãw values (∼0.1 m s
−1

) are recorded at WOP 

(Figure 2.10c), we can observe some short periods characterized by intermediate to high Naer (>1000 

cm
−3

) when the ratio Ăþ Ăþýÿþ⁄  exceeds ∼0.65, indicating that droplet variability is driven by updraft 

velocity. The Ãw values calculated at WFJ do not display a clear temporal pattern (Figure 2.10d) but 
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are generally higher than those recorded at the valley site. This is expected considering the steepness 

of the topography than can cause updraft velocities to be higher, especially for air masses approaching 

the site from the northeasterly directions. Over the high mountain-top site, cloud formation is in the 

velocity-limited regime (i.e.,  0.65) under high Naer (∼1500 cm
−3

) and higher Ãw conditions (∼0.8 ms
−1

). 

These conditions can be created when polluted air masses from the valley site are vertically 

transported to WFJ. 

 

 

Figure 2.10 Time series of potential Nd (cm
−3

) (circles colored by Naer) along with Ăþýÿþ (cm
-3

) (black 

dashed line) and the ratio between those two (i.e., Ăþ Ăþýÿþ⁄ ) (magenta dotted line), together with 

the timeseries of the calculated Ãw (m s
-1

) (circles colored by Naer), as estimated for WOP (a, c) and WFJ 

(b, d). 

 

2.5 Summary and conclusions 

The current study focuses on the aerosol–CCN–cloud droplet interplay in alpine clouds sampled during 

the RACLETS field campaign over a two-week period of measurements conducted in the valley (WOP) 

and at the mountain-top station (WFJ). Our main objective was to investigate the drivers of droplet 

formation in MPCs formed in the region and understand in which situations Nd is sensitive to aerosol 

perturbations. 

Overall, lower Naer was systematically recorded at WFJ, indicating that the site is influenced by FT 

conditions. Deviations from this behavior are observed during fair weather conditions, when injections 

from the BL of lower altitudes can cause up to an order of magnitude elevation in the Naer measured 

at WFJ. Combining the particle size distribution and CCN number concentration measured at WFJ, the 

average hygroscopicity parameter » is about 0.25, consistent with expectations for continental 

aerosol. The size-dependent » reveals that accumulation mode particles are more hygroscopic than 

the smaller ones, which we attribute to an enrichment in organic material associated with primary 

emissions in the valley. The hygroscopicity of the particles at WFJ exhibit variations until February 28, 



Chapter 2: Droplet formation in orographic mixed-phase clouds 

 

42 

 

which could reflect BL injections from the valley. Precipitation events occurring between 1 and 8 

March efficiently decrease Naer, sometimes leaving some less hygroscopic particles. 

Wind lidar products collected at WOP constrain the PDF of updraft velocities, which combined with 

observed size distributions and hygroscopicity can be used to calculate the Nd in clouds. We show 

predictions to agree within 25% with the limited observations of Nd available. While this degree of 

closure has been achieved in past studies for liquid-phase clouds, it has not been done at temperatures 

below freezing and with clouds containing ice, as has been done here. 

Combining the potential Nd and the corresponding Smax with the aerosol size distribution data we 

sought to identify regimes where the clouds formed are aerosol or velocity limited. We found that 

when sufficient aerosol is present to decrease Smax below 0.1%, alpine clouds become velocity limited 

with the Nd reaching an upper limit, Ăþýÿþ∼150–550cm
−3

, that depends on Ãw. Velocity-limited 

conditions occur when Ăþ Ăþýÿþ⁄  is above 0.65. Based on this understanding, we deduce that droplet 

formation throughout the period of interest appears most of the time to be aerosol limited. More 

specifically, at the WOP valley site, clouds become sensitive to updraft velocity variations only during 

nighttime, when the BL turbulence is low. Conversely, velocity-limited conditions are encountered at 

WFJ during periods characterized by elevated aerosol and CCN concentrations (> 10
3
 cm

−3
) and higher 

Ãw values (∼0.8 m s
−1

). Although variations in vertical velocity have not always been found to be the 

strongest factor influencing the cloud microphysical characteristics, correct consideration of updraft 

velocity fluctuations is crucial to fully understand the drivers of droplet formation and the role of 

aerosols as a driver of Nd variability. 

Interestingly, we find that the same linear relationship between Ăþýÿþ and Ãw that describes the droplet 

formation during RACLETS holds for warm boundary layer clouds formed in the SEUS (Bougiatioti et 

al., 2020) and in the SEA Ocean (Kacarab et al., 2020). This implies that the Ăþýÿþ– Ãw relationship may 

be universal, given the wide range of cloud formation conditions it represents. If so, measurements 

(or remote sensing) of Nd and vertical velocity distribution alone may be used to determine if cloud 

droplet formation is susceptible to aerosol variations or solely driven by vertical velocity – without any 

additional aerosol information. 

Approaching velocity-limited conditions also carries important implications for ice-formation 

processes in MPCs, as high Nd means that droplet size and the probability of riming becomes minimum. 

Indeed, Lance et al. (2011) saw that the concentration of large droplets exceeding 30 µm diameter – 

critical for rime splintering or droplet shattering to occur – drops considerably for polluted arctic MPCs 

with LWC ∼ 0.2 g m
−3

 and Nd ∼ 300–400 cm
−3

. Assuming that these levels of Nd reflects Ăþýÿþ, the 

corresponding Ãw is 0.3–0.35 ms
−1

 (Figure 2.9), which is characteristic for arctic stratus. The same 

phenomenon can also occur in the alpine clouds studied here, given that velocity-limited conditions 

(Ăþ Ăþýÿþ⁄  > 0.65) occur especially during nighttime (Figure 2.10). Therefore, observations of Nd and 

vertical velocity distribution (i.e., Ăþýÿþ) may possibly be used to determine if SIP from rime splintering 

and droplet shattering is impeded and, if they occur frequently enough, may help explain the existence 

of persistent MPCs.
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3. Secondary ice production processes in 
wintertime alpine mixed-phase clouds 

 

In this chapter, the focus is on examining the role of secondary ice production in orographic 
mixed-phase clouds, as observed during the CLACE2014 campaign at the high-altitude 
station of Jungfraujoch in Switzerland. The analysis primarily involves numerical modeling, 
evaluated against in-situ ground-based observations. The text is derived from the postprint 
version of the article: 

• Georgakaki, P., Sotiropoulou, G., Vignon, …., Billault-Roux, A.-C., Berne, A., and 
Nenes, A. (2022): Secondary ice production processes in wintertime alpine mixed-
phase clouds, Atmospheric Chemistry and Physics, 22, 1965–1988, doi: 10.5194/acp-
22-1965-2022. 

Paraskevi Georgakaki implemented the droplet-shattering parameterizations with input 
from Georgia Sotiropoulou, conducted the numerical simulations, analyzed the results, and 
together with Athanasios Nenes wrote the main paper. Georgia Sotiropoulou provided the 
updated microphysics scheme with the detailed collisional break-up parameterizations. 
…tienne Vignon helped with the WRF configuration and set-up. Alexis Berne and Anne-Claire 
Billault-Roux provided the processed radar data and created Figure B6. Athanasios Nenes 
organized the research project and supervised the progress. All authors contributed to the 
scientific interpretation and writing of the paper. 

 

3.1 Summary 

Observations of orographic mixed-phase clouds (MPCs) have long shown that measured ice 
crystal number concentrations (ICNCs) can exceed the concentration of ice nucleating 
particles by orders of magnitude. Additionally, model simulations of alpine clouds are 
frequently found to underestimate the amount of ice compared with observations. Surface-
based blowing snow, hoar frost, and secondary ice production processes have been 
suggested as potential causes, but their relative importance and persistence remains highly 
uncertain. Here we study ice production mechanisms in wintertime orographic MPCs 
observed during the Cloud and Aerosol Characterization Experiment (CLACE) 2014 campaign 
at the Jungfraujoch site in the Swiss Alps with the Weather Research and Forecasting model 
(WRF). Simulations suggest that droplet shattering is not a significant source of ice crystals 
at this specific location, but breakups upon collisions between ice particles are quite active, 
elevating the predicted ICNCs by up to 3 orders of magnitude, which is consistent with 
observations. The initiation of the ice–ice collisional breakup mechanism is primarily 
associated with the occurrence of seeder–feeder events from higher precipitating cloud 
layers. The enhanced aggregation of snowflakes is found to drive secondary ice formation in 
the simulated clouds, the role of which is strengthened when the large hydrometeors  
interact with the primary ice crystals formed in the feeder cloud. Including a constant source 
of cloud ice crystals from blowing snow, through the action of the breakup mechanism, can 
episodically enhance ICNCs. Increases in secondary ice fragment generation can be  

https://doi.org/10.5194/acp-22-1965-2022
https://doi.org/10.5194/acp-22-1965-2022
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counterbalanced by enhanced orographic precipitation, which seems to prevent explosive 
multiplication and cloud dissipation. These findings highlight the importance of secondary ice and 
seeding mechanisms – primarily falling ice from above and, to a lesser degree, blowing ice from the 
surface – which frequently enhance primary ice and determine the phase state and properties of 
MPCs. 

 

3.2 Introduction 

Understanding orographic precipitation is one of the most critical aspects of weather forecasting in 
mountainous regions (Chow et al., 2013; Roe, 2005; Rotunno & Houze, 2007). Orographic clouds are 
often mixed-phase clouds (MPCs), containing simultaneously supercooled liquid water droplets and 
ice crystals (Henneberg et al., 2017; Lloyd et al., 2015; Lohmann et al., 2016). MPCs are persistent in 
complex mountainous terrain, because the high updraft velocity conditions generate supercooled 
liquid droplets faster than can be depleted by ice production mechanisms (Korolev et al., 2003; 
Lohmann et al., 2016). In mid- and high-latitude environments almost all precipitation originates from 
the ice phase (Field & Heymsfield, 2015; M¸lmenst‰dt et al., 2015), emphasizing the necessity of 
correctly simulating the amount and distribution of both liquid water and ice (i.e., the liquid-ice phase 
partitioning) in MPCs (Korolev et al., 2017).  

Our understanding of MPCs remains incomplete, owing to the numerous and highly nonlinear cloud 
microphysical pathways driving their properties and evolution evolution (Morrison et al., 2012). MPCs 
tend to glaciate over time through the Wegener–Bergeron–Findeisen (WBF) process, which is the 
rapid ice crystal growth at the expense of the surrounding evaporating cloud droplets (Bergeron, 1935; 
Findeisen, 1938). Ice crystals falling from a high-level seeder cloud into a lower-level cloud (external 
seeder–feeder event) or a lower lying part of the same cloud (in-cloud seeder–feeder event) can 
trigger cloud glaciation and enhance precipitation over mountains (e.g., Mott et al., 2014; Purdy et al., 
2005; Ramelli et al., 2021a; Reinking et al., 2000; Roe, 2005). Analysis of satellite remote sensing over 
the 11-year period, between April 2006 and October 2017, suggests that seeding events are 
widespread over Switzerland, occurring with a frequency of 31% of the total observations in which 
cirrus clouds seed lower mixed-phase cloud layers (Proske et al., 2021). 

Primary ice formation in MPCs is catalyzed by the action of ice nucleating particles (INPs) (e.g., Hoose 
& Mˆhler, 2012; Kanji et al., 2017). However, in-situ observations of MPCs in orographic environments 
regularly reveal that measured ice crystal number concentrations (ICNCs) are several orders of 
magnitude more abundant than INPs (Beck et al., 2018; Geerts et al., 2015; Lloyd, et al., 2015; 
Lowenthal et al., 2019; Mignani et al., 2019; Rogers & Vali, 1987). Model simulations of alpine MPCs 
frequently fail to reproduce the elevated ICNCs dictated by observations (Dedekind et al., 2021; 
Farrington et al., 2016; Henneberg et al., 2017). 

The inability of primary ice to reproduce the observed ICNCs in orographic MPCs has often been 
attributed to the influence of surface processes including lofting of snowflakes (i.e., <blowing snow=; 
(Geerts et al., 2015; Rogers & Vali, 1987), detachment of surface hoar frost (Lloyd et al., 2015), 
turbulence near the mountain surface or convergence of ice particles due to orographic lifting (Beck 
et al., 2018) and riming on snow-covered surfaces (Rogers & Vali, 1987). The impact of blowing snow 
ice particles (BIPs) has been studied thoroughly, either using observations collected in mountainous 
regions (e.g., Beck et al., 2018; Lloyd et al., 2015; Lowenthal et al., 2019), remote sensing (e.g., Geerts 
et al., 2015; Rogers & Vali, 1987; Vali et al., 2012) or detailed snow-cover models (e.g., Krinner et al., 
2018; Lehning et al., 2006) coupled with atmospheric models (e.g., Sharma et al., 2023; Vionnet et al., 
2014). The extent to which BIPS can affect ICNCs in MPCs remains poorly understood.  
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In-cloud secondary ice production (SIP) – or ice multiplication – processes may also enhance ice 
production above the concentration of INPs (Field et al., 2017; Korolev & Leisner, 2020). A total of 
three mechanisms are thought to be responsible for most of the SIP. The first, known as the Hallett–
Mossop (HM) process (Hallett & Mossop, 1974), refers to the ejection of small secondary ice splinters 
after a supercooled droplet with a diameter larger than ∼25µm rimes onto a large ice particle at 
temperatures between −8 and −3 oC (Choularton et al., 1980; Heymsfield & Mossop, 1984). This SIP 
mechanism is widely implemented in atmospheric models (Beheng, 1987; Morrison et al., 2005; 
Phillips et al., 2001) but cannot, on its own, explain the enhanced ICNCs in remote environments ( 
Sotiropoulou et al., 2020; Sotiropoulou, Vignon, et al., 2021; Young et al., 2019), especially for when 
the conditions required for HM initiation are not fulfilled (e.g., Korolev et al., 2020). 

Collisional fracturing and breakup (BR) of delicate ice particles with other ice particles (Griggs & 
Choularton, 1986; Takahashi et al., 1995; Vardiman, 1978) is another important SIP mechanism. 
Several field studies in the Arctic (Rangno & Hobbs, 2001; Schwarzenboeck et al., 2009), the Alps 
(Mignani et al., 2019; Ramelli et al., 2021a) and laboratory investigations (Takahashi et al., 1995; 
Vardiman, 1978) all show the importance of BR. The latter two studies created the basis for a 
mechanistic description of BR ( Phillips et al., 2017a; Sotiropoulou et al., 2020; Sullivan, Hoose, et al., 
2018). Parameterizations of BR have recently been implemented in small-scale (Fridlind et al., 2007; 
Phillips et al., 2017a; Sotiropoulou et al., 2020; Sotiropoulou, Ickes, et al., 2021; Sullivan, Hoose, et al., 
2018; Yano & Phillips, 2011; Yano et al., 2016), mesoscale (Dedekind et al., 2021; Hoarau et al., 2018; 
Qu et al., 2020; Sotiropoulou, Vignon, et al., 2021; Sullivan, Barthlott, et al., 2018) and global climate 
models (Zhao & Liu, 2021), each with their own approach towards BR description. 

Droplet freezing and shattering (DS) is a third SIP mechanism that can produce significant amounts of 
ice crystals. It occurs when drizzle-sized drops (diameter exceeding 50 µm) come in contact with an 
ice particle or INP. A solid ice shell is initially formed around the droplet (e.g., Griggs & Choularton, 
1983), and as it thickens, it begins building up pressure that leads to a breakup in two halves, cracking, 
bubble burst, or jetting (Keinert et al., 2020). The ejection of small ice fragments may occur, the 
number of which varies considerably (James et al., 2021; Keinert et al., 2020; Kleinheins et al., 2021; 
Lauber et al., 2018). Experimentally, the fragmentation rate maximizes at temperatures between ∼ 
−10 and −15 oC (Keinert et al., 2020; Lauber et al., 2018; Leisner et al., 2014). DS can dominate in 
convective updrafts (Korolev et al., 2020; Lawson et al., 2015; Phillips et al., 2018; Qu et al., 2020). 
Remote sensing of warm Arctic MPCs suggests DS can be much more conducive to SIP than the HM 
process (Luke et al., 2021). Single-column simulations by Zhao et al. (2021) support this but are in 
contrast with small-scale modeling studies (Fu et al., 2019; Sotiropoulou et al., 2020). Mesoscale 
model simulations of winter alpine clouds formed at temperatures lower than −8 ◦C indicate that DS 
is not active (Dedekind et al., 2021), while field observations suggest the increasing efficiency of the 
mechanism at temperatures warmer than −3 oC (Lauber et al., 2021). 

Orographic ICNCs in MPCs exceeded the predicted INPs by 3 orders of magnitude, reaching up to 
∼1000 L-1 at –15 oC  during the Cloud and Aerosol Characterization Experiment (CLACE) 2014 campaign 
at the Jungfraujoch (JFJ) station in the Swiss Alps (Lloyd et al. 2015). Although the efficiency of BR and 
DS peaks at around the same temperature, Lloyd et al. (2015) did not find evidence for their 
occurrence. Instead, at periods when there was a strong correlation between horizontal wind speed 
and observed ICNC they suggested that BIPS is contributing to the latter, but could not get ICNCs to 
exceed ∼100 L-1. In the absence of such correlation, a flux of hoar frost crystals was considered 
responsible for the very high ice concentration events (ICNCs > 100 L-1), albeit without any direct 
evidence. Farrington et al. (2016) showed that the inclusion of the HM process upwind of JFJ could 
not explain the measured concentrations of ice, while the addition of a surface flux of hoar crystals 
provided the best agreement with observations. 
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Although surface-originated processes have been frequently invoked to explain the disparity between 
ICNCs and INPs, the role of SIP processes – especially the BR and the DS mechanism – has received far 
less attention and is addressed in this study. We utilize the Weather Research and Forecasting model 
(WRF) to conduct simulations of two case studies observed in winter during the CLACE 2014 campaign. 
Our primary objective is to investigate if the implementation of two SIP parameterizations that 
account for the effect of BR and DS can reduce the discrepancies between observed and simulated 
ICNCs. Additionally, we aim to identify the conditions favoring the initiation of SIP in the orographic 
terrain and explore the synergistic influence of SIP with windblown ice. 

 

3.3 Methods 

3.3.1 CLACE instrumentation 

CLACE is a long-established series of campaigns taking place for over two decades at the mountain-
top station of JFJ, located in the Bernese Alps, in Switzerland, at an altitude of ∼3580 m above sea 
level (a.s.l.) (e.g., Choularton et al., 2008). The measurement area is very complex and heterogeneous 
with distinct mountain peaks (Figure 3.1), while JFJ is covered by clouds approximately 40% of the 
time, offering an ideal location for microphysical observations (Baltensperger et al., 1998). Owing to 
the local orography surrounding the site, the wind flow is constrained to two directions (Ketterer et 
al., 2014). Under southeasterly (SE) wind conditions, air masses are lifted along the moderate slope of 
the Aletsch Glacier, whereas under northwesterly (NW) wind conditions the air is forced to rise faster 
along the steep north face of the Alps, which is associated with persistent MPCs (Lohmann et al., 
2016). A detailed description of the in-situ and remote sensing measurements taken during January 
and February 2014 as part of the CLACE 2014 campaign is provided by Lloyd et al. (2015) and Grazioli 
et al. (2015). Here we only offer a brief presentation of the datasets used in this study. 

Shadowgraphs of cloud particles were produced by the two-dimensional stereo hydrometeor 
spectrometer (2D-S; Lawson et al., 2006), part of a three-view cloud particle imager (3V-CPI) 
instrument. The 2D-S products have been used to provide information on the number concentration 
and size distribution of particles in the size range of 10-1280 μm. Following Crosier et al. (2011), the 
raw data were processed to distinguish ice crystals from droplets. Removal of artefacts from 
shattering events was also considered (Korolev et al., 2011), however analysis of the probe imagery 
(Crosier et al., 2011) along with inter-arrival time histograms did not reveal the presence of shattered 
particles, presumably because of the much lower velocity at which the 2D-S probe was aspirated (∼15 
m s-1) compared to those during aircraft deployments (Lloyd et al., 2015). An approximation of the ice 
water content (IWC) at JFJ could also be derived by the 2D-S data using the Brown and Francis (1995) 
mass-diameter relationship with an uncertainty of up to 5 times (Heymsfield et al., 2010). Additionally, 
the quantification of the liquid water content (LWC) is based on the liquid droplet size distribution 
data derived from a DMT cloud droplet probe (CDP; Lance et al., 2010) over the size range between 2 
and 50 μm. Meteorological parameters (e.g., temperature, relative humidity, wind speed and wind 
direction), were provided by MeteoSwiss and used to evaluate the model. 

 

3.3.2 WRF simulations 

WRF version 4.0.1, with augmented cloud microphysics to include the effects of additional SIP 
mechanisms (Sotiropoulou, Vignon, et al., 2021) is used for non-hydrostatic cloud-resolving 
simulations. The model has been run with three two-way nested domains (Figure 3.1), with a 
respective horizontal resolution of 12, 3, and 1km. A two-way grid nesting is generally found to 
improve the model performance in the inner domain (e.g., Harris & Durran, 2010), although the 
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sensitivity of the results to the applied nesting technique has been shown to be negligible (not shown). 

The parent domain consists of 148148 grid points centered over the JFJ station (46.55N, 7.98E; 

shown as a black dot in Figure 3.1), while the second and the third domain include 241241 and 

304304 grids, respectively. The Lambert conformal projection is applied to all three domains, as it is 

well suited to mid-latitudes. Here we adapted the so-called refined vertical grid spacing proposed by 

Vignon et al. (2021), using 100 vertical eta levels up to a model top of 50hPa (i.e., ∼20km). This setup 

provides a refined vertical resolution of ∼100m up to mid-troposphere at the expense of the coarsely 

resolved stratosphere. To investigate the dynamical influence on the development of MPCs under the 

two distinct wind regimes prevailing at JFJ (Section 3.3.1), we simulate two case studies, starting on 

25 and 29 January 2014, 00:00UTC, respectively. Both case studies are associated with the passage of 

frontal systems over the region of interest, approaching the alpine slopes either from the NW (cold 

front) or the SE (warm front) direction, as shown by the vertically integrated condensed water content 

(ICWC; sum of cloud droplets, rain, cloud ice, snow, and graupel) in Figure 3.1. For both cases, the 

simulation covers a 3d period, with the first 24h being considered sufficient time for the spin-up. A 

27s time step was used in the parent domain and goes down to 9s in the second domain and 3s in the 

third domain. Note that achieving such small time steps in the innermost domain is essential to ensure 

numerical stability in non-hydrostatic simulations over a region with complex orography such as 

around JFJ. 

 

 

Figure 3.1 Map of synoptic conditions around JFJ station at (a) 00:00 UTC, 26 January 2014, and (b) 
00:00 UTC, 30 January 2014, from the control simulation (12 km resolution domain). The purple (blue) 
contours show the 500 hPa geopotential height in meters (the terrain heights in meters). The color 

shading shows the vertically integrated condensed water content (in kilograms per square meter; 

hereafter kg m−2). The black dashed lines delimit the 3 and 1 km resolution domains, while the black 
dot indicates the location of the JFJ station. 

 

The fifth generation of the European Centre for Medium Range Weather Forecasts (ECMWF) 

atmospheric reanalyses dataset (ERA5; Hersbach et al., 2020) is used to initialize the model and 

provide the lateral forcing at the edge of the 12km resolution domain every 6h. Static fields at each 

model grid point come from default WRF pre-processing system datasets, with a resolution of 3000 

for both the topography and the land use fields. Land use categories are based on the Moderate 
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Resolution Imaging Spectroradiometer (MODIS) land cover classification. Regarding the physics 
options chosen to run WRF simulations, the Rapid Radiative Transfer Model for General Circulation 
Models (RRTMG) radiation scheme is applied to parameterize both the shortwave and long-wave 
radiative transfer. The vertical turbulent mixing is treated with the Mellor–Yamada–Janjic (MYJ; Janjić, 
2002) 1.5 order scheme, while surface options are modeled by the Noah land surface model (Noah 
LSM; Chen and Dudhia, 2001). The Kain–Fritsch cumulus parameterization has been activated only in 
the outermost domain, as the resolution of the two nested domains is sufficient to reasonably resolve 
cumulus-type clouds at grid scale. 

 

3.3.2.1 Microphysics scheme and primary ice production 

The Morrison two-moment scheme (Morrison et al., 2005; hereafter M05) is used to parameterize the 
cloud microphysics, following the alpine cloud study of Farrington et al. (2016). The scheme includes 
double-moment representations of rain, cloud ice, snow, and graupel species, while cloud droplets 
are treated with a single-moment approach, and therefore, the cloud droplet number concentration 
(Nd) must be prescribed. Here Nd is set to 100cm−3, based on the mean Nd observed within the 
simulated temperature range (Lloyd et al., 2015). 

In total, three primary ice production mechanisms through heterogeneous nucleation are described 
in the default version of the M05 scheme, namely immersion freezing, contact freezing, and 
deposition/condensation freezing nucleation. Immersion freezing of cloud droplets and raindrops is 
described by the probabilistic approach of Bigg (1953). Contact freezing is parameterized following 
Meyers et al. (1992). Finally, deposition and condensation freezing is represented by the temperature-
dependent equation derived by Rasmussen et al. (2002), based on the in situ measurements of Cooper 
(1986) collected from different locations at different temperatures. Following Thompson et al. (2004), 
this parameterization is activated either when there is saturation with respect to liquid water and the 
simulated temperatures are below −8 oC or when the saturation ratio with respect to ice exceeds a 
value of 1.08. The accuracy of these parameterizations in representing atmospheric INPs is debatable, 
as they are derived from very localized measurements over a limited temperature range. 
Nevertheless, Farrington et al. (2016) argued that the deposition/condensation freezing 
parameterization of Cooper (1986) can effectively explain INPs between the range 0.01 and 10L−1, 
which is frequently observed during field campaigns at JFJ (Chou et al., 2011; Conen et al., 2015). 

 

3.3.2.2 Ice multiplication through rime splintering in the M05 scheme 

Apart from primary ice production, the HM process is the only SIP mechanism included in the default 
version of the M05 scheme. This parameterization adapted from Reisner et al. (1998), based on the 
laboratory findings of Hallett and Mossop (1974), allows for splinter production after cloud- or 
raindrops are collected by rimed snow particles or graupel. The efficiency of this process is zero 
outside the temperature range between −8 and −3 oC, while it follows a linear temperature-dependent 
relationship in between. HM is not activated unless the rimed ice particles have masses larger than 
0.1 g kg−1 and cloud or rain mass mixing ratio exceeds the value of 0.5 or 0.1 g kg−1, respectively. Since 
these conditions are rarely met in natural MPCs, previous modeling studies had to artificially remove 
any thresholds to achieve an enhanced efficiency of this process (Atlas et al., 2020; Young et al., 2019). 
In the current study, however, the HM process is not effective, as the simulated temperatures at JFJ 
altitude are below −8 oC (see Section 3.3.3). 
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3.3.2.3 Ice multiplication through ice–ice collisions in the M05 scheme 

In addition to the HM process, we have also included two parameterizations to represent the BR 

mechanism. An extensive description of the implementation method is provided in Sotiropoulou, 

Vignon, et al. (2021; see their Appendix B). Among the three ice particle types included in the M05 

scheme (i.e., cloud ice, snow, and graupel), we assume that only the collisions between cloud ice–
snow, cloud ice–graupel, graupel–snow, snow–snow, and graupel–graupel can result in ice 

multiplication. The first parameterization tested here follows the simplified methodology proposed 

by Sullivan, Hoose, et al. (2018), which is based on the laboratory work of Takahashi et al. (1995). Their 

findings revealed a strong temperature dependence of the fragment numbers generated per collision 

(NBR), as follows: 

Ăþý = 280 (Ā 2 Āþÿÿ)1.2ÿ2(ÿ2ÿÿÿĀ)/5 , (3.3) 

where Tmin = 252 K, is the minimum temperature for which BR occurs. Yet their experimental set-up 

was rather simplified involving only collisions between large hail-sized ice spheres with diameters of 

∼2 cm. Taking this into account, (Sotiropoulou, Vignon, et al., 2021) further scaled the temperature-

dependent formulation for size: 

  

Ăþý = 280 (Ā 2 Āþÿÿ)1.2ÿ2(ÿ2ÿÿÿĀ)/5  Ā
Ā0

 , (3.2) 

where D is the size in meters of the particle that undergoes break-up and D0=0.02 m is the size of the 

hail-sized balls used in the experiments of Takahashi et al. (1995). 

Phillips et al. (2017a) proposed a more physically based formulation, developing an energy-based 

interpretation of the experimental results conducted by Vardiman (1978) and Takahashi et al. (1995). 

The initial collisional kinetic energy is considered as being the governing constraint driving the BR 

process. Moreover, the predicted NBR depends on the ice particle type and morphological habit and 

is a function of the temperature, particle size, and rimed fraction. Here the generated fragments per 

collision are described as follows: 

Ăþý = �� (1 2 ÿ�Ă {2 [ÿ�0
�ý ]

ā
}) , (3.3) 

where ÿ0 = 1
2

þ1 þ2
þ1+þ2

 (��ÿ12)2
 is the initial kinetic energy, in which m1 and m2 are the masses of the 

colliding particles and |��ÿ12| = {(1.7 �ÿ1 2 �ÿ2)2 + 0.3 �ÿ1 �ÿ2}1/2
 is the difference in their 

terminal velocities. The correction term is proposed by Mizuno (1990) and Reisner et al. (1998) to 

account for underestimates when �ÿ1 ≈ �ÿ2. The parameter a in Equation (3.3) is the surface area of 

the smaller ice particle (or the one with the lower density), defined as � = ÿÿ2
, with D as in Equation 

(3.2). A in Equation (3.3) represents the number density of breakable asperities on the colliding 

surfaces. For collisions that involve cloud ice and snow particles A is described as � = 1.58 × 107(1 +
100ÿ2)(1 + 1.33×1024

Ā1.5 ), where « < 0.5 is the rimed fraction of the most fragile ice particle. For 

graupel-graupel collisions A is given by a temperature-dependent equation as � = �0
3 + max (2�0

3 2
�0
9

|Ā 2 258|, 0), in which �0 = 3.78 × 104 (1 + 0.0079
Ā1.5 ). C is the asperity-fragility coefficient, which is 

empirically derived to account for different collision types, while the exponent γ is equal to 0.3 for 

collisions between graupel-graupel and is calculated as a function of the rimed fraction for collisions 

including cloud ice and snow. The parameterization was developed based on particles with diameters 

500 μm < D  < 5 mm, however Phillips et al. (2017a) suggest that it can be used for particle sizes outside 
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the recommended range as long as the input variables to the scheme are set to the nearest limit of 

the range. Finally, since NBR was never observed to exceed 100 in the experiments of Vardiman (1978), 

here we also use this value as an upper limit for all collision types (Phillips et al., 2017a). All predicted 

fragments emitted through BR are added to the cloud ice category. 

 

3.3.2.4 Ice multiplication through droplet shattering in the M05 scheme 

In the M05 scheme, two different parameterizations are implemented to investigate the potential 

efficiency of the DS mechanism in producing secondary ice splinters (NDS). Phillips et al. (2018) 

proposed two possible modes of raindrop–ice collisions that can initiate the freezing process. In the 

first mode, the freezing of the drop occurs either by collecting a small ice particle or through 

heterogeneous freezing. In the default M05 scheme, the product of collisions between raindrops and 

cloud ice is considered to be graupel (snow) if the rain mixing ratio is greater (lower) than 0.1gkg−1, 
following Reisner et al. (1998). Additionally, the heterogeneous freezing of big raindrops in the 

immersion mode follows Bigg’s (1953) parameterization (Section 3.3.2.1). Here we consider that the 

product of these two processes can undergo shattering and generate numerous ice fragments, the 

number of which is parameterized after Phillips et al. (2018). The formulation is derived by fitting 

multiple laboratory datasets to a Lorentzian function of temperature and a polynomial expression of 

the drop size. More precisely, the total number of fragments (N) generated per frozen drop are given 

by the following: 

Ă = �(ÿă)Ā(�) [ ÿĀ2

(�2�0)2+Ā2 + ĀĀ] , (3.4) 

where T is the temperature (in K) and Dr is the size of the freezing raindrop (in mm). Note that N is 

defined as the sum of the big fragments (NB) and tiny splinters (NT). Equation (3.4) applies only to drop 

diameters less than 1.6 mm, which is the maximum observed experimentally. For droplet sizes beyond 

this maximum value, N can be inferred by linear extrapolation. NB is described by another Lorentzian: 

Ăþ = ÿ�Ā {�(ÿă)Ā(�) [ ÿ�Ā�
2

(�2��,0)2+Ā�2
] , Ă} . (3.5) 

The factors Ξ(Dr) and ¬(T) in Equation (3.4) and (3.5) are cubic interpolation functions, impeding DS 

for Dr < 0.05 mm and T > –3 
o
C. Furthermore, the parameters ·, ¸, Τ0, β, ·Β, ¸Β, ΤΒ,0, are analytically 

described in Phillips et al. (2018). That the big fragments emitted (i.e., NB) will be initiated in the model 

as graupel, snow or frozen drops, while only the splinters (NT = N – NB) are considered secondary ice 

(i.e., NDS = NT) and are passed to the cloud ice category. 

The second mode of raindrop–ice collisions includes the accretion of raindrops on impact with more 

massive ice particles, such as snow or graupel, the description of which in the M05 scheme is adapted 

from (Ikawa & Saito, 1991)i. While there is only one dedicated laboratory study of this SIP mode (James 

et al., 2021), it was also indirectly investigated in the experimental study of Latham and Warwicker 

(1980), who reported that the collision of supercooled raindrops with hailstones can generate 

secondary ice. Phillips et al. (2018) proposed an empirical, energy-based formulation to account for 

the tiny splinters ejected after collisions between raindrops and large ice particles as follows: 

ĂĀþ = 3�(�) × [1 2 Ā(Ā)] × ÿ� �(ÿĀ 2 ÿĀýăÿą, 0)  , (3.6) 

where ÿĀ = �0
þ�

 , is the dimensionless energy given as the ratio of the initial kinetic energy (K0; 

described in 2.2.3) over the surface energy, which is expressed by the product ÿÿ = āýÿĂÿDr
2

, in which 
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γliq=0.073 J m-2, is the surface tension of liquid water. The critical value of DE used in Equation (3.6) for 
the onset of splashing upon impact is set to DEcrit = 0.2. The parameter Ā(Ā) = 2ý�Ā/ĀĀ, represents 
the initial frozen fraction of a supercooled drop during the first stage of the freezing process, where 
Cw = 4200 J kg-1 K-1, is the specific heat capacity of liquid water, Lf = 3.3  105 J kg-1, is the specific latent 
heat of freezing, while T is the initial freezing temperature (oC) of the raindrop. Finally, Φ(T) = 
min[4f(T),1] is an empirical fraction, which represents the probability of any new drop in the splash 
products to contain a frost secondary ice particle. At temperatures ∼ –10 oC this formulation yields Φ 
= 0.5, meaning that the probability of a secondary drop to contain ice is 50%. James et al. (2021) 
provided the first laboratory study to constrain this parameter. Further details regarding the 
derivation of the empirical parameters and the uncertainties underlying the mathematical 
formulations are discussed in Phillips et al. (2018). 

The second DS parameterization tested in this study was developed by Sullivan, Hoose, et al. (2018) 
and is a function of the freezing droplet diameter (Dr in μm), a shattering probability (psh) and a 
freezing probability (pfr) as follows: 

ĂĀþ = 2.5 × 10211 ÿă
4 ĂĄ/ ĂĀă  . (3.7) 

The diameter dependence describing the fragment numbers generated per fractured frozen droplet 
is derived by nudging the liquid water and ice particle size distributions in one-dimensional cloud 
model simulations towards aircraft observations collected in tropical cumulus clouds (Lawson et al., 
2015). The psh is based upon droplet levitation experiments shown in Leisner et al. (2014) and is 
represented by a temperature-dependent Gaussian distribution, centered at ∼ –15 oC. Note that psh 
is non-zero only for droplets with sizes greater than 50 μm. The pfr is 0 for temperatures warmer than 
–3 oC and 1 if temperatures fall below –6 oC, following the cubic interpolation function, ¬(¤), adapted 
from Phillips et al. (2018). 

 

3.3.3 Model evaluation 

The control simulation (CNTRL), performed with the standard M05 scheme, sets the basis for assessing 
the validity of the model against available meteorological observations. Temperature, relative 
humidity, wind speed, and wind direction are obtained from the MeteoSwiss weather station at JFJ. 
The comparison of each meteorological variable with the results from the nearest model grid point of 
the CNTRL simulation is shown in Figure 3.2. Note that the outputs are from the first atmospheric level 
of the innermost domain at ∼10m above ground level (AGL; Figure 3.1), while the first 24h of each 
simulation period are considered spin-up time and are, therefore, excluded from the present analysis. 
The mean modeled values and standard deviations (SDs), along with the root mean square error 
(RMSE), and the index of agreement (IoA) between model predictions and observational data are 
summarized in Table 3.1. IoA is both a relative and a bounded measure (i.e., 0fIoAf1) that describes 
phase errors between predicted (Pi) and observed (Oi) time series (Willmott et al., 2012) as follows: 

�ā� = 1 2 [ ∑ (Āÿ2ÿÿ)2�
ÿ=1

∑ (|Āÿ
2|+|ÿÿ

2|)2�
ÿ=1

]  , (3.8) 

where Pi
2 = Ąÿ 2 ă̅ and Oi

2 = ăÿ 2 ă̅, in which ă̅ is the mean of the observed variable. 

Throughout the two case studies, the WRF simulations seem to closely follow the observed 
temperatures (Figure 3.2a), which is also indicated by the high IoA in Table 3.1. The synoptic situation 
occurring on 26 January, with a deep trough extending to western Europe (Figure 3.1), has been 
associated with intense snowfall in the alpine regions (Panziera & Hoskins, 2008). The passage of the 
cold front was followed by a sharp temperature decrease, with the simulated temperatures 
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fluctuating between −10 and ∼−20 oC throughout the NW case (Figure 3.2a). Under the influence of 
the warm front during the SE case, the modeled temperatures rose from ∼−18 to ∼−14 oC and 
remained less variable until 30 January at 12:00 UTC, with mean values of ∼−15.5 oC (Table 3.1). 

 

 

Figure 3.2 Time series of (a) temperature (T2m), (b) relative humidity with respect to liquid phase at 
2 m height (RH2m), (c) wind speed (wspd), and (d) wind direction (wdir). Gray circles indicate 
measurements collected between 26 January and 1 February 2014 at JFJ station, while modeled values 
from the CNTRL simulation are shown with a black line. The semi-transparent contour plot represents 
the vertical velocity (w) profile predicted by the CNTRL simulation. Each day starts at 00:00 UTC. 

 

The 1 km resolution domain can sufficiently capture the local wind systems to a certain extent (Figure 
3.2c, d). During the NW flow, the horizontal wind speeds are reproduced better by the CNTRL 
simulation (IoA=88%), whereas during the SE winds, the simulated wind speed is frequently 
underestimated compared with observations (Figure 3.2c). Such deviations in the horizontal wind 
speed might be caused by the relatively coarse horizontal resolution of the model, which prevents 
some small-scale and very local orographic structures from being resolved. As discussed in Section 
3.3.2, the observed winds at JFJ are channeled by the orography to either NW or SE directions. The 
CNTRL simulation of WRF can satisfactorily reproduce the wind direction in both cases, although the 
simulated values exhibit larger fluctuations than the measured ones (Figure 3.2d), presumably 
because of the surrounding orography being less accurately represented in the model. This is 
particularly evident during NW winds, when the simulated wind directions shift slightly to west 
directions compared to observations. The positive vertical velocities, illustrated in the contour plot in 
Figure 3.2d, result from the orographically forced lifting of the air masses over the local topography 
and are not related to convective instability in the lower atmospheric levels. The stronger updrafts 
prevailing until the end of 26 January are associated with the steep ascent of the air parcels, which 
can also contribute to the enhanced relative humidity (Figure 3.2b). After the frontal passage, the 
vertical velocities at the lower levels are downward directed, with the vertical profile of potential 
temperature revealing that the atmosphere at JFJ is stabilized (not shown). The same vertical velocity 
pattern, with mainly downward motions, characterizes the stably stratified atmosphere after 30 
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January. Overall, Figure 3.2 suggests that local meteorological conditions at JFJ are reasonably well 
represented by the model. 

 

Table 3.1 Mean modeled values (± SDs), RMSE, and IoA between the CNTRL simulation of WRF and 
measurements carried out by the MeteoSwiss station at JFJ. 

 

3.3.4 Model simulations 

Given the good representation of the atmospheric conditions at JFJ, the CNTRL simulation of WRF is 
further accompanied by five sensitivity simulations aiming to investigate the contribution of BR and 
DS mechanisms. Here we also perform three additional sensitivity experiments to explore the 
potential impact of blowing ice and the synergistic interaction with SIP on the development of the 
simulated MPCs. A detailed list of the sensitivity experiments is provided in Table 3.2. 

The contribution of the DS mechanism is addressed in two sensitivity experiments, DS_PHILL and 
DS_SULL, where the parameterizations of Phillips et al. (2018) and Sullivan, Hoose, et al. (2018) were 
applied, respectively (Section 3.3.2.4). Both sensitivity simulations yield predictions that coincide with 
the CNTRL simulation (supplement Figure B1)  suggesting that the DS mechanism is hardly ever 
activated, and fail to produce realistic total ice number concentrations (Nisg; cloud ice + snow + 
graupel). The absence of correlation between LWC and Nisg fluctuations might also suggest the 
ineffectiveness of this mechanism under the examined conditions. Note that the parameterized 
expressions used to describe the DS mechanism involve a number of empirical and rather uncertain 
parameters, the value of which could potentially influence the efficiency of the process in producing 
secondary ice fragments. However, the sensitivity of our results to the choice of these parameters 
would be negligible, as the low concentrations (≲ 10-2 cm-3) of relatively small raindrops with mode 
diameters below the threshold size of 50 μm seem to completely prevent the onset of the DS process 
(supplement Figure B2). The DS mechanism is therefore excluded from the following discussion. This 
result is in line with the modeling study of Dedekind et al. (2021), who also reported the inefficiency 
of this mechanism in wintertime alpine clouds. 

The effect of secondarily formed ice particles through BR is then examined in the following three 
sensitivity simulations. First, the TAKAH simulation adopts the temperature dependent formula of 
Takahashi et al. (1995) scaled with the size of particles that undergo fragmentation (Sotiropoulou, 
Vignon, et al., 2021). Applying Equation (3.2) to collisions between all ice categories considered in the 
M05 scheme (except collisions between cloud ice particles; Section 3.3.2.3) inserts a caveat to our 
approach. The laboratory results of Takahashi et al. (1995) suggest that it is mostly the collisions 
between rimed particles and graupel that are more conducive to SIP through BR. Vardiman (1978) also 
reported that ice crystal growth through riming is essential to boost fragmentation. Applying the 
Takahashi breakup scheme for unrimed ice particles might, therefore, overestimate the number of 
secondary ice fragments. To test this hypothesis, we performed the TAKAHrim sensitivity simulation, 

Variable Mean ± std RMSE  IoA 

 NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

T2m (˚C) -17.10 ± 4.36 -15.48 ± 1.75 1.40 1.33 0.97 0.84 

RH2m (%) 94.07 ± 7.02 94.24 ± 10.31 14.01 11.61 0.55 0.64 

wspd (ms-1) 15.57 ± 7.45 9.78 ± 3.94 4.85 6.75 0.88 0.22 
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where we enabled ice multiplication through BR only after collisions between rimed cloud ice/snow 

and graupel particles. To diagnose the presence of rime on ice particles, we used the amount of cloud 

droplets or raindrops accreted by snow and cloud ice, which is predicted in the M05 scheme. 

Finally, the performance of the more advanced Phillips et al. (2017a) parameterization is tested in the 

PHILL simulation. Parameters involved in the Phillips parameterization that are not explicitly resolved 

in the M05 microphysics scheme are the rimed fraction and the ice habit of colliding ice particles. The 

choice of ice habit is based on particle images collected during the CLACE 2014 campaign, showing the 

presence of non-dendritic sectored plates and oblate particles at temperatures ∼−15 
o
C (Lloyd et al., 

2015). Grazioli et al. (2015) also presented some examples of particle imagery produced by a 2D-S 

imaging probe, revealing the presence of heavily rimed hydrometeors and highly oblate particles 

(probably columns or needles). The rimed fraction is prescribed to a value of 0.4 (0.3) to account, 

respectively, for heavily and moderately rimed ice particles present under NW (SE) wind conditions. A 

high degree of riming is expected in the simulated cases, as they both occur under ice seeding 

situations (Section 3.4.1.1), where large precipitating ice particles from the seeder clouds effectively 

gain mass in the mixed-phase zone through riming. Direct observations with balloon-borne 

measurements carried out within ice-seeding events in the region around Davos in the Swiss Alps 

support the presence of a large fraction of rimed particles and graupel (Ramelli et al., 2021a). The 

higher riming degree is prescribed under NW winds because the orographic forcing (i.e., vertical 

velocity) is stronger and helps with maintaining mixed-phase conditions in the feeder clouds – which, 

in turn, promotes ice crystal growth through riming. However, our results were not very sensitive to 

the choice of the rimed fraction. 

 

Table 3.2 List of sensitivity simulations conducted with WRF. Note: NBIPs is the number 

concentrations of BIPs. 

 

The remaining sensitivity simulations focus on the potential impact of BIPs. A recently developed 

blowing snow scheme, used to simulate alpine snowpacks, reported significant mass and number 

mixing ratios of BIPs that can be found up to ∼1km above the surface under high wind speed 

conditions (see Figure 17 in Sharma et al., 2023), with the potential to trigger cloud microphysical 

processes. Given that in the default M05 scheme there is no parameterization of a flux of ice particles 

Simulation BR process DS process NBIPS (L-1) 

CNTRL off off 0 

DS_PHILL off Phillips et al., 2018 0 

DS_SULL off Sullivan et al., 2018a 0 

TAKAH Takahashi et al., 1995 off 0 

TAKAHrim 

Takahashi et al., 1995 

activated only after collisions 

between rimed ice particles 

off 0 

PHILL Phillips et al., 2017a off 0 

BIPS10 off off 10 

BIPS100 off off 100 

BIPS100_PHILL Phillips et al., 2017a off 100 
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from the surface, we parameterize the effect of BIPs lofting into the simulated orographic clouds by 

applying a constant ice crystal source to the first atmospheric level of WRF over the whole model 

domain. Although the source of BIPs at the first model level remained constant, their number will be 

affected by processes such as advection, sublimation, and sedimentation that are described in the 

M05 scheme. Note that the relatively coarse horizontal resolution in the innermost domain of our 

simulations (i.e., 1 km) does not allow the accurate representation of the small-scale turbulent flow 

over the orographic terrain. This is considered a limitation of our methodology, since turbulent 

diffusion is a key process affecting the amount of BIPs that will be resuspended from the surface. 

The applied concentrations of BIPS varied between 10
-2

 and 100 L
-1

, which is the upper limit proposed 

by Lloyd et al. (2015) and observed within in-cloud conditions by Beck et al. (2018). Number 

concentrations of BIPS (i.e., NBIPS) lower than 10 L
-1

 were found incapable of affecting the simulated 

cloud properties and are, therefore, not included in the following discussion. Two sensitivity 

simulations are finally performed, BIPS10 and BIPS100 (Table 3.2), in which the number indicates the 

NBIPS in L
-1

. In our approach we assume BIPS are spherical with diameters of 100 μm, based on typical 

sizes that are frequently reported in the literature (Geerts et al., 2015; Schlenczek et al., 2014; 

Schmidt, 1984; Sharma et al., 2023). The relatively small fall speed of these particles (e.g., Pruppacher 

and Klett, 1997) will allow them to remain suspended in the atmosphere. As a sensitivity we also 

considered smaller particles with sizes of 10 μm, but our results did not change significantly 

(supplement Figure B3). Nevertheless, such small ice particles are not expected to substantially 

contribute to the simulated IWC, as shown by Farrington et al. (2016). 

As SIP through BR and blowing snow are both important when trying to explain the high ICNCs 

observed in alpine environments, their combined effect is addressed in our last simulation, 

BIPS100_PHILL (Table 3.2). In this sensitivity simulation the effect of BR is parameterized after Phillips 

et al. (2017a), while a constant ice crystal concentration of 100 L
-1

 is applied to the first atmospheric 

level of WRF to represent the effect of BIPS. 

 

3.4 Results and discussion 

3.4.1 Impact of SIP through BR on simulated microphysical properties 

The temporal evolution of Nisg, IWC, and LWC, at the first model level (∼ 10 m AGL) from the nearest 

to JFJ model grid point of the CNTRL, TAKAH, and PHILL simulations is presented in Figure 3.3. Instead 

of focusing on a single grid point, we also averaged the results from the 9 km
2
 area surrounding the 

point of interest. However, the produced time series showed only little difference when compared to 

the nearest grid point time series (not shown), ensuring that our analysis is robust. Besides, the region 

in the vicinity of JFJ is very heterogeneous, supporting the single point comparison presented in the 

following discussion. The gray dots shown in Figure 3.3 represent the measurements taken by the 2D-

S and CDP instruments at JFJ throughout the two periods of interest. The displayed time frequency of 

the observations is 30min to match the output frequency of the model. Note that the simulated LWC 

includes liquid water from cloud droplets and rain, while the simulated IWC includes cloud ice, snow, 

and graupel. The contribution of rain in our simulations is, however, negligible (Figure B2). Several 

statistical metrics for Nisg, IWC, and LWC are summarized in Tables 3.3, 3.4, and 3.5, respectively. 

Periods with missing data in the measurement time series are excluded from the statistical analysis. 

During the NW flow, between 26 and 28 January, the measured ICNCs exceed 100 L
−1

 for >50% of the 

time, whereas during the SE flow, the ICNCs usually fluctuate between 10 and 100 L
−1

 (Figure 3.3a). 

The highest ICNCs are generally observed at temperatures higher than ∼ −15 oC, where SIP processes 

are thought to be dominant and primary ice nucleation in the absence of bioaerosols is limited (e.g., 

Hoose and Mˆhler, 2012; Kanji et al., 2017). The CNTRL simulation fails to reproduce Nisg higher than 

10 L
−1

, with the mean simulated values being ∼2–2.5 L
−1

 during both periods. At the same time, the 
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mean observed ICNC values are ∼200 (70) L
−1

 during the NW (SE) case. Thus, CNTRL systematically 

underestimates the amount of ice by up to 2 orders of magnitude, which is also consistent with the 

interquartile statistics presented in Table 3.3. With the HM process being totally ineffective in the 

prevailing temperatures, this discrepancy suggests that ice crystals produced by heterogeneous ice 

nucleation in CNTRL are not high enough to match the observations. A similar discrepancy between 

predicted INPs and measured ICNCs was also documented in Lloyd et al. (2015). 

 

 

Figure 3.3 Time series of (a) total Nisg and temperature at 2 m height (orange line), (b) IWC, and (c) 
LWC, predicted by the CNTRL (black line), TAKAH (light green line), TAKAHrim (dark green), and PHILL 

(magenta line) simulations between 26 January and 1 February 2014. The gray dots in all three panels 

represent the 2D-S ICNCs, the inferred IWC, and the CDP LWC measured at the JFJ station, respectively. 

Note the logarithmic y axes in panels (a) and (b). 

 

Activating the BR process in TAKAH, TAKAHrim, and PHILL simulations is found to produce Nisg as high 

as 400 L
−1

 during both case studies (Figure 3.3a), resulting in a substantially better agreement with 

observations. At times when the simulated temperatures drop below ∼ −18 o
C, the Nisg modeled by 

all three simulations coincide with the CNTRL simulation. At relatively warmer subzero temperatures, 

though, the significant contribution of the BR process is evident, elevating the predicted Nisg by up to 

3 orders of magnitude during the NW case and by more than 2 orders of magnitude during the SE 

case. Although the median Nisg in all three sensitivity simulations with active breakup remains 

underestimated compared to observations during the NW flow, TAKAH seems to produce 

unrealistically high median and 75
th

 percentile values during the SE flow (Table 3.3). Indeed, focusing 

on the Nisg time series (Figure 3.3a), TAKAH is, ∼25% of the time, shown to overestimate the observed 
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ICNCs by a factor of ∼3, reaching up to a factor of 10 on 30 January at 00:00UTC. TAKAHrim and PHILL, 
on the other hand, produce more reasonable concentrations of ice particles throughout both case 
studies, with the Nisg values in the 75th percentile exceeding 100 (50) L−1 during the NW (SE) case study 
(Table 3.3), which is found to reduce the gap between observations and model predictions. 

 

Table 3.3 The 25th, 50th (median), and 75th percentiles of ICNC (per liter) time series. 

 

It is worth noting that, despite the fact that the Takahashi parameterization (Equation 3.2) is applied 
to both TAKAH and TAKAHrim simulations, the former seems to systematically overestimate the 
number of secondary ice fragments, while the latter produces ICNCs that are more consistent with the 
observations. Hence, the Takahashi parameterization predicts reasonable results if it is allowed to 
generate fragments from collisions between rimed ice particles only (Section 3.3.4). 

 

Table 3.4 The 25th, 50th (median), and 75th percentiles of IWC (in grams per cubic meter; hereafter 
gm−3) time series. 

 

The observed IWC time series (Figure 3.3b) are frequently reaching ∼1 g m−3 during the NW case, with 
the median values being a factor of 2.5 higher than those observed during the SE case (Table 3.4). This 
indicates the presence of more massive ice particles when higher updraft velocities prevail. The CNTRL 

Simulation 25th perc. Median 75th perc. 

 NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

OBSERVED 8.69 6.64 80.47 34.53 261.25 88.69 
CNTRL 0.76 0.84 2.02 1.68 2.80 3.60 

TAKAH 2.27 1.08 9.85 122.56 362.51 358.38 

TAKAHrim 2.56 0.75 12.30 4.17 101.46 82.16 
PHILL 2.49 0.76 6.27 2.09 118.21 59.23 

BIPS10 1.60 1.90 2.42 2.72 3.30 4.78 
BIPS100 6.17 10.74 10.36 13.88 12.32 17.39 

BIPS100_PHILL 8.95 11.51 15.87 16.30 138.92 98.43 
 

Simulation 25th perc. Median 75th perc. 

 NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

OBSERVED 0.03 0.02 0.19 0.11 0.66 0.26 
CNTRL 4.310-3 5.010-3 0.03 0.04 0.15 0.12 

TAKAH 1.310-3 2.010-3 0.10 0.09 0.52 0.34 

TAKAHrim 4.710-3 3.110-3 0.08 0.04 0.33 0.27 
PHILL 3.810-3 3.710-3 0.10 0.02 0.38 0.30 

BIPS100_PHILL 3.910-3 9.110-3 0.09 0.03 0.40 0.30 
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simulation cannot produce IWC values > 0.8 g m−3 and is, most of the time, below the observed range. 
Adding a description of the BR process (i.e., in TAKAH, TAKAHrim, and PHILL) sufficiently increases the 
modeled IWC by up to ∼1 order of magnitude between 26 January 12:00UTC and 27 January 
06:00UTC, when the modeled Nisg exceeds 100 L−1, and the temperature remains higher than −16 oC. 
The same conditions are observed in the SE case, between 12:00 and 18:00 UTC on 30 January, when 
IWC shows a ∼3 fold enhancement reaching the observed levels. The IWC values in the third quartile 
predicted by TAKAH, TAKAHrim, and PHILL are more than a factor of 2 higher than the ones predicted 
by CNTRL (Table 3.4). This increase improves the model performance, although the modeled IWC 
remains slightly underestimated (overestimated) during the NW (SE) case. The size distribution of the 
three ice species considered in the M05 scheme (Figure B4) reveals that the implementation of the BR 
mechanism leads to elevated concentrations of relatively smaller cloud ice crystals but, at the same 
time, increases the concentrations of snow particles. This is the reason why the modeled total ice mass 
is also increased compared with the CNTRL simulation. 

The comparison of the simulated cloud LWC with the concurrent CDP observations at JFJ is presented 
in Figure 3.3c. The LWC values recorded during the NW case are highly variant, reaching up to 0.75 
gm−3, which is substantially higher than the respective maximum LWC observed during the SE case 
(0.30 gm−3). On 26 January before 12:00 UTC, all sensitivity simulations predict LWC > 1gm−3, which, 
however, cannot be validated against measurements due to missing data in the CDP time series. Note 
that this period is excluded from the statistics derived in Table 3.5. The CNTRL simulation is found to 
overestimate the cloud LWC, predicting 0.42 (0.25) gm−3 in the third quartile, which is a factor of ∼2 
higher than the observed values during the NW (SE) case (Table 3.5). 

 

Table 3.5 The 25th, 50th (median), and 75th percentiles of LWC (in gm−3) time series. 

 

The modeled LWC in the 75th percentile is decreased by a factor of 1.5–5 in the simulations that 
account for the BR process (Table 3.5), improving the agreement with observations (Figure 3.3c). The 
reduction in LWC is expected, considering that the higher Nisg produced when BR is activated can 
readily deplete the surrounding droplets under liquid water subsaturated conditions through the WBF 
process. This introduces a challenging environment to simulate, as the model is sometimes seen to 
convert water to ice too rapidly, leading to cloud glaciation (e.g., on 30 January after 12:00 UTC). 
Despite all sinks of cloud water (i.e., condensation freezing, WBF, or riming), observations at JFJ 
suggest that mixed-phase regions are generally sustained (Lloyd et al., 2015). This is particularly true 
for the NW case, when the sufficiently large updrafts caused by the steep ascent of the air masses help 
maintain the supersaturation with respect to liquid water (Lohmann et al., 2016). PHILL and TAKAHrim 

Simulation 25th perc. Median 75th perc. 

 NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

NW 
winds 

SE 
winds 

OBSERVED 8.510-3 70.010-3 0.12 0.11 0.21 0.14 
CNTRL 87.710-3 26.010-3 0.19 0.17 0.42 0.25 
TAKAH 1.310-10 0.0 0.01 6.710-10 0.16 0.05 

TAKAHrim 1.210-7 0.0 0.06 2.810-6 0.23 0.09 
PHILL 6.310-8 0.0 0.09 0.03 0.26 0.18 

BIPS10 82.010-3 4.610-3 0.18 0.12 0.33 0.24 
BIPS100 67.110-3 13.110-3 0.18 0.13 0.36 0.23 

BIPS100_PHILL 6.310-10 0.0 0.09 0.06 0.27 0.10 
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can more efficiently sustain the observed mixed-phase conditions compared to TAKAH, which 

frequently results in explosive ice multiplication – especially during the SE case – leading to an 

underestimation of the LWC (see Figure 3.3c and Table 3.5). TAKAH is, therefore, excluded from the 

following discussion, as it fails to reproduce an accurate liquid-ice phase partitioning. 

The time-averaged vertical profiles of cloud ice (Ni), graupel (Ng), snow (Ns), and total Nisg number 

concentrations are illustrated in Figure 3.4 for the CNTRL, TAKAHrim, and PHILL simulations. The mean 

Ni (Figure 3.4a) and Nisg profiles (Figure 3.4d) are enhanced by up to 2 orders of magnitude in TAKAHrim 

and PHILL compared to CNTRL. During the NW flow, both simulations, including the BR process, 

produce a similar vertical distribution of the ice hydrometeors in the lowest 1–1.5 km in the 

atmosphere. This is not the case for the SE case, where TAKAHrim seems to predict a rapid decrease 

in Ni and Ns and, thus, in total Nisg with altitude. The main difference between these two simulations 

lies in the fact that the total LWC and, hence, the probability of riming, decreases with height, limiting 

the efficiency of BR in TAKAHrim. This become more evident during the SE case, where mixed-phase 

conditions are exclusively confined below 1.5 km in the atmosphere (Section 3.4.1.1). However, we 

cannot estimate which vertical distribution better represents reality, due to the lack of corresponding 

measured profiles. TAKAHrim coincides with PHILL only when there is sufficient liquid water in the 

atmosphere, allowing for the riming of the ice hydrometeors. Moreover, at heights above ∼2.5 km, 

where the simulated temperatures drop well below −20 o
C (Figure B5), all three simulations are seen 

to produce similar results. This implies the greater importance of SIP through BR at heights below 2–
3 km in the atmosphere (i.e., in the temperature range between ∼−18 

o
C and ∼−10 

o
C). 

 

 

Figure 3.4 Mean vertical profiles of (a) Ni, (b)  Ng, (c) Ns, and (d) total Nisg predicted by the CNTRL 

(black), TAKAHrim (dark green), and PHILL (magenta) simulations for the NW (solid lines) and SE 

(dashed lines) cases. Note the different scale on the x axis of the Ng vertical distribution. The height is 

given in kilometers above ground level (hereafter km AGL). 

 



Chapter 3: Secondary ice production in wintertime alpine mixed-phase clouds 

 

60 

 

Graupel number concentrations (Figure 3.4b) do not contribute much to the modeled ice phase, 

especially during the SE case when the simulated Ng is negligible compared with the Ni and Ns (Figure 

3.4c). In the M05 scheme, a portion of the rimed cloud or rain water onto snow is allowed to convert 

into graupel (Reisner et al. 1998), provided that snow, cloud liquid, and rain water mixing ratios exceed 

a threshold of 0.1, 0.5, and 0.1 g kg
−1

, respectively. These mixing ratio thresholds for graupel formation 

are arbitrary and might not be suitable for the examined conditions, preventing the formation of 

graupel from rimed snowflakes (Morrison & Grabowski, 2008). During the NW case, however, we can 

identify substantially higher Ng than the SE case, owing to the presence of sufficient supercooled liquid 

water especially during the first half of 26 January. Activating the BR mechanism in TAKAHrim and 

PHILL generally decreases the simulated Ng in both cases (Figure 3.4c), suggesting that the breakup of 

graupel contributes to ice multiplication. 

The mean vertical profile of Ns (Figure 3.4c) seems to follow the respective profile of Ni (Figure 3.4a). 

Unlike the graupel concentrations, including the BR mechanism is found to enhance Ns up to 1 order 

of magnitude compared to the CNTRL simulation. Focusing on a single model time step when the BR 

mechanism is activated, the size distribution of snow particles shown in the Figure B4 reveals that the 

increase in snow number concentrations can reach up to 2 orders of magnitude during the NW case. 

This is a logical consequence of the increase in the number concentration of ice crystals, which are 

converting to snow particles after ice crystal growth (i.e., cloud-ice-to-snow autoconversion) when 

surpassing a characteristic mean diameter of 250 µm. This will be discussed in detail in the following 

section. Since TAKAHrim and PHILL provide comparable results in terms of the in-cloud phase 

partitioning, we focus the subsequent discussion on the PHILL simulation because it offers the 

opportunity to explore the sensitivity of simulation results to parameters not considered by the 

Takahashi formulation. 

 

3.4.1.1 Conditions favoring BR in the two considered events 

The temporal evolution of the vertical profiles of Nisg, IWC, and LWC can provide valuable insight on 

the drivers of enhanced ice formation in the wintertime alpine MPCs. The presence of a seeder–feeder 

cloud system with sustained mixed-phase conditions confined to levels below ∼3 km (∼1.5 km) in the 

NW (SE) case and a pure ice cloud aloft is revealed in Figure 3.5. Such configurations are a well-known 

type of orographic multi-layer cloud that enhances precipitation over mountains (e.g., Browning et al., 

1974, 1975; Roe, 2005). Cloud condensation is promoted by the synergy between a mid-latitude 

frontal system and its orographically induced ascent over the mountain range (Figure 3.1). The 

separation between the seeder and feeder clouds is often nonexistent, meaning that ice seeding can 

occur either in layered clouds or internally within one cloud (Proske et al., 2021; Roe, 2005). In the 

first case, which seems to occur here as well, there can be a vertical continuum of cloud condensates 

between the seeder and the feeder cloud due to precipitation of ice crystals from the higher-level 

cloud (Figure 3.5a). This means that the seeding ice crystals fall through subsaturated cloud-free air 

before reaching the feeder region of the cloud and might sublimate. The remote sensing analysis over 

Switzerland presented by Proske et al. (2021), showed that in-cloud seeding occurs in 18% of the 

observations, while the external seeder–feeder mechanism is present 15% of the time when the 

seeder is a cirrus cloud. 

To illustrate the processes taking place during the two cases of interest, Figure 3.6 displays the 

tendency of primary and secondary ice production, as well as the growth of ice particles through 

deposition, riming, and aggregation from the CNTRL and PHILL simulations at 17:00 (19:00) UTC on 26 

(30) January. The vertical profiles on 26 January are taken within the seeder–feeder event, while those 

on 30 January are taken when the high-level cloud associated with the warm front has already passed 

the region of interest. Upon arrival of the frontal system on 26 January, CNTRL indicates a rapid 

increase in the total Nisg near the cloud top (Figure 3.5a), which is not shown in the vertical profile of 

primary ice production rates taken at 17:00 UTC (Figure 3.6a). The ice particles consisting the seeder 
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cloud are, therefore, formed far from the JFJ station and seem to be advected over the domain of 
interest. Primary ice crystals are formed in both cases below 2km in the feeder cloud at temperatures 
lower than −30 oC through heterogeneous freezing (Figure 3.6a). At these heights, supercooled liquid 
water is also present (Figure 3.5c), and the newly formed ice particles start growing initially by vapor 
deposition due to supersaturation with respect to ice, followed by riming (Figure 3.6b). This is also 
indicated by the increased IWC values closer to the ground (Figure 3.5b). 

 

 

Figure 3.5 Time–height plots of total Nisg (a, d), IWC (b, e), and LWC (c, f) produced by CNTRL (a–c) and 
PHILL (d–f) simulations between 26 January and 1 February 2014. The height is given in km AGL. 

 

Focusing on the ice-seeding event of 26 January, the enhanced aggregation rate observed at heights 
above ∼2.5 km in the atmosphere indicates the enhanced collision efficiencies of precipitating ice 
particles while falling from the seeder cloud (Figure 3.6c). Note that a portion of the sedimented ice 
particles sublimates before reaching the feeder cloud at heights ∼3–5 km, indicating the prevailing 
unsaturated conditions in this layer (Figure 3.6b). Within this layer, the aggregation of snowflakes 
weakens, while it is enhanced again when the falling hydrometeors enter the feeder cloud. The 
bottom line is that, even under the simulated seeder–feeder events, the concentrations of ice particles 
reaching the ground in CNTRL remain severely underestimated (Section 3.4.1). Despite the low 
concentrations of ice crystals simulated by the CNTRL simulation, the low-level cloud is glaciated more 
frequently during the SE than during the NW winds case (Figure 3.5c). This is probably because of the 
higher updraft velocities prevailing until 28 January (Figure 3.2d), preventing ice crystals from falling 
through the lower parts of the cloud (Lohmann et al., 2016). 

Activating the BR mechanism along with the seeding of precipitating hydrometeors in PHILL shifts the 
simulated Nisg towards higher concentrations that are found to exceed 300 L−1 in the lower-level part 
of the cloud (Figure 3.5d). On 26 January, the mode of the cloud ice distribution shifts to slightly bigger 
sizes, while on 30 January the modal sizes become almost an order of magnitude smaller compared 
with the CNTRL simulation (Figure B4). The enhanced concentrations of bigger ice particles simulated 
in the first case experience rapid growth through vapor deposition and riming (Figure 3.6e), causing a 
slight increase in the simulated IWC (Figure 3.5e) at the expense of the surrounding cloud droplets in 
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the low-level feeder cloud (Figure 3.5f). Nevertheless, the smaller ice particles simulated in the second 
case grow less efficiently through vapor deposition, while the explosive multiplication of ice through 
BR seems to fully glaciate the low-level cloud below ∼1 km, resulting in an almost zero riming rate 
(Figure 3.6e). The reduced primary ice production rate observed during both case studies is a 
consequence of the depletion of liquid water when BR is considered (Figure 3.6d). A suppression of 
heterogeneous ice nucleation following the introduction of SIP into models has already been reported 
in previous studies (Dedekind et al., 2021; Phillips et al., 2017b; Zhao & Liu, 2022). 

 

Figure 3.6 Vertical profiles of (a, d) primary and secondary ice production, (b, e) riming and vapor 
deposition or sublimation, and (c, f) snow aggregation produced by the CNTRL (a–c) and PHILL (d–f) 
simulations at 17:00 UTC on 26 January (solid line) and at 19:00 UTC on 30 January (dashed line). The 
vertical profile of simulated temperature is also superimposed in panel (a). The cloud liquid water 
content (Qc) is shown in panels (b) and (e) to represent the tendency due to riming, while the mass 
mixing ratio of the ice and snow species (Qi+Qs), represents the relative tendencies due to vapor 
deposition or sublimation. Note that the tendencies due to snow aggregation in panels (c) and (f) are 
presented in absolute values. The height is given in km AGL. 

 

The key difference between CNTRL and PHILL simulations is that the latter takes advantage of the 
enhanced ice particle growth through aggregation, while falling to the feeder cloud below ∼2 km 
where large snowflakes coexist with smaller ice crystals (Figures 3.4a, 3.6a, 3.6d). This allows for 
differential settling, which enhances collision efficiency facilitating ice multiplication through BR. This 
is the reason why the vertical profile of secondary ice formation agrees with the corresponding profile 
of aggregation during both case studies (Figure 3.6d, f). On 26 January, the first secondary ice particles 
start forming already within the seeder cloud, with the contribution of SIP increasing considerably 
when reaching the feeder cloud, where the tendency, due to SIP, is more than 3 orders of magnitude 
higher than primary ice production (Figure 3.6d). The significant role of SIP stands out also on 30 
January at altitudes below 2km. It is, therefore, essential to consider SIP though BR in the feeder cloud, 
in order to achieve the enhanced levels of ICNCs frequently observed within seeder–feeder events in 
the alpine region. This is in agreement with the observational study of Ramelli et al. (2021a) on an ice-
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seeding case occurring in the region around Davos in the Swiss Alps. In this study, they proposed that 

SIP though HM and BR were necessary to explain the elevated ICNCs in feeder clouds. 

A classification of the dominant type of precipitation was applied to the polarimetric data collected by 

a weather radar deployed at the Kleine Scheidegg station (2061 m a.s.l) during the SE case between 

30 and 31 January (Figure B6). In the derived time series, we can identify periods when individual ice 

crystals (not aggregated and not significantly rimed) dominate over the entire precipitation column, 

followed by periods when a clear stratification is present with ice crystals aloft and mostly aggregates 

and rimed ice particles below. This stratification is observed on 30 January at 19:00 UTC when the 

model tendencies are extracted (dashed lines in Figure 3.6). Allowing for the BR process in PHILL 

results in an enhancement of 2 orders of magnitude in the aggregation rates close to the ground, 

which can better reproduce the signatures observed in the hydrometeor classification at that time. An 

increase in the simulated aggregates and rimed particles is expected to increase orographic 

precipitation, which is important given that these low-level feeder clouds are incapable of producing 

significant amounts of precipitation. Indeed, the mean surface precipitation produced by PHILL is 

increased by 30% (10%) during the NW (SE) case compared with CNTRL (Figure B7), which is in contrast 

to Dedekind et al. (2021), where the activation of the BR process is found to suppress the regions of 

strong surface precipitation. This was attributed to the limited efficiency of the small secondary ice 

particles to grow sufficiently to precipitation sizes when the local updrafts lift them to the upper parts 

of the cloud that were glaciated. The radar-based hydrometeor classification reveals also the 

predominance of ice crystals at the beginning and the end of the precipitating periods (e.g., on 30 

January at 15:00–17:30 UTC or 31 January at 04:30–06:00 UTC), which is again more consistent with 

the vertical profile of Ni produced by PHILL rather than the CNTRL simulation (Figure B6, B8). 

 

3.4.2 Sensitivity to the injection of ice crystals from the surface 

In this section, we examine if the surface-originating small ice particles could have the potential to 

initiate and enhance ice particle growth in the near-surface MPCs present in our case studies. Figure 

3.7 illustrates two additional WRF simulations – BIPs10 and BIPs100 – where the ice crystal source 

applied to the first model level is equal to 10 and 100 L
−1

, respectively (Table 3.2). Note that these two 

sensitivity tests do not consider any SIP process to analyze the influence of BIPs only. The total Nisg 

values produced in BIPs10 are only slightly increased compared to the CNTRL simulation and generally 

remain outside the observed range at JFJ (Figure 3.7a). An order of magnitude increase in the applied 

NBIPs is seen to enhance the modeled Nisg during both case studies; however, our simulations are still 

lacking ice particles. This is particularly evident during the NW winds case, where the simulated Nisg 

varies most of the time around 10 L
−1

, remaining an order of magnitude lower than the observations. 

During the SE case, the model performance is slightly improved, with the Nisg reaching up to ∼25 L
−1

 

in BIPs100, which occasionally falls within the lower limit of the observed ICNC values (e.g., in the 

evening of 31 January). At times when the detected ICNCs remain quite low (i.e., of the order of 10 

L
−1

), the contribution of blowing snow particles probably from the Aletsch Glacier is sufficient to 

explain the observations at JFJ. 

As indicated in Figure 3.7b, during the NW flow the simulated LWC at the first model level in BIPs10 

and BIPs100 almost coincides with the CNTRL simulation of WRF. The three sensitivity simulations are 

producing comparable median and quartile LWC values (Table 3.5), with BIPs10 and BIPs100 

producing median LWC values closer to the observed ones during the SE flow. When comparing 

against the LWC values in the third quartile though, the two simulations lead to an overestimation up 

to a factor of ∼1.5 during both case studies. Given that there is approximately a factor of >20 (5) 

difference between the modeled and observed ICNCs during the NW (SE) winds case (Table 3.3), 

overall Figure 3.7 reveals that the addition of a source of ice crystals from the effect of blowing snow 

cannot account for the observed liquid-ice phase partitioning in the simulated orographic MPCs. 
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Our findings are in contrast with the modeling study of Farrington et al. (2016), where a different 

approach was proposed to include the surface effect on the ICNCs simulated with WRF. In this study, 

a single model domain was used with a horizontal resolution of 1 km. To account for the flux of hoar 

crystals being detached from the surface by mechanical fracturing, Farrington et al. (2016) included a 

wind-dependent surface flux of frost flowers adapted from Xu et al. (2013). Despite the improved 

performance of WRF in terms of predicted ICNCs and LWC, the wind-dependent formulation of the 

surface flux caused the modeled ICNCs to become strongly correlated with the simulated horizontal 

wind speed – a behavior that was not confirmed by the observations of Lloyd et al. (2015). 

Nonetheless, the highest observed ICNCs at the beginning of the NW case correspond to the time 

when both the observed and modeled wind speed is the strongest (Figure 3.2c), implying that a wind-

dependent surface flux of BIPs could potentially elevate the simulated Nisg to the observed levels at 

this time. 

 

 

Figure 3.7 Time series of (a) total Nisg and (b) LWC predicted between 26 January and 1 February 2014 

by the two sensitivity simulations accounting for the effect of blowing snow, i.e., BIPs10 (cyan line) 

and BIPs100 (blue line). 

 

3.4.3 The synergistic impact of BR and surface-induced ice crystals 

It is deducible from the above discussion that the sole inclusion of a constant source of BIPs in our 

simulations cannot efficiently bridge the gap between modeled and measured ICNCs. Our aim in this 

section is to explore the combined effect of SIP through BR and blowing snow on the simulated 

orographic MPCs, since both processes are deemed to be important when trying to explain the high 
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ICNCs observed in alpine environments. This is addressed in the final sensitivity simulation, 
BIPs100_PHILL, the results of which are compared with the CNTRL and PHILL simulations in Figure 3.8. 

In terms of the modeled ice particle concentrations, the combination of the simplified blowing snow 
treatment and BR parameterization can account for most of the discrepancy between modeled and 
observed ICNCs, particularly during the SE case (Figure 3.8a), when the simulation leads to a best 
agreement with the observed interquartile values (Table 3.3). BIPs100_PHILL and CNTRL generally 
differ by an average factor of ∼100 (40) during the NW (SE) case, with the former producing Nisg values 
that are sometimes elevated by up to ∼3 (2) orders of magnitude (Figure 3.8a). Compared to the PHILL 
setup, including a source of BIPs is found to improve the modeled ICNCs close to the surface 
episodically – for instance, in the evenings of 30 and 31 January, with the Nisg in BIPs100_PHILL 
efficiently reaching the observed levels (Figure 3.8a). Note that BIPs can contribute to the modeled 
Nisg even without the presence of a near-surface orographic cloud (e.g., Geerts et al., 2015; Beck et 
al., 2018). For instance, BIPs100_PHILL is the only sensitivity simulation producing high Nisg values in 
the evenings of 27 and 31 January when the low-level cloud is dissipated (Figure 3.5c, f). In the former 
case, however, the model results in an overestimate of the ICNCs, which is also observed during the 
early hours of 30 January, suggesting that the applied source of ice crystals is unrealistically high at 
this time. 

As the mixed-phase conditions are sustained throughout both case studies (Figure 3.8c), the plume of 
ice crystals is mixed into an ice-supersaturated environment and, thus, BIPs are expected to promote 
ice growth through their interaction with the surrounding supercooled liquid droplets and (ice) 
supersaturated air. The number of BIPs reaching the cloud base might not be large, but their presence 
is expected to further facilitate the action of the BR mechanism, considering the depositional growth 
they will undergo within the supercooled boundary layer cloud. This is illustrated, for example, with 
the concurrent increase in Nisg and IWC observed on 30 January at approximately 21:00UTC (Figure 
3.8a, b) in the presence of the low-level cloud (Figure 3.8c). Note that the elevated Nisg caused by the 
addition of BIPs is not always followed by an efficient increase in the simulated IWC. This can be 
observed, for instance, on 27 January at 12:00UTC or in the evening of 31 January (Figure 3.8b). 

A discrepancy between modeled and observed IWC was also highlighted in the study of Farrington et 
al. (2016) and was attributed to the small sizes of the hoar frost particles assumed (i.e., 10 µm). 
Although here BIPs are assumed to have sizes of 100 µm, the underestimation in the cloud IWC has 
still not been overcome. This suggests that the applied source of BIPs combined with the effect of SIP 
through BR shifts the ice particle spectra to smaller sizes, which are not very efficient at riming and 
the WBF process and, thus, do not always contribute to significant increases in IWC values. Overall, 
the interquartile values presented in Table 3.4 reveal that BIPs100_PHILL and PHILL yield almost 
identical IWC values, suggesting that the implementation of a constant source of BIPs does not further 
improve the representation of the total ice mass, despite the improvements in the simulated Nisg. 
Focusing on the LWC values in the third quartile, though, including a source of BIPs results in better 
agreement with the CLACE observations during the SE case, while it is shown to have little effect on 
the cloud liquid phase during the NW case (Table 3.5). Despite the increase in the modeled Nisg 
observed in BIPs100_PHILL, especially during the SE case, the liquid water in the low-level orographic 
cloud is not further depleted (Figure 3.8c). This is presumably because the mean surface precipitation 
produced is also enhanced by almost ∼20% compared to PHILL (Figure B7), which seems to balance 
the excessive ice production. 

One final point that is worth noting here is that there are still certain periods when BIPs100_PHILL fails 
to reproduce the observed range of ICNCs. This could imply the potential contribution of additional 
ice multiplication processes to the observed ice particle concentrations. Indeed, the seeder– feeder 
configuration observed in the examined case studies could favor the fragmentation of sublimating 
hydrometeors while falling through an subsaturated environment before entering the feeder cloud 
(Bacon et al., 1998; Deshmukh et al., 2022). The so-called sublimational breakup is an overlooked SIP 
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process which is not yet described in the M05 scheme. Also, note that the periods when the modeled 

ICNCs remain below the observed ice number levels are mainly identified when the simulated 

temperature drops below −15 o
C and the wind speed exceeds 10 ms

−1
 or even 20 ms

−1
 (e.g., in the 

morning of 26 or 27 January at around 12:00UTC). This is when the incorporation of surface-based 

processes becomes of primary importance. The simplified methodology we followed here, although 

instructive, faces several limitations. For instance, the constant source of BIPs is sometimes found to 

overestimate the modeled Nisg and IWC. In order to accurately assess the potential role of the snow-

covered surfaces in elevating the simulated ICNCs, an improved spatiotemporal description of the 

concentration and distribution of BIPs is required. Furthermore, the applied ice crystal source is 

independent of some key parameters controlling its resuspension, such as the horizontal wind speed, 

the updrafts, or the friction velocity (e.g., Vionnet et al., 2013, 2014). For example, in the early morning 

hours of 26 January, the high simulated horizontal and vertical velocities (Figure 3.2c, d) are expected 

to loft significant NBIPs into the cloud layer, owing to enhanced mechanical mixing and momentum 

flux close to the surface. Nonetheless, the contribution of the induced plume of BIPs remains constant 

throughout the NW case study (Figure 3.7a), which seems to lead to an underestimation of the total 

ice particle concentration and mass. A more realistic parameterization of the BIPs flux or the coupling 

with a detailed snowpack model (e.g., Sharma et al., 2023) would, therefore, be essential for a more 

accurate representation of the effect of blowing snow. 

 

 

Figure 3.8 Time series of (a) total Nisg, (b) IWC, and (c) LWC predicted between 26 January and 1 

February 2014 by the sensitivity simulation BIPs100_PHILL (blue line), which examines the combined 

effect of ice multiplication through BR and blowing snow. 
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3.5 Summary and conclusions 

This study employs the mesoscale model WRF to explore the potential impact of ice multiplication 
processes on the liquid ice-phase partitioning in the orographic MPCs observed during the CLACE 2014 
campaign at the mountain-top site of JFJ in the Swiss Alps. The orography surrounding JFJ channels 
the direction of the horizontal wind speed, giving us the opportunity to analyze two frontal cases 
occurring under NW and SE conditions. 

DS and BR mechanisms were implemented in the default M05 scheme in WRF, in addition to the HM 
parameterization, which, however, remained inactive in the simulated temperature range (−10 to −24 
oC). The DS process is parameterized following either the latest theoretical formulation developed by 
Phillips et al. (2018) or the more simplified parameterization proposed by (Sullivan, Hoose, et al., 
2018). Our sensitivity simulations revealed that the DS mechanism is ineffective in the two considered 
alpine MPCs, even under the higher updraft velocity conditions associated with the NW winds case 
study, owing to the lack of large drops required for the process. 

To parameterize the number of fragments generated per ice–ice collision, we followed again two 
different approaches. We used either the simplified temperature dependent formulation of Takahashi 
et al. (1995) scaled for the size of the particle that undergo fragmentation (Sotiropoulou, Vignon, et 
al., 2021) or the more advanced physically based Phillips et al. (2017a) parameterization. It is 
important to apply the Takahashi parameterization only to consider collisions between rimed ice 
particles, otherwise the number of generated fragments is significantly overestimated. Including a 
description of the BR mechanism is essential for reproducing the ICNCs observed in the simulated 
orographic clouds, especially at temperatures higher than ∼−15 oC, where INPs are generally sparse. 
SIP through BR is found to enhance the modeled ICNCs by up to 3 (2) orders of magnitude during the 
NW (SE) case, improving the model agreement with observations. This ice enhancement can cause up 
to an order of magnitude increase in the mean simulated IWC values compared with the CNTRL 
simulation, which is attributed to the enhanced ice crystal growth and cloud-ice-to-snow 
autoconversion. The increase in the simulated ICNCs also depletes the cloud LWC by at least a factor 
of 2 during both cases, which is more consistent with the measured LWC values. 

One of the most interesting outcomes of this study is the association of the enhanced BR efficiency 
with the occurrence of in-cloud seeder–feeder events, which are commonly found in Switzerland 
(Proske et al., 2021). While ice-seeding situations are associated with enhanced orographic 
precipitation in the alpine region, the CNTRL simulation fails to reproduce the elevated ICNCs reaching 
the ground. The falling ice hydrometeors experience efficient growth through aggregation in the 
seeder part of the cloud, which is enhanced when reaching the feeder cloud at altitudes below 2km, 
where primary ice crystals form and grow through vapor deposition and riming. Aggregation of 
snowflakes seems to be the major driver of secondary ice formation in the examined seeder–feeder 
events. SIP through BR is initiated already within the seeder cloud, while it becomes immensely 
important in the feeder cloud, where its production rate exceeds the one of primary ice formation. 
The increased generation of secondary ice fragments does not always lead to ice explosion and cloud 
glaciation, as it is followed by an enhancement in the precipitation sink owing to a shift in the ice 
particle spectrum. Including a description of the BR mechanism is, therefore, crucial for explaining the 
ice particle concentration and mass observed in the low-level feeder clouds. 

To assess the potential role of blowing snow in the simulated orographic clouds, a constant source of 
ice crystals was introduced in the first atmospheric level of WRF. Our results indicate that blowing 
snow alone cannot explain the high ICNCs observed at JFJ, but when this source is combined with the 
BR mechanism then the gap between modeled and measured ICNCs is sufficiently bridged. The biggest 
influence of blowing snow is mainly detected at times when the simulated temperatures are low 
enough (<−15 oC), while the presence of a low-level cloud is required for SIP to manifest. The 
concentrations of BIPs reaching the cloud base are not high, but when they are mixed among 
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supercooled liquid droplets then they are expected to grow, facilitating ice multiplication through BR. 
Nonetheless, including a wind dependence or a spatiotemporal variability in the applied ice crystal 
source would be essential to provide a more precise description of the effect of blowing snow on the 
simulated clouds. 

Overall, our findings indicate that, outside the HM temperature range, a correct representation of 
both secondary ice (through BR) and an external ice-seeding mechanism, which is primarily 
precipitating ice particles formed aloft and, to a lesser degree, windblown ice from the surface, is 
fundamentally important for accurately predicting the liquid-ice-phase partitioning and properties of 
MPCs. Given the high frequency of seeder–feeder events in orographic environments, including the 
new physics of BR may address a large source of predictive bias in atmospheric models.
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4. Unraveling secondary ice production in winter 
orographic clouds through a synergy of in-situ 
observations, remote sensing and modeling 

 

In this chapter we aim to identify potential indicators of secondary ice production in ground-
based radar observations of orographic mixed-phase clouds obtained during the CALISHTO 
campaign at Mount Helmos, Greece. The research involves numerical modeling, analysis of 
full Doppler spectra and radar moments, as well as forward radar simulations. The text is 
based on the submitted manuscript: 

• Georgakaki, P., Billault-Roux, A.-C., Foskinis, R., Gao, K., Sotiropoulou, S., Gini, M., 
Takahama, S., Eleftheriadis, K., Papayannis, A., Berne, A., Nenes, A. (2023): 
Unraveling secondary ice production in winter orographic clouds through a synergy 
of in-situ observations, remote sensing and modeling. Under review for npj Climate 
and Atmospheric Science. 

The modeling experiments, set-up of the radar simulator and analyses were performed by 
Paraskevi Georgakaki. Anne-Claire Billault-Roux performed post-processing on the radar 
observations collected from Romanos Foskinis, and together with Alexis Berne provided 
valuable insights into their analysis. Georgia Sotiropoulou contributed to the 
implementation of the sublimational break-up mechanism parameterization. Athanasios 
Nenes organized the research project and supervised the progress. All authors contributed 
to the scientific interpretation and writing of the manuscript. 

 

4.1 Summary 

Recent years have shown that secondary ice production (SIP) is ubiquitous, affecting all 
clouds from polar to tropical regions. SIP is not described well in models and for this may 
vastly underpredict ice crystal number concentrations in warm mixed-phase clouds. Through 
a synergy of modeling, remote sensing and in-situ measurements carried out in an 
orographic environment during the Cloud-AerosoL InteractionS in the Helmos background 
TropOsphere (CALISHTO) campaign, we show that SIP can have a profound impact on the 
vertical distribution of hydrometeors  and precipitation, especially in seeder-feeder 
configurations which are encountered in multi-layered cloud systems. The mesoscale model 
simulations coupled with a radar simulator strongly support a unique signature that is 
characteristic of SIP; because of this, our study opens the possibility of using the vast global 
archive of cloud radar data for systematically inferring SIP signatures and frequency of 
occurrence. 
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4.2 Introduction 

The distribution of the ice and liquid phases of water within mixed-phase clouds (MPCs) significantly 
affects surface cloud radiative forcing (Tan & Storelvmo, 2019; Vergara-Temprado et al., 2018) and 
the hydrological cycle (Heymsfield et al., 2020; M¸lmenst‰dt et al., 2015). MPCs exhibit spatial 
heterogeneity at spatial scales lower than 100 m, with spatially separated ice- and liquid-phase 
clusters (Field et al., 2004; Korolev & Milbrandt, 2022; Korolev et al., 2003). This heterogeneity impacts 
the efficiency of the Wegener-Bergeron-Findeisen (WBF) process (Bergeron, 1935; Findeisen, 1938; 
Wegener, 1911) (where ice crystals grow at the expense of cloud droplets) and the rate of cloud 
glaciation. Accurately representing these processes in numerical weather prediction (NWP) and 
climate models remains a major challenge and a source of model bias(Matus & L’Ecuyer, 2017; McCoy 
et al., 2016; Zelinka et al., 2020). 

Ice crystal number concentration (ICNC) in mixed phase clouds is expected to be modulated by the 
availability of ice nucleating particles (INPs) (Hoose & Mˆhler, 2012; Murray et al., 2012). The sparsity 
of INPs (Kanji et al., 2017; Wex et al., 2019) at temperatures above -20C cannot account for ICNCs 
observed in MPCs. Secondary ice production (SIP) following the initial primary ice nucleation events 
must be considered to bridge the gap between the limited availability of INPs and the abundance of 
ICNCs (Field et al., 2017; Korolev & Leisner, 2020). Atmospheric models neglecting the effect of SIP are 
therefore prone to underestimate simulated ICNCs at warm subzero temperatures with important 
implications for the radiative properties and microphysical evolution of this type of clouds (Huang et 
al., 2022; Young et al., 2019; Zhao et al., 2023). 

The importance of SIP has been widely acknowledged in laboratory (Grzegorczyk et al., 2023; James 
et al., 2021; Keinert et al., 2020; Vardiman, 1978), field (J‰rvinen et al., 2022; Lasher-Trapp et al., 2016; 
Lawson et al., 2015), remote sensing (Billault-Roux et al., 2023; Grazioli et al., 2015; Li, Mˆhler, et al., 
2021; Luke et al., 2021), and modeling studies (Atlas et al., 2020; Sotiropoulou, Vignon, et al., 2021; 
Zhao & Liu, 2021) worldwide (Hoose, 2022). The most commonly invoked SIP processes include the 
Hallett-Mossop (HM) or rime-splintering process (Hallett & Mossop, 1974; A. J. Heymsfield & Mossop, 
1984), ice-ice collisional break-up (BR) ( Phillips et al., 2017a; Takahashi et al., 1995), and droplet-
shattering during freezing (DS) (Griggs & Choularton, 1983; Lauber et al., 2018). While HM is 
extensively incorporated in atmospheric models, its efficiency is limited to a narrow temperature 
range of -8C to -3C and specific cloud microphysical configurations. Recent experimental studies 
even suggest potential overestimation of the efficiency of this process (Hartmann et al., 2023). 
Vigorous convective downdrafts (Patade et al., 2022; Waman et al., 2022) and associated subsaturated 
regions may also foster the break-up of graupel and dendritic snow particles from sublimation (SUBBR) 
(Bacon et al., 1998; Deshmukh et al., 2022). 

A major challenge is the ability to detect the presence of SIP in global MPCs, ideally with insights on 
its intensity and mechanisms. Without such information, models lack a key microphysical constraint 
that impedes progress in the description of MPCs. Ground-based remote sensing observations of 
cloud and precipitation can provide key information for constraining SIP (Li, Korolev, et al., 2021; Li, 
Mˆhler, et al., 2021; Luke et al., 2021; Oue et al., 2018). One approach is to use lidar and radar 
retrievals to extract ice multiplication factors (i.e., ICNCs/INPs); application of such a method in 
wintertime orographic MPCs indicated the widespread occurrence of SIP, with a frequency exceeding 
85% (Wieder et al., 2022). Doppler spectra from vertically-pointing radars provide another powerful 
approach, as they often exhibit multimodal distributions within the temperature range associated 
with SIP or within the dendritic growth layer (DGL), typically between -20 and -10C (von Terzi et al., 
2022). These distributions suggest interactions between fast-falling and slower-falling particles within 
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the radar volume from riming (Kalesse et al., 2016) or new ice formation (Billault-Roux et al., 2023; 
Luke et al., 2021; Oue et al., 2015, 2018). Significant ambiguity however remains on the interpretation 
of these signals, as downdrafts, horizontal winds, turbulence or other measurement uncertainties can 
affect their interpretation. 

Here, we show – by coupling an updated version of the mesoscale Weather Research and Forecasting 
(WRF) model with a forward radar simulator (Oue et al., 2020; Vignon et al., 2019, 2021) – that 
characteristic signatures in observed cloud radar data can indeed be attributed to the presence of SIP, 
as inclusion of the latter significantly improves the agreement with the radar observations, including 
the vertical distribution of precipitation and the timing thereof, and thus opening the possibility to 
leverage the abundant cloud remote sensing observations for SIP signatures.  

 

4.3 Data and Methods 

The observational data presented in this study were collected as part of the as part of the Cloud-
AerosoL InteractionS in the Helmos background TropOsphere (CALISHTO) campaign 
(https://calishto.panacea-ri.gr/). CALISHTO took place between October 2021 and March 2022 at 
Mount Helmos, Greece, with the primary objective of enhancing our understanding of the processes 
involved in orographic MPC formation and evolution. In this campaign, extensive in-situ and remote 
sensing observations were carried out at three different altitudes. Meteorological, aerosol, and cloud 
measurements were taken at the mountain-top station, Helmos Hellenic Atmospheric Aerosol and 
Climate Change (HAC)2 (Figure 4.1), located at 2314 m above mean sea level (AMSL) (37N 59' 2.4'', 
22E 11' 45.6'') (Coen et al., 2018). On the lee side of the (HAC)2 station, a region called "Vathia Lakka" 
(VL) at approximately 1850 m AMSL, aerosol and cloud measurements were conducted using remote 
sensing techniques. At the lower altitude site, ∼1700 m AMSL, a multi-wavelength depolarization lidar 
was used to sample vertical profiles of aerosol and cloud properties. Figure 4.1b illustrates the 
complex orography surrounding (HAC)2 and VL. Here, we provide a brief summary of the 
instrumentation employed in this study. 

 

4.3.1 In-situ observations 

Cloud in-situ measurements were conducted at (HAC)2 using the Gerber Particulate Volume Monitor 
(PVM-100, Gerber Scientific Instruments Inc.) (Gerber, 1991). This instrument is designed to measure 
the cloud liquid water content (LWC), particle surface area (PSA), and derive the droplet effective 
radius (reff) for ambient clouds. To obtain these measurements, a diode-emitted laser beam is directed 
along a 40-cm path, and the scattered light in the open air along the path is converted into a signal 
after passing two spatial filters. The first filter converts scattered light to a signal proportional to the 
particle volume density (or LWC), while the second filter produces a signal proportional to the PSA. By 
analyzing the ratio of these two quantities, reff can be derived for droplet diameter from 3 to 45 µm. 
The uncertainty of LWC is 10 % for this diameter range. The PVM-100 instrument has undergone 
testing and inter-comparison with other instruments during ACTRIS (Aerosol Cloud and Trace gases 
Research Infrastructure) activities (Guyot et al., 2015). For the purposes of this study, LWC and reff data 
collected by the PVM-100 were utilized to derive the cloud droplet number concentration (Nd) based 
on the formulation presented in Brazda et al. (2013) (see their Equation 4). 

Aerosol size distributions over the size range between 0.25 and 32 μm were measured at (HAC)2 by an 
Optical Particle Counter (OPC; GRIMM Technologies Inc., Model 1.109), which provides real-time 

https://calishto.panacea-ri.gr/
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aerosol characterization including 32 channels. In this study, OPC diameter (dopc) was converted into 

aerodynamic diameter (daer) using the formula: þ�ÿă = þĀāý (
Ā
�)

0.5
, assuming a shape factor of χ=1.1 

and a particle density of Ã=2.0 g cm-3 (Hu et al., 2012; Peters et al., 2006). 

 

4.3.2 Remote sensing observations 

At the VL station, a frequency-modulated continuous wave (FMCW) W-band Doppler spectral zenith 
profiler (WProf) (K¸chler et al., 2017) was deployed. Operating at a frequency of 94 GHz, WProf allows 
for measurements up to approximately 10 km above ground level. Vertically, WProf employs three 
chirps, each with a respective range resolution of 7.5 m, 16 m, and 32 m. WProf settings are 
summarized in Table C1 in Appendix C. For this study, we utilized full Doppler reflectivity spectra and 
corresponding moments. These moments include the radar equivalent reflectivity factor (Zew), MDV 
and skewness. An attenuation correction has been applied to the W-band radar reflectivities, to 
facilitate their comparison against the forward simulation products. To do so, the radiative transfer 
model PAMTRA (Mech et al., 2020) was used to simulate both gaseous and cloud liquid water 
attenuation at 94 GHz. The vertical profiles of the necessary atmospheric and liquid water profiles 
were obtained from the WRF model set-up, which includes the most advanced description of both 
primary and secondary sources of ice crystals (see ALLSIP simulation described below). 

In addition to the radar variables, WProf offers the capability to estimate the cloud liquid water path 
(LWP) using a retrieval algorithm presented by Billault-Roux and Berne (2021). This algorithm uses the 
brightness temperature measured by a joint 89-GHz radiometer, in combination with available 
meteorological data such as temperature, pressure, and reanalysis data as well as geographical 
information (i.e., latitude, longitude). The relative error in the retrieved LWP values was determined 
to be 18% for cloudy cases (i.e., LWP > 30 g m−2). 

 

4.3.3 WRF simulations 

4.3.3.1 Model set-up 

We utilized WRF version 4.0.1, incorporating augmented cloud microphysics to account for additional 
SIP mechanisms (Georgakaki et al., 2022; Karalis et al., 2022; Sotiropoulou, Vignon, et al., 2021), to 
model the current case study. Our model configuration consisted of three two-way nested domains 
(Figure 4.1) with horizontal resolutions of 12 km, 3 km, and 1 km, respectively. The parent domain 
encompassed a 148x148 grid centered over the (HAC)2 station. The second and third domains 
consisted of 241x241 and 304x304 grids, respectively. All domains employed the Lambert conformal 
projection, suitable for mid-latitudes. We implemented a refined vertical grid spacing, following the 
approach proposed by Vignon et al. (2021), employing 97 vertical eta levels up to a model top of 50 
hPa (∼20 km). Note that the employed model setup was consistent with the one utilized for 
wintertime orographic clouds in the Swiss Alps (Georgakaki et al., 2022). 
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Figure 4.1 (a) Vertically integrated water content obtained from the 12-km resolution domain of the 
CONTROL simulation of WRF on December 17 (22:00 UTC), 2021. The purple contours represent the 
500 hPa geopotential height in meters. The black dashed lines outline the boundaries of the two 
nested domains of WRF. (b) Model orography from the 1-km resolution domain. The black dot in both 
panels marks the location of the (HAC)2 station. 

 

The WRF simulations started on December 17, 2021, at 00:00 UTC, providing 22 hours of spin-up time 
before the passage of a low-pressure system over the region of interest. This system, named storm 
Carmel, was associated with polar airmasses originating from northern Europe (Figure C1 in Appendix 
C), bringing a significant temperature decrease, stormy winds, and heavy snowfall to most parts of 
Central and Southern Greece. The temperature drop and the prevailing strong-wind conditions are 
illustrated in Figure C2, where they are compared against surface meteorological variables obtained 
from the weather station at (HAC)2 to evaluate the performance of the model. Our analysis covers the 
period until December 19, 2021, at 12:00 UTC. We employed a time step of 36 s in the parent domain, 
which decreased to 9 s in the second domain and 3 s in the third domain. The output frequency was 
set at every 5 minutes. 

WRF is forced with initial and 6-hourly boundary conditions from the fifth generation of the European 
Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses dataset (ERA5) 
(Hersbach et al., 2020). The use of high-resolution ERA5 data (0.36) for initializing WRF has been 
found to outperform the near real-time Global Forecasting System (GFS) data from the National 
Centers for Environmental Protection (NCEP), which has a spatial resolution of 1 (not shown). The 
static fields at each model grid point, including topography and land use fields, were sourced from 
default WRF pre-processing system datasets with a resolution of 30’’. The land use categories were 
based on the Moderate Resolution Imaging Spectroradiometer (MODIS) land cover classification. In 
terms of physics options, we employed the Rapid Radiative Transfer Model for General Circulation 
Models (RRTMG) radiation scheme to parameterize both shortwave and long-wave radiative transfer. 
The planetary boundary layer (PBL) physics were represented using the non-local, first-order closure 
YSU (Yonsei University) scheme (Hong et al., 2006), coupled with its associated surface layer scheme. 
A sensitivity simulation revealed that YSU outperformed the local Mellor-Yamada-Janjić (MYJ) (Janjić, 
2002) 1.5 order scheme (not shown) in terms of meteorological observations. Surface processes were 
modeled using the Noah land surface model (Noah LSM) (Chen & Dudhia, 2001). The Kain-Fritsch 
cumulus parameterization was only activated in the 12-km resolution domain, as the resolution of the 
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two nested domains was deemed sufficient to reasonably resolve cumulus cloud processes at the grid 
scale. 

 

4.3.3.2 Microphysics scheme and sensitivity simulations 

Cloud microphysics is parameterized using the Morrison et al. (2005) (M05) scheme of WRF. This 
scheme utilizes a double-moment approach to represent the characteristics of raindrops, cloud ice, 
snow, and graupel particles by predicting both their mass and number concentrations. However, for 
cloud droplets, a single-moment approach is employed, necessitating the specification of a constant 
Nd. During the passage of storm Carmel, a power outage caused by severe weather conditions 
disrupted the PVM-100 measurements. In our study, we opted for an Nd value of 100 cm-3. This choice 
aligns with the temperature-dependent median Nd spectrum observed by PVM-100 throughout the 
CALISHTO campaign and is also consistent with observations at the high-altitude station of 
Jungfraujoch in the Swiss Alps (Lloyd et al., 2015). 

The M05 scheme incorporates different ice formation processes. Homogeneous freezing is considered 
for temperatures below -40C, while heterogeneous ice nucleation is initiated below -4C. The latter 
accounts for various temperature-dependent mechanisms, including immersion freezing of cloud 
droplets and raindrops (Bigg, 1953), contact freezing (Meyers et al., 1992), and 
condensation/deposition freezing nucleation (Cooper, 1986). The default PIP scheme of WRF was used 
to perform the CONTROL sensitivity simulation. However, when comparing the predicted INPs derived 
offline using the simplified temperature-dependent formulations of WRF with two-month INP 
measurements taken between -28C and -23C at (HAC)2, a significant overestimation of up to three 
orders of magnitude was observed (Figure C3b, c, Appendix Text C1). As a more advanced alternative, 
DeMott et al. (2010) (DM10) developed an aerosol-aware scheme that accounts for the concentration 
of aerosols with sizes larger than 0.5 μm aerodynamic diameter (naer,0.5) and temperature. The DM10 
parameterization yielded more realistic offline INP concentrations, with predictions that agree with 
observations within a factor of three (Figure C3a) for more than 70% observed data points. Therefore, 
in the DEMOTT sensitivity simulation, we replaced the default PIP scheme of WRF with the DM10 
parameterization. In our case an naer,0.5 of 0.30 scm−3 was prescribed, as dictated by the mean OPC 
measurements taken during the simulation period. Note that in DEMOTT, the Bigg parameterization 
was still kept active to account for the freezing of big raindrops. 

The final sensitivity simulation analyzed in this study, referred to as ALLSIP, incorporates both PIP and 
SIP processes, with the former following the advanced DM10 parameterization. The M05 scheme, 
similar to other microphysics schemes in NWP models, includes the representation of only one SIP 
process: HM. This process is parameterized following Reisner et al. (1998), which accounts for the 
production of ice splinters within the HM temperature range (-8fTf-3C). It occurs when supercooled 
droplets or raindrops collide and freeze onto snow or graupel particles. Provided that a certain 
threshold in the mixing ratios of the involved ice and liquid hydrometeors is exceeded, the efficiency 
of this process is regulated by a temperature-dependent scaling factor which allows for a maximum 
production rate of 350 splinters per milligram of accreted liquid, at around -5C (Reisner et al., 1998). 
The splinter production rate decreases linearly towards the edges of the HM zone and becomes zero 
outside this range. 

The BR mechanism is an additional SIP process considered in ALLSIP. In the M05 scheme, BR follows 
the parameterization by Phillips et al. (2017a), which has been shown to provide realistic 
representation of ICNCs in orographic MPCs (Georgakaki et al., 2022). A detailed implementation of 
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the BR mechanism in M05 is described in Sotiropoulou, Vignon, et al. (2021). The number of ice 

fragments generated from collisions among the three ice hydrometeor species is determined by 

factors such as collisional kinetic energy, size, rimed fraction, and ice habit of the particles involved. 

While M05 does not explicitly resolve the rimed fraction and ice habit, assumptions are made to 

account for their influence. The impact of the prescribed rimed fraction has been previously 

investigated (Sotiropoulou, Ickes, et al., 2021; Sotiropoulou, Vignon, et al., 2021), and a sensitivity 

experiment in the current case study revealed that a rimed fraction of 0.2 aligns better with observed 

cloud systems (not shown). Higher degrees of riming led to unrealistically high ICNCs, particularly 

within the lower cloud layers. Activation of BR requires a nonzero mass of raindrop or cloud droplet 

to be rimed onto the ice particle, leading to fragmentation. It is important to note that the original BR 

scheme was designed for ice particles larger than 500 μm. According to Phillips et al. (2017a), when 

dealing with smaller sizes, it is advisable to set them to the nearest limit within the specified range. 

Consequently, we limit the efficiency of BR to particles with a characteristic size exceeding 100 μm. 

Regarding the ice habit, the Phillips parameterization provides two formulations depending on the 

prevailing temperature range. Dendritic particles are considered between -17 and -12C, while non-

dendritic planar ice particles are assumed outside this temperature range. (Sotiropoulou, Ickes, et al., 

2021) found minimal sensitivity to the prescribed ice habit, and thus we adopt planar ice particles, 

which capture a wider temperature range and are valid for a broader range of particle shapes. All 

secondary ice fragments resulting from the BR mechanism are classified as cloud ice. 

Another SIP process accounted for in ALLSIP is the DS mechanism. A detailed description of how M05 

scheme was updated to include this process is provided in Georgakaki et al. (2022). DS involves two 

collision modes, as outlined by Phillips et al. (2018). In the first mode, freezing and subsequent 

shattering occur when a supercooled raindrop collides with a less massive cloud ice particle or when 

an INP triggers freezing in immersion mode. The number of fragments generated in this mode are 

multiplied by the product of droplet freezing and shattering probabilities, being described by the cubic 

interpolation functions found in Phillips (Phillips et al., 2018). The former is set to unity for 

temperatures below -6C and zero for temperatures above -3C, while the latter depends on the size 

of the raindrop, being 0 for sizes smaller than 50 μm, 1 for sizes larger than 60 μm. The second mode, 

involves collisions between raindrops and larger ice particles such as snow or graupel (James et al., 

2021). These collisions produce tiny ice fragments, which are introduced as cloud ice in the number 

conservation equations. Larger fragments are classified depending on the specific collision that 

triggered the freezing process of raindrops, which will in turn determine whether they will be treated 

as graupel, snow, or frozen drops. 

The last SIP process included in ALLSIP is SUBBR, which occurs when dendritic or heavily rimed 

particles sublimate under subsaturated conditions within downdrafts, resulting in the detachment of 

ice parts (e.g., branches from dendrites) from the parent ice particle (Bacon et al., 1998). A recent 

study by Deshmukh et al. (2022) introduced two empirical formulations for the SUBBR of graupel and 

dendritic snow. When implemented into the M05 scheme, the former parameterization is valid 

throughout all temperatures provided that the RHi is less than 100%. The latter is enabled at 

temperatures between -20fTf-10 C, where the dendritic ice habit of snow particles is favored 

(Libbrecht, 2017). The number of fragments generated after SUBBR (ĂþĀþþý) is determined by the 

product: ĂþĀþþý = ÿ ∙ ā0.5702
, where K is a function of the initial size of the particle, ambient RHi, 

and a ventilation factor associated with the fall speed of the particle, while M is the sublimated mass 

described by the M05 scheme. More details about this empirical parameterization can be found in 

Deshmukh et al. (2022). 
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4.3.4 The CR-SIM forward radar simulator 

Forward simulators are valuable tools for converting model output into quantities that can be directly 
compared with observations from remote sensing instruments. This enables a more accurate 
assessment of the agreement between model predictions and real-world data. In our study, we 
utilized the outputs from the 3 WRF sensitivity simulations (i.e., CONTROL, DEMOTT, and ALLSIP) as 
input for the Cloud Resolving Model Radar Simulator (CR-SIM) version 3.32 (Oue et al., 2020). CR-SIM 
is compatible with various microphysics schemes of WRF and has previously been employed to 
evaluate the performance of polar WRF in representing Southern Ocean MPCs and snowfall 
microphysics (Vignon et al., 2019, 2021). The T-matrix method is used in CR-SIM to calculate the 
scattering properties of simulated frozen and liquid hydrometeors, which are then organized into look-
up tables. In our study, CR-SIM was configured as a vertically profiling radar operating at 94 GHz, 
matching the frequency of the WProf deployed at VL. The radar beamwidth and range resolution were 
also adjusted to align with the characteristics of the actual instrument. The CR-SIM was run using a 
specific model grid point located closer to the VL station. The idealized simulated radar variables (i.e., 
after correction for the total hydrometeor attenuation) are then provided at each vertical model grid 
cell, facilitating straightforward comparisons with real observations. 

 

4.4 Results and discussion 

The updated WRF model, which incorporates detailed descriptions of SIP processes, was used to 
investigate the microphysics driving the intense snowfall event observed on December 18, 2021 in 
mainland Greece. Doppler spectrograms along with timeseries of radar moments were captured by 
the WProf radar (Section 4.3.2). The radar observations provided valuable insights into the 
microphysics of snowfall and served as a basis for evaluating the performance of the WRF model and 
investigating potential SIP signatures. 

 

4.4.1 Comparing radar observations with radar observables 

Figure 4.2 shows time-height contours of two standardized moments of the Doppler spectra measured 
by WProf: reflectivity (Figure 4.2a) and skewness (Figure 4.2e). The measured Zew primarily reflects 
variations in hydrometeor size and total concentration, while skewness provides insight into the 
spectral asymmetry. A low-pressure system associated with the passage of storm Carmel reached the 
CALISHTO measurement sites on the evening of December 17, 2021. The radar timeseries reveals 
three distinct cloud periods indicated by the turquoise boxes shown in Figure 4.2a. The distinction 
between these three cloud periods in both measurements and simulations is based on the presence 
of seeding ice particles falling either from higher levels within the same cloud (internal seeding)  or 
from an overlying cloud (external seeder-feeder), as summarized in Figure C4. 

The first cloud system exhibits a characteristic nimbostratus cloud structure, while the second one 
appears in a distinctive seeder-feeder cloud configuration, which is frequently observed in orographic 
environments (Proske et al., 2021). Upon advection of the seeder cloud, a low-level orographic cloud 
persisted for almost one day. The skewness timeseries reveal the presence of extended regions with 
positive or negative signs especially during the first two cloud periods (Figure 4.2e). Changes in the 
sign of skewness imply changes in the balance of the different hydrometeor populations within the 
radar volume. With the sign convention employed here, negative skewness means that the Doppler 
spectra are skewed towards the more massive, faster-falling side. 
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Figure 4.2 Time-height plots of radar reflectivity Zew from December 17 (22:00 UTC) to December 19 

(12:00 UTC), 2021, displaying (a) measurements by the WProf radar deployed at VL, and simulations 

coupling the CR-SIM radar simulator with the (b) CONTROL, (c) DEMOTT, and (d) ALLSIP WRF model 

set-ups. The observed Doppler spectral skewness is also superimposed in panel (e). The LWP 

timeseries at VL, measured by the joint radiometer and simulated by WRF, is shown in the last panel 

(f). Note that the simulated LWP takes into account both cloud droplets and raindrops. The turquoise 

boxes indicate the three distinct cloud periods used to extract statistics. Temperature contours (in C) 

are from the CONTROL simulation of WRF in (a, b, e), and from the DEMOTT and ALLSIP simulations in 

(c) and (d), respectively. 

 

To evaluate the simulations and understand the cloud microphysical processes occurring in the radar 

volume, we coupled the CR-SIM radar simulator with the outputs from the WRF grid cell nearest to 

the VL station. The comparison between radar measurements and WRF simulations focuses solely on 

Zew (Figure 4.2a-d), since the other radar observables were less accurately simulated by CR-SIM (not 

shown). Replacing the default PIP scheme of WRF used in CONTROL (Figure 4.2b) with the aerosol-
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aware DM10 scheme (Figure 4.2c), leads to a notable reduction in predicted Zew values across all 
altitudes, especially at temperatures below -20C. The activation of SIP mechanisms within the model 
induces a distinct shift in simulated Zew towards higher values, primarily within the DGL temperature 
zone (Figure 4.2d), which becomes more pronounced during the initial two cloud periods. Evaluation 
of the simulations against the radiometer-derived LWP is also provided in Figure 4.2f. Over the 
simulation period, there is a substantial but highly variable amount of LWP present. Although the 
simulations tend to overestimate the radiometer-derived LWP measured at VL, they capture the 
timing of the peaks in the LWP timeseries, with ALLSIP more effectively reducing the simulated LWP, 
bringing it closer to observations. 

Despite the good performance of WRF, the timing of the first two cloud events does not perfectly align 
with the remote sensing observations (Figures 4.2a-d). Coupling CR-SIM with the grid cells surrounding 
the one closer to VL, or substituting the ERA5 reanalysis forcing dataset with the National Centers for 
Environmental Prediction (NCEP) dataset did not improve the simulated timing of either cloud events 
(not shown). The most plausible explanation for this discrepancy may be errors in predicted wind fields 
and relative humidity with respect to ice (RHi; Figure C2b). Further evaluation of the model at higher 
altitudes is impeded by the intense snowfall during storm Carmel, which prevented the derivation of 
the wind profile from the wind lidar deployed at VL. Despite these model-observation discrepancies, 
WRF coupled with CR-SIM can sufficiently capture the presence of the three consecutive cloud 
systems measured at VL, which is remarkable given the complex microphysics and small-scale 
turbulent flow over such complex orographic terrain (Figure 4.1b). A statistical summary of Zew for 
each cloud period is provided in Figures 4.5b, 4.6b and Figure C5, that will help us uncover which WRF 
model configuration results in predictions that align most closely with the WProf measurements. 
Before delving into this comparison, it is essential to gain a better understanding of the microphysical 
processes that shape the simulated ice- and liquid-phase partitioning, and subsequently, the Zew 
values generated by the three WRF sensitivity simulations. 

 

4.4.2 Microphysical process insights 

Figure 4.3 illustrates the temporal evolution of vertical profiles for the total ICNC (cloud ice + snow + 
graupel), while Figure 4.4 presents the corresponding profiles for the total LWC, as predicted by the 
three sensitivity simulations of WRF. These profiles – extracted from the WRF grid point nearest to 
the VL station (i.e., the same location used for running the CR-SIM simulator) – provide insights into 
the sources and sinks of ice and liquid hydrometeors driving the vertical distribution of Zew. 

The hatched region in Figure 4.3a delineates where water vapor is supersaturated with respect to ice 
(according to the CONTROL simulation). During the first cloud period, frozen hydrometeors precipitate 
from the higher-level parts of the cloud, without experiencing ice subsaturation before entering the 
low-level MPC below ∼1 km. In contrast, during the external seeder-feeder period, subsaturated air 
separates the orographic cloud from the synoptic cloud above. Accurate representation of the 
microphysical processes underlying such multi-layered cloud systems in NWP models is found to be 
crucial for correctly simulating the cloud glaciation fraction as well as the amount of orographic 
precipitation (Georgakaki et al., 2022; Thomas et al., 2023). 

Within the first two seeding cloud periods, falling ice particles undergo effective mass gain, initially 
through vapor deposition, in the ice supersaturated cloud regions (Figure 4.4) at temperatures below 
-20C. As a result, these particles vary in size and experience different terminal velocities, enhancing 
their collision efficiencies and facilitating further growth through aggregation (Figure 4.3). Ice crystal 
growth through riming is also prevalent in the lower atmospheric levels of CONTROL (Figure 4.4a), but 
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is found to contribute even at colder temperatures in DEMOTT and ALLSIP, where higher-level clouds 
are not entirely glaciated (Figures 4.4b, c).  

The role of INP description between simulations also carries important implications for the LWC and 
ICNCs at cold temperatures. The default temperature-dependent scheme of the WRF model shows a 
gradual increase in simulated ICNCs, reaching peak concentrations exceeding 100 L-1 at temperatures 
below -30C (Figure 4.3a). However, when replacing the default primary ice production 
parameterizations with the aerosol-aware scheme utilized in the DEMOTT simulation, the colder-
temperature ICNCs are reduced, with predicted values consistently remaining below 50 L-1 (Figure 
4.3b). It is worth noting here that the aerosol information used to constrain the DM10 
parameterization was derived from the altitude of (HAC)2, which is ∼500 m higher than the VL station. 
Although this may lead to slight underestimations of the INPs at lower altitudes and, conversely, an 
INP overestimation at altitudes above (HAC)2, DEMOTT still predicts much lower ICNCs than CONTROL 
at cold temperatures and provides a more realistic representation of the upper-level INPs. Reducing 
the predicted ICNCs increases the LWC present at temperatures below -20C (Figure 4.4b), which is 
non-existent for CONTROL (Figure 4.4a). Analysis of the 2D temperature histograms reveals that in 
CONTROL, ice production rates are primarily dominated by the deposition/condensation freezing 
scheme, particularly at temperatures below −15°C where PIP rates range between 10-2 and 1 L-1 s-1, 
while contact freezing dominates at temperatures warmer than about −10°C (Figure C6). In contrast, 
DEMOTT exhibits PIP rates that never exceed 10-1 L-1 s-1, even at the colder temperatures down to -
40C (Figure C6d). Reducing the predicted ICNCs allows for more LWC to be present at temperatures 
below -20C (Figure 4.4b), which is not possible in CONTROL (Figure 4.4a). During the 3rd cloud period, 
in the absence of seeding ice particles from above, higher ICNCs predicted by CONTROL lead to 
effective growth through riming and WBF, allowing for differential settling and justifying the enhanced 
aggregation rates compared to DEMOTT (Figures 4.3a, b). 

Activation of SIP in the ALLSIP simulation shifts the yellowish shades (indicative of higher ICNCs) that 
were observed predominantly at temperatures below -20C in CONTROL, towards the warmer 
temperature range between -20 and -10C (Figure 4.3c). This leads to a reduction in the vertical 
availability of LWC, which is noticeable especially during the nimbostratus period. The colored 
contours in Figure 4.3c delineate the regions where significant ice particle production occurs due to 
various SIP processes included in WRF. It is evident that SIP is particularly efficient during the first two 
seeding events, with limited and localized contributions from DS during the third cloud period. By 
examining the characteristic sizes of raindrops in M05, we find that they rarely exceed the threshold 
of 50 μm required for DS activation (Figure C7b). This explains the occurrence of spikes in the contours 
of DS production rates in the timeseries presented in Figure 4.3c. SUBBR also shows highly localized 
effects when precipitating ice particles fall through subsaturated air layers (Figure C8). The HM process 
remains completely inactive during the simulation period, partially due to the colder temperatures at 
which the simulated clouds are formed, and also because the imposed ice and liquid thresholds are 
not met. 
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Figure 4.3 Time-height plots of total ICNCs produced by the (a) CONTROL, (b) DEMOTT, and (c) ALLSIP 

simulations for the period December 17 (22:00 UTC) to December 19 (12:00 UTC), 2021. The black 

contours in all panels represent temperature isotherms, while the red contours in (a) and (b) show 

areas where snowflake aggregation rates exceed 10
-5

 L
-1

s
-1

. Note that the tendencies due to snow 

aggregation are presented in absolute values. The black hatched lines in (a) indicate regions that are 

supersaturated with respect to ice. In panel (c), the contours represent each active SIP rate: purple 

solid (dashed) contours indicate regions where BR rates exceed 10
-2

 (10
-3

) L
-1 

s
-1

, while cyan (magenta) 

contours show regions where DS (SUBBR) rates exceed 10
-5

 (10
-4

) L
-1

s
-1

. Note that the tendencies of 

snowflake aggregation predicted by ALLSIP are presented in Figure C8 in Appendix C. 
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Figure 4.4 Same as in Figure 4.3, but now the color shading represents the total LWC predicted by (a) 

CONTROL, (b) DEMOTT, and (c) ALLSIP simulations for the period December 17 (22:00 UTC) to 

December 19 (12:00 UTC), 2021. The black contour lines represent again the temperature isotherms, 

while in all three panels the yellow (orange) contours indicate the regions, where riming (vapor 

deposition) rates exceeds 10
-5

 g m
-3

 s
-1

. 

 

BR demonstrates significant particle production rates, exceeding 10
-3

 particles L
-1 

s
-1

 at temperatures 

below the DGL, with a tenfold increase in efficiency within this temperature range (Figure 4.3c). This 

substantial enhancement in BR rates, by two to three orders of magnitude compared to SUBBR and 

DS, suggests the predominance of the BR mechanism in the simulated cloud systems. Another 

noteworthy observation is that the snowflake aggregation contours (Figure C8) consistently envelop 

the BR contours (Figure 4.3c). In particular, inside the DGL, collisions of aggregated dendrites can 

trigger SIP through BR. Although the ice habit is not explicitly resolved in M05, the number of 
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fragments described by the employed Phillips BR parameterization shows a triangular relationship 
with temperature, peaking at around -15C, which justifies the peak in its efficiency inside the DGL.  

The simultaneous enhancement of aggregation and new ice particle formation through BR is 
consistently highlighted in several modeling (Dedekind et al., 2023; Georgakaki et al., 2022) and 
remote sensing studies (von Terzi et al., 2022). Images of fragmented dendritic crystals captured 
during aircraft flights within nimbostratus clouds over China revealed the predominance of SIP via BR, 
particularly between -10C and -15C (Yang et al., 2014). Importantly, during the 3rd cloud period, 
when aggregation is not favored in ALLSIP (Figure C8), SIP through BR is entirely inefficient. 

 

4.4.3 SIP indications in Doppler spectra 

Integrating information from the high-resolution modeling framework and radar Doppler spectra, 
allows for attributing distinct radar signals to SIP or other microphysical processes. This is done by 
comparing the simulated Zew for all three sensitivity simulations of WRF examined in this study. The 
unavailability of polarimetric radar observables during the CALISHTO campaign restricts our ability to 
identify specific ice hydrometeor habits (i.e., columnar crystals), which have proven valuable in 
previous research (Billault-Roux et al., 2023; Oue et al., 2015). Nonetheless, we will focus on two 
specific moments of the timeseries – one from the nimbostratus and the other from the seeder-feeder 
cloud periods, as these periods were identified to create favorable conditions for SIP. 

Starting from the nimbostratus cloud period, Figure 4.5a presents an example Doppler spectrogram 
measured by the WProf on December 18 at 03:55:10 UTC. Analyzing radar Doppler spectra, 
particularly in the presence of multimodes/peaks, helps reveal distinct hydrometeor populations 
within the same radar volume. The chosen spectrogram highlights a turbulent region between 2-2.5 
km altitude, below which a clear bimodal distribution appears at around 1.6 km, signifying two 
hydrometeor populations – the origin of which will be discussed below.  

Median statistics derived for this cloud period are summarized in Figure 4b. The gray shaded regions 
in this plot indicate the observed interquartile range (IQR). CONTROL overestimates Zew at 
temperatures ranging from roughly -25C to -17C, while underestimates Zew at warmer subzero 
temperatures. The updated PIP scheme in DEMOTT agrees better with observations at temperatures 
colder than ∼-18C, but still fails to achieve the higher Zew values observed at warmer temperatures. 
In contrast, ALLSIP enhances the simulated Zew by over 10 dBZ at these temperatures, reducing the 
discrepancy with the WProf measurements. Analysis of simulated ice particle size distributions (Figure 
C9) reveals that, closer to the ground (∼700 m AGL), ALLSIP predicts more than two (one) orders of 
magnitude elevated ICNCs compared to CONTROL (DEMOTT). In terms of large particles dominating 
the radar reflectivity, ALLSIP predicts tenfold higher snow particle concentrations compared to the 
other two sensitivity simulations (Figure C9e), likely from increased cloud-ice-to-snow 
autoconversion. However, at colder temperatures, particularly below -20C, ALLSIP simulates lower 
snow and graupel concentrations relative to the WRF simulations disregarding SIP, resulting in Zew 
values below the observed IQR. Despite uncertainties and simplifications in the modeling approaches 
(some further discussed in Text C2), it becomes evident that, inside the DGL, inclusion of SIP 
mechanisms within ice seeding configurations is necessary for refining the vertical distribution of Zew, 
particularly the Zew enhancement near the ground. This implies that the ALLSIP simulation of WRF can 
be used to assess when characteristic radar signatures can be used to identify SIP processes. 
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Figure 4.5 Synergistic insights from WProf radar Doppler spectra and WRF predictions: (a) Example of 
the WProf reflectivity spectrogram collected on December 18 at 03:55:10 UTC, during the 
nimbostratus cloud period. A horizontal white line around 1.2 km marks a sampling gap in a small 
radar volume between the first and second chirp. Note that 1dBsZ = 10log10 (1mm6m−3 (ms−1)−1); (b) 
Median vertical profiles of observed and simulated radar reflectivity extracted during the 
nimbostratus cloud period. The grey line represents the median WProf observations, while the black, 
cyan, and blue lines denote the results from the CONTROL, DEMOTT, and ALLSIP simulations, 
respectively; (c) Median vertical profiles (extracted from the ALLSIP simulation over a 10-min time 
window centered around the chosen spectrogram) of the number tendency due to BR (purple line) 
and snow aggregation (red line) shown in the lower x-axis, while the mass tendencies due to riming 
(yellow) and vapor deposition (orange) are shown in the upper x-axis. The shaded regions correspond 
to the IQR, while the temperature contours superimposed in these panels are from the ALLSIP 
simulation. Note that the tendency due to snow aggregation in panel (c) is presented in absolute 
values. 

 

Figure 4.5c illustrates the median tendency profiles for several microphysical processes simulated by 
ALLSIP within a 10-min timeframe of the observed WProf spectrogram (Figure 4.5a). Ice particles grow 
through vapor deposition and aggregation while falling through the atmosphere. The primary mode 
detected by the cloud radar could therefore be attributed to dendritic and/or aggregated ice particles. 
Here it is worth noting that a single Doppler spectrogram at a specific timestep does not necessarily 
reflect the microphysical trajectory of a particle population (Kalesse et al., 2016). Indeed, the fast-
falling spectral mode in Figure 4.5a may result from overlapping particle trajectories as they are 
advected toward the measurement site. Furthermore, the mean Doppler velocity (MDV) of the 
primary peak reaches up to ∼ −2.5 m s-1 at 1 km altitude (Figure 4.5a), which is significantly higher 
than the typical terminal velocities of aggregates at around 1 ms-1 (Kneifel & Moisseev, 2020). 
Although large MDV could be caused by heavily rimed ice structures – WRF simulations do not suggest 
the presence of SLW (Figure 4.4c). The high MDV is likely from the influence of downdrafts, and the 
effects of prevailing high horizontal winds (Figure 4.2c) and potential deviations in the vertical radar 
setup alignment (Orr & Kropfli, 1999). 
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A secondary mode emerges in the radar Doppler spectrogram just above the -18C isotherm, with a 

reflectivity of -0.4 dBZ (Figure 4.5a). The pronounced reflectivity of the peak, alongside its broad 

spectral range, rules out the possibility of its origin being supercooled liquid droplets, as such droplets 

typically exhibit lower values below -15 dBZ (Kalesse et al., 2016). To understand the origin of the 

secondary mode, we refer to the ALLSIP predictions (Figure 4.5c). Simulated microphysical tendencies 

suggest that interactions between particles of the primary mode entering the DGL may fuel SIP below 

1.5 km altitude. Indeed, the emergence of the secondary mode in the Doppler spectrogram almost 

coincides with enhanced aggregation and BR in the model, the former peaking below -18C. Efficient 

growth of sedimenting ice particles inside the DGL promotes differential settling, increasing the 

likelihood of collisions, which in turn drives both aggregation and BR. These two processes exhibit 

consistent alignment across all altitudes in the atmosphere. While snowflake aggregation can be an 

efficient ICNC sink in MPCs, Figure 4.5c reveals that aggregation drives SIP through BR, which in turn 

compensates for the depletion of ice crystals and may even enhance them. Below ∼600 m, the source 

of ice particles due to BR can be up to one order of magnitude enhanced compared to the loss due to 

aggregation. At this altitude, interaction with supercooled droplets further augments ice crystal mass 

via riming (Figure 4.5c). Riming and possibly WBF deplete cloud liquid water in lower atmospheric 

levels, improving agreement with radiometer-derived LWP compared to CONTROL and DEMOTT 

(Figure 4.2f). The distinct spectral modes broaden and converge below ∼1 km, indicating an 

<advection-type= effect (although this could also relate to atmospheric turbulence or the imperfect 
vertical beam alignment during this instance). 

Another important realization comes from reexamining the skewness timeseries, depicted in Figure 

4.2e. We observe that the emergence of the slower spectral mode coincides precisely with a region in 

the radar data showing persistent positive skewness, both temporally and spatially extended. This 

pattern bears similarity to findings in von Terzi et al. (2022), where a winter frontal case study unveiled 

spectral asymmetry associated with the rapid increase in Doppler spectral skewness at temperatures 

above -18C. This was attributed to the formation of new small ice particles, likely due to SIP processes 

within the DGL. Giangrande et al. (2016) also linked bimodal spectra skewing toward slower falling 

particles with the formation and growth of ice needles. In our study, during the nimbostratus cloud 

period, persistent small ice particle formation is evident, represented by the red shading, at altitudes 

ranging from the -10 to -20C isotherms after approximately 03:00 UTC on December 18 (Figure 4.2e). 

This confirms that the observed bimodal spectrogram (Figure 4.5a), although representing a single 

timestep, is not an isolated feature. The model with advanced SIP descriptions predicts enhanced BR 

(Figure 4.3c) and aggregation (Figure C8) that aligns remarkably spatially and temporally with the 

increase in the observed spectral skewness (Figure 4.2e). This one-to-one comparison allowed us to 

infer the presence of SIP through BR, resulting from collisions between delicate dendritic and/or 

aggregated ice structures inside the DGL, leading to a skewing of the Doppler spectra towards slower 

falling particles. 

Moving to the seeder-feeder cloud period, Figure 4.6 presents a WProf spectrogram juxtaposed with 

the corresponding vertical profiles of the WRF simulations. We discern the primary spectral mode 

corresponding to the aggregate population falling from the seeder cloud. A clear secondary mode 

becomes evident in the feeder cloud below the -16C isotherm (Figure 4.6a) – a region where the 

ALLSIP simulation suggests again the presence of SIP-generated particles (Figure 4.6c). A high 

reflectivity of -1.0 dBZ together with its quite wide spectral signature indicate that the slow-falling 

spectral subpeak corresponds to cloud ice particles rather than supercooled liquid droplets.  
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Figure 4.6 Same as in Figure 4.5, but the information is extracted from December 18 at 09:19:54 UTC, 

during the seeder-feeder cloud period. In panel (c) the magenta line indicates the median vertical 

profile of the number tendency due to SUBBR shown in the lower x-axis. 

 

The median profiles extracted from this cloud period reveal two distinct Zew profile characteristics 

(Figure 4.6b). In the feeder part of the cloud, the measured Zew saturates likely from non-Rayleigh 

scattering by large ice particles with sizes comparable to the WProf wavelength. Indeed, the simulated 

size distribution of snow particles, supports the presence of large particles exceeding 1 mm at altitudes 

below 1 km above ground level (AGL) (Figure C7a). From the modeling perspective, at these altitudes, 

BR aligns with aggregation, but consistently generates an order of magnitude more particles per liter 

than aggregation depletes from snowflake number loss (Figure 4.6c). The efficiency of BR maximizes 

closer to the surface, yielding almost 2∙10-2
 small ice fragments per liter. Even though CONTROL and 

ALLSIP produce comparable snow number concentrations, yet the latter yields almost 2 orders of 

magnitude elevated cloud ice particle concentrations (Figure C10). The subsequent growth of these 

particles via vapor deposition and riming (Figure 4.6c) boosts the simulated Zew values leading to 

better agreement not only with the WProf reflectivity profile (Figure 4.6b) but also with the LWP 

measurements during this period (Figure 4.2f). 

At higher altitudes and temperatures between approximately -16 and -25C, WProf measured reduced 

Zew that is not reproduced by any WRF simulation (Figure 4.6b). This discrepancy is likely from the 

presence of a dry layer separating the two clouds (Figures 4.3a and Figure C8) that does not 

backscatter much signal to the radar. The timing and microphysics inside this cloud free region is likely 

more challenging to be captured by all model set-ups examined, but this does not appear to have a 

significant impact on ground precipitation and SIP. CONTROL generates cloud ice (Figure C10a) and 

snow particle (Figure C10b) concentrations one order of magnitude higher than DEMOTT at an altitude 

of ∼2.2 km, which is nearly one (two) orders of magnitude elevated cloud ice (snow) concentrations 

compared to ALLSIP. The elevated concentrations of larger ice particles are probably causing the 

overestimated Zew values in CONTROL and DEMOTT. At these temperatures, initiation of BR in the 

ALLSIP simulation is found to shift the particle distributions towards smaller sizes, effectively moving 
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the simulated Zew values closer to the observed IQR at the appropriate altitude and timing. 
Additionally, it is worth noting the contribution of SUBBR within the subsaturated air layer that 
separates the seeder from the feeder cloud regions, generating up to 10-5 particles per liter. This 
observation aligns with findings presented in Deshmukh et al. (2022) (see their Figure 14). 

When reviewing the skewness timeseries in Figure 4.2e, we consistently notice positively skewed 
distributions, between mostly the -15C and -20C isotherms, persisting throughout the entire seeder-
feeder cloud period. This reaffirms our earlier hypothesis regarding the connection between positive 
skewness, spectral bimodality, and processes such as BR and aggregation, as previously highlighted 
during the nimbostratus cloud period. Altogether, this underscores once more the significance of 
incorporating SIP descriptions within the microphysics scheme of the WRF model, and the usefulness 
of the coupled model-radar simulator approach to reliably interpret the radar reflectivity signals. 

 

4.5 Conclusions 

In this study, we delved into the microphysical mechanisms of snowfall during the passage of storm 
Carmel in mainland Greece. During this event a complex wintertime mixed-phase cloud system was 
recorded by the W-band cloud radar deployed at a high-altitude station as part of the CALISHTO field 
campaign. Radar observations unveiled three sequential cloud structures: a nimbostratus cloud, 
succeeded by a multi-layered seeder-feeder system, eventually leading to a low-level orographic MPC. 
Our analysis combined remote sensing, aerosol in-situ data, modeling, and forward-simulation tools. 
This integrated approach aimed to pinpoint ice crystal growth and multiplication processes within the 
DGL, recognizing the need to improve our understanding – particularly of SIP – at such cold 
temperatures outside the HM zone. By coupling WRF with the CR-SIM radar simulator, we successfully 
replicated all three observed cloud systems, which is noteworthy given the complexity of the terrain 
surrounding the measurement site. 

Three sensitivity simulations were performed using WRF to assess the sensitivity of the model to the 
chosen PIP and SIP schemes. Refining the default PIP scheme in WRF, incorporating a more 
sophisticated aerosol-aware parameterization, reduced simulated ICNCs at all altitudes. Our WRF 
simulations highlight the crucial role of incorporating advanced SIP descriptions within the 
microphysics scheme of models to capture the underlying mechanisms affecting ice particle growth, 
multiplication, and consequent precipitation production. SIP significantly amplifies simulated cloud 
ice and snow concentrations by 1-2 orders of magnitude; BR-driven SIP initiates near the upper edge 
of the DGL (colder temperatures), with substantial snow and graupel particles colliding and generating 
small ice fragments. As these ice particles encounter warmer temperatures within mixed-phase 
conditions, they efficiently grow through vapor deposition and riming, fostering differential settling 
and enabling further aggregation-driven growth. This cascade effect ultimately contributes to 
increased snowfall near the ground, resulting in elevated reflectivities, that can be replicated solely 
through WRF simulations considering SIP. Rapid aggregation and vapor deposition of dendritic ice 
particles enhances differential settling, which increases collision probabilities and BR. The competition 
between BR and aggregation determines the modelled ICNCs. Upon entering low-level mixed-phase 
cloud regions, BR produces approximately tenfold more ice crystals than those depleted through 
aggregation. Among the three cloud types studied, SIP showed significant activity solely in cases 
involving ice particle seeding, whether internally within the same cloud or externally in a seeder-
feeder arrangement.  
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Integration of modeling and remote sensing tools helps decipher microphysical signatures in observed 

full Doppler spectra. Using WRF with all SIP mechanisms active, we interpret observed spectral 

bimodalities for internal and external seeding cases. The faster-falling spectral mode was associated 

with the aggregate population, while distinct secondary modes emerged at temperatures around -

18C to -16C coincided with enhanced BR and aggregation in WRF with remarkably good temporal 

and spatial alignment with an increase in the observed skewness timeseries. Persistent positive 

skewness arose within the DGL due to the spectra shift toward the slower-falling peak after SIP 

initiation. These findings propose strong connections between positive skewness, Doppler spectral 

bimodalities, aggregation, and SIP through BR within the DGL in the SIP temperature regime. Correct 

prediction of the vertical distribution of INPs is also key for getting the right balance of primary and 

secondary ice production, as well as the microphysical evolution of MPCs. 

Overall, the presence of multi-modalities in the radar Doppler spectra, particularly within the DGL, has 

long underlined the need to improve our understanding of the intricate microphysical interactions 

taking place. This is important for more accurate modeling of surface precipitation. In this research, 

we suggest that SIP-aware models coupled with forward simulators have the potential to unveil 

concealed microphysical processes in radar observations. Beyond model evaluation, this approach 

provides fresh avenues to derive prolonged statistics regarding the significance and frequency of SIP. 

This applies even in remote polar regions where ground-based remote sensing instruments are widely 

available. 
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5. RaFSIP: Parameterizing ice multiplication in 
models using a machine learning approach 

 

In this chapter, we introduce a new machine learning parameterization to represent the 

effect of all important secondary ice processes within large-scale models. The content of this 

chapter is drawn from the submitted manuscript: 

• Georgakaki, P., and Nenes, A. (2023): RaFSIP: Parameterizing ice multiplication in 

models using a machine learning approach. Under review for Journal of Advances in 
Modeling Earth Systems. 

The machine learning algorithm was designed and evaluated by Paraskevi Georgakaki. 

Athanasios Nenes organized the research project, offered valuable insights into the online 

integration of the developed scheme, and supervised the progress. 

 

5.1 Summary 

Representing single or multilayer mixed-phase clouds (MPCs) accurately in global climate 

models (GCMs) is critical for capturing climate sensitivity and Arctic amplification. Ice 

multiplication, or secondary ice production (SIP), can increase the ice crystal number 

concentration (ICNC) in MPCs by several orders of magnitude, affecting cloud properties and 

processes. Here, we propose a machine-learning approach, called Random Forest SIP 

(RaFSIP), to parameterize the effect of SIP on stratiform MPCs. The RaFSIP scheme uses few 

input variables available in models and considers rime splintering, ice-ice collisional break-

up, and droplet-shattering, operating at temperatures between 0 and -25˚C. The training 

dataset for RaFSIP was derived from two-year pan-Arctic simulations with the Weather 

Research and Forecasting (WRF) model with explicit representations of SIP processes. The 

RaFSIP scheme was evaluated offline against WRF simulation outputs, then integrated within 

WRF. The parameterization exhibits stable performance over a simulation year, and 

reproduced predictions of ICNC with explicit microphysics to within a factor of 3. The coupled 

WRF-RaFSIP scheme can replicate regions of enhanced SIP and accurately map ICNCs and 

liquid water content, particularly at temperatures above -10˚C. Uncertainties related to the 
RaFSIP representation of MPCs marginally affected surface cloud radiative forcing in the 

Arctic, with radiative biases of lower than 3 Wm-2 compared to simulations with explicit SIP 

microphysics. Training from a few high-resolution model grid points did not limit the 

predictive skill of RaFSIP, with the approach opening up new avenues for model 

simplification and process description in GCMs by physics-guided machine learning 

algorithms. 

 

5.2 Introduction 

In the big data and machine learning era, general circulation models (GCMs) remain an 

indispensable tool for predicting how the Earth system will respond to rising greenhouse gas 

concentrations (Balaji et al., 2022; Irrgang et al., 2021). GCMs typically represent  
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atmospheric processes with a horizontal grid spacing of about 50-100 km. However, at this coarse 
resolution, small-scale processes, such as those associated with clouds, cannot often be explicitly 
resolved. These complex subgrid scale processes interact with the resolved model scales only through 
parameterizations tuned in a way to improve the agreement with theory or observations (Hourdin et 
al., 2017). Parameterization schemes are a necessary but non-trivial part of climate modeling, 
introducing uncertainties in future climate projections. These uncertainties frequently result in 
persistent model biases, especially over climatically sensitive regions of the world, such as the Arctic 
(Sledd & L’Ecuyer, 2021; Tan & Storelvmo, 2019) and the Southern Ocean (Schuddeboom & McDonald, 
2021; Vergara-Temprado et al., 2018). 

Machine learning (ML)-based parameterizations are a promising and computationally efficient 
approach increasingly used in climate science to replace, supplement or speed up conventional 
parameterizations (e.g., Brenowitz & Bretherton, 2019; Gentine et al., 2018; Grundner et al., 2022; 
Han et al., 2020; Mooers et al., 2021). ML parameterizations are sometimes developed based on high-
resolution three-dimensional (3D) simulations, in which subgrid processes are either explicitly 
resolved (Brenowitz & Bretherton, 2018; Yuval et al., 2021; Yuval & O’Gorman, 2020) or parameterized 
using conventional schemes (Grundner et al., 2022; O’Gorman & Dwyer, 2018). In this approach, high-
resolution data is often coarse-grained to match the lower spatial resolution of the GCM grid (e.g., 
Brenowitz & Bretherton, 2019). Advances in both computational tools and data assimilation methods 
have now allowed for global observations to be integrated into ML training datasets (Schneider et al., 
2017), yet limitations concerning the limited spatiotemporal coverage of observational data still need 
to be addressed (Irrgang et al., 2021). 

Neural networks (NNs) and random forests (RFs) are two ML methods that have been used for 
developing parameterizations for GCMs. RF – an ensemble learning algorithm consisting of multiple 
decision trees – ensures the preservation of physical properties by taking the average predictions of 
subsets of the training samples (Breiman, 2001). This conservative behavior leads to more stable 
simulations when coupled with GCMs compared to NNs (Han et al., 2020; O’Gorman & Dwyer, 2018), 
which can deviate from the training data pool. Notably, RF parameterizations have demonstrated 
successful emulation of conventional convective schemes in GCMs (O’Gorman & Dwyer, 2018). Yuval 
and O’Gorman (2020) applied RF parameterization using coarse-grained, high-resolution outputs from 
an idealized simulation, achieving effective replication of climate patterns across different grid 
spacings. In contrast, NN parameterizations, although requiring less memory in GCMs, can introduce 
numerical instabilities and result in model runaway or climate drift (Rasp et al., 2018; Brenowitz & 
Bretherton, 2018, 2019). To ensure stable long-term simulations, post-prediction adjustments and 
accurate processing of the training dataset are necessary (Rasp, 2020; Yuval et al., 2021). While offline 
comparisons favored NN parameterizations, both RF and NN algorithms satisfied physical constraints 
(energy conservation and non-negative surface precipitation) and demonstrated comparable 
performance when coupled with the dynamical core of a coarse-resolution aqua-planet GCM (Yuval 
et al., 2021). Additionally, RFs and NNs showed similar performance in predicting the probability 
density function of surface solar irradiance under 3D cumulus clouds (Gristey et al., 2020). 

Parameterizations of cloud microphysical processes and aerosol-cloud interactions are perhaps one 
of the most challenging aspects of climate simulations (e.g., Liu et al., 2023; Hugh Morrison et al., 
2020). They are also computationally expensive because they require a large amount of information 
to be carried around in simulations (e.g., cloud microphysical and aerosol quantities and their 
interactions) and the parameterizations themselves also may require considerable computational 
effort. Few studies to date try to simplify cloud microphysical processes using ML-based approaches, 
focusing on warm cloud microphysical processes. For instance, Seifert & Rasp (2020) employed a 
Monte Carlo superdroplet simulation to train neural network (NN) models for parameterizing 
autoconversion, accretion, and self-collection rates in two-moment schemes. Chiu et al. (2021) 
developed NN-based parameterizations for autoconversion and accretion rates, incorporating in-situ 
observations of droplet size distributions and employing the stochastic collection equation with bin 
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microphysics to separately account for cloud and drizzle water contents. Although these ML 
approaches were evaluated offline, Gettelman et al. (2021) successfully replaced the computationally 
expensive bin microphysical scheme used in a GCM with ML emulators to predict autoconversion and 
accretion tendencies, achieving comparable accuracy with reduced computational costs. However, 
there remains a research gap regarding ML parameterizations specifically tailored to represent cold 
cloud microphysics. 

This study focuses on developing an RF-based approach for parameterizing secondary ice production 
(SIP) in stratiform mixed-phase clouds (MPCs) which are prevalent in polar regions (de Boer et al., 
2009; Shupe et al., 2006), sustained by a complex interplay of microphysics, dynamics, radiatively-
driven turbulence, as well as surface heat and moisture fluxes (Morrison et al., 2012). 
Misrepresentation of the mid- and high-latitude MPCs in GCMs has been shown to increase the spread 
of predicted cloud feedbacks in the recent Climate Model Intercomparison Project (phase 6 – CMIP6; 
Murray et al., 2021; Zelinka et al., 2020). Furthermore, the ice and liquid phase partitioning in GCMs 
can significantly impact Arctic amplification, highlighting the necessity of revisiting the microphysical 
parameterizations associated with Arctic MPCs (Tan & Storelvmo, 2019). 

Ice multiplication, also known as SIP, can be an important source of ice particles in MPCs, as it can 
rapidly increase the pre-existing ice crystal number concentrations (ICNCs) through a number of 
collisional processes  (Field et al., 2017; Korolev & Leisner, 2020). The most frequently acknowledged 
SIP mechanism is the Hallett-Mossop (HM; Choularton et al., 1980; Hallett & Mossop, 1974), ice-ice 
collisional break-up (BR; Takahashi et al., 1995; Vardiman, 1978) and droplet-shattering (DS; 
Choularton et al., 1980; James et al., 2021; Kleinheins et al., 2021). Observations of MPCs in the Arctic 
region have shown high concentration of ICNCs that greatly surpass ice nucleating particle (INP) 
concentrations (Wex et al., 2019), particularly at temperatures above -25˚C (Luke et al., 2021; Julie 
ThÈrËse Pasquier et al., 2022; Rangno & Hobbs, 2001; Schwarzenboeck et al., 2009). This suggests that 
SIP must be a prevalent process in the moderately cold polar conditions. 

Along with observations, modeling studies across scales have also emphasized the significance of 
incorporating SIP parameterizations in regional and global climate model simulations for an accurate 
representation of the phase partitioning and radiative properties of Arctic MPCs (e.g., Fridlind & 
Ackerman, 2019; Sotiropoulou et al. 2020; Sotiropoulou, Vignon, et al., 2021; Zhao et al. 2021; Zhao 
and Liu 2021; 2022). Recent physically-based SIP parameterizations tested in GCMs were developed 
by pooling experimental observations and further considering the physics of collisions or applying 
correction factors to account for the simplified laboratory setups (Phillips et al., 2017a; 2018). These 
advanced SIP formulations require that the host model explicitly describes a number of ice (cloud ice, 
snow and graupel) and liquid species (cloud droplets and raindrops) as well as interactions among 
them (i.e., aggregation, collection and riming). Zhao et al. (2021) and Zhao & Liu (2022) developed a 
hybrid-bin framework for improved representation of SIP, but this approach can be computationally 
expensive (Sotiropoulou et al., 2022). 

Here we propose a new approach towards parameterizing SIP in stratiform MPCs, which we call the 
RaFSIP (Random Forest SIP) parameterization. RaFSIP is derived from comprehensive model output 
from mesoscale model simulations that account for all three SIP processes: HM, BR and DS. Following 
this, the effect of SIP is expressed either directly by predicting the corresponding SIP rates or through 
the use of the ice-enhancement factor (IEF), which is a multiplication factor applied to primary ice 
crystals. To account for the effects of SIP for a wide range of stratiform conditions, the RaFSIP 
parameterization is trained using key thermodynamic and microphysical variables to facilitate its 
implementation in most models with double-moment representations of ice hydrometeors. 
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5.3 Data and Methods 

The reference simulation used to develop the RF framework is derived from the mesoscale Weather 

Research and Forecasting (WRF) model. The WRF outputs from the target simulation were used to 

train two different versions of the RaFSIP parameterization: the first version of the parameterization 

predicts the effect of SIP through the use of a multiplication factor applied to the primary ice 

production rates (hereafter denoted as RaFSIPv1), while the second version is trained to predict 

directly the production rates of secondarily formed ice particles (hereafter referred to as RaFSIPv2). 

The workflow followed to develop each parameterization is summarized in Figure 5.1. 

 

5.3.1 WRF regional climate simulations 

The target simulation was generated using WRF version 4.0.1, including augmented cloud 

microphysics that considers the effects of BR and DS mechanisms introduced by Sotiropoulou, Vignon, 

et al. (2021) and Georgakaki et al. (2022), in addition to the default HM parameterization. A regional 

climate configuration was employed (Abdelwares et al., 2018), where a 50-km resolution parent 

domain covering the Arctic region contains a single-way nested domain of 10-km resolution. Figure 

5.1 shows the map of the two domains centered over Ny-lesund using a polar-stereographic 

projection, that is suitable for high-latitude WRF domains. The outermost domain consists of 148148 

grid points, while the innermost one contains 301301 grids. In the hybrid terrain-following mass 

coordinate system adopted by WRF, we used 40 vertical levels up to a model top of 50 hPa (i.e., ∼20 

km), with the standard grid spacing generated automatically by WRF. 

The initial and lateral boundary conditions are taken from the fifth generation of the European Centre 

for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses dataset (ERA5; Hersbach et 

al., 2020), with a 31-km horizontal grid spacing. The lateral forcing at the edge of the parent domain 

was updated every 6 h. To ensure realistic synoptic dynamics in the model and allow for a comparison 

between in situ observations and simulations, the outer domain of WRF has been nudged toward 

ERA5 reanalysis for zonal and meridional wind speed, with a relaxation time scale of 6 h. Static fields 

come from default WRF pre-processing system datasets with a resolution of 30’’ for both the 
topography and land use fields. The WRF physics options include the Rapid Radiative Transfer Model 

for General Circulation Models (RRTMG) radiation scheme to parameterize both the shortwave and 

longwave spectra, the local Mellor-Yamada-Nakanishi-Niino Level 2.5 (MYNN; Nakanishi & Niino, 

2006) scheme with its associated surface layer scheme for the planetary boundary layer (PBL) 

processes representation, the Noah land surface model (Noah LSM; Chen & Dudhia, 2001) for surface 

options, and the Kain–Fritsch cumulus parameterization, which was activated in both domains. 

Cloud microphysics is treated using the scheme of Morrison et al. (2005) (hereafter M05), which 

represents raindrops, cloud ice, snow and graupel particles with a double-moment approach. 

However, a single-moment approach is used for cloud droplets, which requires predefining a constant 

number concentration. For this study, we assumed that an average cloud droplet number 

concentration of 100 cm
-3

 is suitable for Arctic clouds (e.g., McCoy et al., 2020; Young et al., 2016). 

Regarding ice formation processes, M05 includes parameterizations for homogeneous freezing at 

temperatures below -40˚C, as well as heterogeneous ice nucleation initiated below -4˚C. The latter 
accounts for immersion freezing of cloud droplets and raindrops (Bigg, 1953), contact freezing (Meyers 

et al., 1992) and condensation/deposition freezing nucleation (Cooper, 1986), all of which are 

dependent only on temperature. 

In the standard M05 code there is only one SIP mechanism described – the HM process – which is 

activated after cloud droplets or raindrops rime onto snow or graupel particles within a specific 

temperature range between -8 and -3˚C (Cotton et al., 1986). The activation of this process depends 
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on preset thresholds concerning the minimum mass mixing ratios of the involved ice and liquid species 
that are found to limit its efficiency and were removed (Atlas et al., 2020; Karalis et al., 2022; Young 
et al., 2019). 

 

 

Figure 5.1 Schematic diagram of the methodology followed to develop the two versions of the RaFSIP 
parameterization. The map on the left shows the two WRF domains used to simulate the two-year 
period required for training the RaFSIP parameterization. The rectangular region marked by the purple 
dashed lines delimit the 10-km resolution domain, while colors indicate terrain heights (left axis) and 
sea ice concentration (right axis). The 4 triangles represent the regions from where the training dataset 
is extracted. The two-year high-resolution model output is split into ∼85% training dataset (20 
months) and ∼15% testing dataset (4 months). The RaFSIPv1 (RaFSIPv2) parameterization is trained 
to predict the IEF (SIPrate) as well as the transfer of mass from cloud droplets (Qctr) or raindrops (Qrtr) 
to cloud ice due to SIP. The snapshot corresponds to the monthly average of January, 2016. 

 

A detailed description of the BR implementation in M05 is provided in Sotiropoulou, Vignon, et al. 
(2021). The default M05 code was updated to include all possible collisional interactions among the 
three ice hydrometeor species (see their Appendix B). The number of fragments produced is 
parameterized as a function of the ice particle size, habit, degree of riming as well as the collisional 
kinetic energy, following Phillips et al. (2017a). Two types of collisions were considered: those 
involving only high-density precipitating ice particles (such as graupel), and those involving collisions 
of rimed snow or cloud ice particles with any ice species. The rimed fraction and ice habit were used 
only in the formulation describing the latter type of collisions, but they were not explicitly resolved in 
the M05 scheme. BR was enabled only when there was a nonzero rimed mass of either raindrop or 
cloud droplet onto the ice particle that would undergo fragmentation. A rimed fraction of 0.4 was 
prescribed, based on previous studies that showed better agreement with observations in polar clouds 
(Sotiropoulou et al., 2020; Sotiropoulou, Vignon, et al., 2021). Regarding the ice habit, we assumed 
planar ice particles, as they capture a wider range of conditions in terms of temperature and particle 
shapes compared to dendritic ice crystals. Sotiropoulou, Ickes, et al. (2021) suggested that the absence 
of a thorough handling of ice habit and rimed fraction in most bulk microphysics schemes does not 
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seem to significantly impact the depiction of BR in polar conditions. All secondary ice fragments 

produced by the BR mechanism are added to the cloud ice category. 

Georgakaki et al. (2022) described the implementation of the DS mechanism in the M05 scheme of 

WRF. We considered two collision modes that can cause the freezing and subsequent shattering of 

large raindrops, as described by Phillips et al. (2018). The first mode, or 'mode 1', occurs when a 

supercooled raindrop collides with a less massive cloud ice particle or when an INP initiates freezing 

in immersion mode. Freezing probability is set to unity and zero for temperatures below -6C and 

above -3C, respectively, with intermediate values in between. The shattering probability depends on 

raindrop size, being 0 for sizes smaller than 50 μm, 1 for sizes larger than 60 μm, and varying for sizes 

in between. The second mode, or 'mode 2', involves collisions between raindrops and larger ice 

particles such as snow or graupel (James et al., 2021), producing only tiny ice fragments that are 

passed to the cloud ice category. Big fragments are treated as either graupel, snow, or frozen drop 

depending on the type of collision that initiated the raindrop freezing process. 

The regional climate set-up (Figure 5.1) with augmented cloud microphysics was employed to run a 

reference WRF simulation for two years from 2016 to 2017, preceded by a 1-week spin-up period 

starting on December 25, 2015. This time frame was considered sufficient to capture the possible 

parameter space in the atmospheric state. High-resolution three-dimensional snapshots of the 

simulation with a 10-km resolution domain (the area bounded by the dashed lines in Figure 5.1), were 

saved every 3 h. These snapshots formed the basis for developing the ML parameterization, which will 

be described in the following section. 

 

5.3.2 Random forest (RaFSIP) parameterization development 

RaFSIP is based on a random forest regressor (RFR) algorithm, which is a supervised ML technique, 

consisting of an ensemble of decision trees (Breiman, 2001) trained directly from the outputs of the 

high-resolution WRF simulation. To minimize variance, each decision tree is trained on a random 

subset of the training data and a random subset of the inputs – also called as features – of that data. 

The RFR prediction is calculated by averaging over the individual decision trees, which reduces the risk 

of overfitting and improves generalization performance compared to a single decision tree. RFR can 

capture non-linear relationships between input features and output variables and is proficient at 

interpolation. However, it cannot extrapolate due to its predictions being averages over subsamples 

of the training dataset. This helps ensure that a RF-based parameterization will be robust when 

coupled with a model in an online setting, such as in our case. 

 

5.3.2.1 Description of the two parameterization approaches 

Depending on the prevailing temperature and the presence of rime onto ice particles, we expect 

different SIP processes to be activated. This is the reason why the two versions of the RaFSIP 

parameterization consist of a number of RFR models, each one of them being responsible for 

predicting the effect of SIP as dictated by the thermodynamic and microphysical state describing every 

model timestep. The RFR models consisting the RaFSIPv1 parameterization, are trained to predict the 

so-called IEF, which is the ratio between the production rate of secondary ice particles from each SIP 

process (HMrate, BRrate and DSrate), and primary ice particles via heterogeneous freezing of cloud 

droplets (PIPrate). Hence, RaFSIPv1 provides 3 predictions: IEFHM, IEFBR, and IEFDS, the contribution of 

which can be added to yield the total IEF: IEF = ÿ�Ąă�ąÿ Ą�Ąă�ąÿ⁄ . The notation of IEF is frequently 

employed in the literature as an indication of the prevalence of SIP, in both observational (e.g., Korolev 

et al., 2022; Wieder et al., 2022) and modeling studies (e.g., Waman et al., 2022; Zhao et al., 2023). 
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In RaFSIPv2, the RFR models predict directly the three SIP rates – HMrate, BRrate and DSrate (in kg
-1

 s
-1

), 

derived from the high-resolution WRF results. The three rates are combined to determine the total 

SIPrate. As the HM and DS processes move mass from the liquid to the ice species when active (albeit 

from the rimed liquid particles in the former case), both versions of the RaFSIP parameterization are 

trained to predict Qctr and Qrtr (in kg kg
-1

 s
-1

) corresponding to the mass transferred from the cloud 

droplets and raindrops to the cloud ice category, respectively. Therefore, the two versions of the 

RaFSIP parameterization can provide up to five different predictions, given certain SIP conditions are 

met. 

Here, we consider two main temperature regimes: -8 f T< -3 C (HM zone) and -25 f T< -8 C, which is 

essential as the HM mechanism can only be effective within the former one. By combining these 

temperature ranges with the presence or absence of mass production rate of raindrops collected by 

ice particles (RIMR in kg kg
-1

 s
-1

), we obtain 4 different RFR models that are used in both versions of 

the RaFSIP parameterization (Table 5.1 and 5.2). Two models can be activated in the HM zone, namely 

<forestALL= and <forestBRHM=, that are replaced by the <forestBRDS= and <forestBR= at lower 
temperatures (the suffix of the model name denotes the SIP processes in action). The final selection 

of which forest to use in the corresponding temperature range is based on the presence of a nonzero 

RIMR at the current timestep, which is the criterion used to identify the cases where DS might be 

taking place. The two forests that take into account the effect of DS are the forestALL and forestBRDS 

models.  

Both RaFSIP parameterizations incorporate SIP through BR and DS at temperatures as low as -25C, 

which is supported by recent observational findings (Korolev et al., 2022; Julie ThÈrËse Pasquier et al., 

2022; Wieder et al., 2022). Approaching warmer subzero temperatures (T > -4 C), RaFSIPv1 does not 

predict ice enhancement, since heterogeneous freezing of cloud droplets (i.e., the denominator in the 

IEF expression) does not occur in the M05 scheme (Section 5.3.1). In contrast, RaFSIPv2 can still 

account for the effect of SIP as it is not directly linked to the PIPrate. An additional RFR model called 

<forestBRwarm= is therefore used in RaFSIPv2 (Table 5.2), to calculate the BRrate at temperatures 

between -3 f T f 0 °C. At these warm subzero temperatures, DS is also proposed to contribute to SIP 

through recirculation (Korolev et al., 2020), but only in tropical or midlatitude frontal systems (Lauber 

et al., 2021) owing to strong convective turbulent updrafts that are rare in polar stratiform clouds. 

Therefore, RaFSIPv2 considers that only the BR mechanism initiated by collisions of seeding rimed ice 

particles can be efficient at temperatures above -3 C. 

 

5.3.2.2 Features and training dataset 

Both versions of the RaFSIP parameterization share the same input features. The ambient 

temperature (T in K), total ice water content (IWC in kg kg
-1

), liquid water content (LWC in kg kg
-1

), 

relative humidity with respect to ice (RHi) and mass production rate of cloud droplets rimed onto ice 

particles (RIMC in kg kg
-1

 s
-1

) are among the features that have been used in all RFR models of the two 

versions of the parameterization. Since DS requires the presence of large raindrops, RIMR is also used 

as input to the models accounting for its effect (i.e., forestALL and forestBRDS). With these 6 inputs 

we seek to effectively capture all range of cloud states that can initiate and drive ice multiplication. 

The training dataset was constrained to scenarios with substantial liquid water content (LWC>10
-5

 gm
-

3
), accompanied by nonzero riming tendencies, to ensure the effectiveness of SIP. The 6 inputs are 

chosen in a way to simplify the detailed SIP formulations (e.g., Phillips et al., 2017a; 2018), yet are 

expected to generate complex mappings for training the RFR models. Here we use the instantaneous 

predictions of the model for all individual vertical grid cells as inputs for all RFRs, rather than their 

vertical profiles (e.g., O’Gorman & Dwyer, 2018; Yuval & O’Gorman, 2020). 
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We generated the training dataset for all RFR models using the 3-hourly high-resolution WRF results 
(Section 5.3.1), extracted from 22 grid cell regions (16 grid cells in total) indicated by purple triangles 
in Figure 5.1. Half of these grid cells represented continental conditions, while the other half were 
over the sea. The absence of a latitudinal preference in SIP rates between the Northern and Southern 
hemispheres (Zhao & Liu, 2021) suggests that a limited number of grid points from the 2-year high-
resolution simulation of WRF is adequate for capturing the thermodynamic and microphysical 
conditions associated with SIP events in stratiform conditions. Note that horizontal and vertical 
coarse-graining is frequently applied when developing ML parameterizations for GCMs based on high-
resolution simulations (e.g., Brenowitz & Bretherton, 2019; Grundner et al., 2022; Yuval & O’Gorman, 
2020). Indeed, the impact of SIP can vary depending on the scale considered, with higher-resolution 
simulations exhibiting greater SIP tendencies due to their ability to capture localized and enhanced 
SIP events. Our goal is to investigate whether a SIP parameterization derived from a 10-km resolution 
grid (innermost WRF domain) is effective at the coarser resolution of 50-km in the parent domain of 
WRF, which is closer to the resolutions seen in GCMs. Given that the input tendencies predicted by 
the coarser-resolution grids will be lower than the higher-resolution ones, we expect that the resulting 
SIP tendencies will also be smoothed out. An important aspect to consider also here is that the RFR 
models tend to underestimate extreme values and overestimate low values (Zhang & Lu, 2012). This 
behavior arises from the fact that RFR predictions are derived as averages of the predictions made by 
all decision trees within the ensemble. 

To prepare for training, each feature and output variable is normalized using the natural logarithm, 
which is important given the range of several orders of magnitude they span (Figure 5.2). During the 
training process, we excluded IEF values below 10-1 and SIP rates below 10-5 kg-1s-1 (Figure 5.2). This 
was made because such values would not result in significant SIP, and we aimed to reduce the range 
of predictions. The training dataset comprises 20 months of high-resolution WRF results, representing 
approximately 85% of the data. The remaining 15% of the data, consisting of 4 months (January, April, 
July, and October 2017), were used for testing the offline performance of the RaFSIP parameterization 
(Section 5.4). The RandomForestRegressor class from the scikit-learn package version 1.2.0 
(Pedregosa et al., 2011) was used to train each RFR model. All RFR models consisting the two RaFSIP 
parameterizations were stored as ASCII files. 

 

5.3.2.3 Choice of hyperparameters 

To improve the performance of the RFR models, different hyperparameters governing the learning 
process can be tuned. The Mean Squared Error (MSE) resulting from the RFR predictions was 
evaluated using 10-fold cross validation on the training dataset. We selected the number of trees in 
each forest, the minimum samples per leaf node, and the number of training samples as the three 
most important hyperparameters to tune. Figure D1 shows the validation curves for the forestALL 
model (used in RaFSIPv2), which illustrate how the performance of the model varies with different 
hyperparameter values. The final decision on hyperparameters involves a trade-off between model 
complexity and runtime, with the latter being crucial for optimizing online performance when coupled 
with the WRF model. We chose 10 trees in each RFR, a minimum of 4 samples per leaf node, and 
25,000 training samples for all RFR models, as these produced comparable validation curves. Note 
that, for online applications of the RFR models, it is common practice to use 10 decision trees to ensure 
computational efficiency (O’Gorman & Dwyer, 2018; Yuval & O’Gorman, 2020). The offline 
performance of the RaFSIP parameterizations will be discussed in Section 5.4, followed by the online 
performance in Section 5.5. 
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5.3.3 Implementation of RaFSIP parameterization in WRF 

To implement the RaFSIP parameterization in WRF, a Fortran 90 module is developed to read and 

store the parameters for building the RFR models. The ASCII files are only read during the first model 

timestep and all forest parameters are passed as public variables into the microphysics code. Within 

the M05 microphysics routine, the RaFSIP parameterization replaces the three detailed inline SIP 

parameterizations (Section 5.3.1), taking the fields of T, RHi, LWC, IWC as well as RIMC and RIMR as 

inputs to make predictions. Calculations for LWC and IWC, consider contributions from all liquid (cloud 

droplet and raindrops) and ice (cloud ice, snow and graupel) species. RIMC and RIMR encompass all 

possible ways in which cloud droplets or raindrops are collected by frozen particles in the M05 

scheme: (i) droplet/raindrop-cloud ice, (ii) droplet/raindrop-snow, and (iii) droplet/raindrop-graupel. 

At each model timestep and grid cell, if certain requirements are met (discussed in Section 5.3.2.1), a 

different RFR model may be activated to represent the effect of single or combined SIP processes. 

At the end of each model timestep, the RaFSIP parameterization calculates the total SIPrate (in kg
-1

 s
-1

) 

either directly or through the use of the IEF, depending on the chosen version. In RaFSIPv1, the SIPrate 

is obtained by multiplying the number tendency of heterogeneously frozen cloud droplets (in kg
-1

 s
-1

) 

by the total IEF. However, this approach has a significant caveat: SIP cannot be accounted for unless a 

nonzero PIPrate is predicted by the model. Therefore, RaFSIPv1 can only be used at temperatures colder 

than -4 C, where PIP is initiated in the model. To ensure that the final SIPrate does not exceed a certain 

threshold, an upper limit of 100 particles kg
-1

 s
-1

 was applied, corresponding to the highest simulated 

value in the training dataset. Although our results were not sensitive to the choice of this upper limit, 

it may be an important consideration for the implementation of RaFSIPv1 in other microphysical 

schemes employed by different models. The SIPrate predicted by RaFSIPv1 is then added to the cloud 

ice number concentration conservation equation. The RaFSIPv2 parameterization follows a similar 

approach to RaFSIPv1, but does not link SIPrate to the instantaneous PIPrate. This direct prediction is 

enabled by the RFR models, allowing for RaFSIPv2 to be applicable over a wider temperature range 

from 0 C to -25 C, without requiring a nonzero PIPrate. 

When HM and/or DS mechanisms are active, the transported masses Qctr and Qrtr are subtracted from 

their respective cloud categories and added to the conservation equation for cloud ice mass mixing 

ratio. It is important to note that the transferred liquid masses involved in SIP were initially part of the 

rimed masses constituting the RIMC and RIMR quantities. Without SIP, these masses would have been 

transported to the mass conservation equation of the corresponding rimed ice particles. To avoid 

double-counting the transferred masses of liquid water, Qctr and Qrtr should also be removed from the 

riming tendencies of the involved ice species. To account for this, we subtract the transferred masses 

from the term with the biggest contribution; given that the terms participating in RIMC and RIMR can 

vary by several orders of magnitude, this approach ensures that the simulations will not be subject to 

significant bias. 

To evaluate the online performance of the new RaFSIP parameterizations when coupled with the WRF 

model, we conducted a one-year simulation using the same set-up depicted in Figure 5.1 (Section 

5.3.1). This simulation covers the period between September 2019 and August 2020, which is more 

than 1.5 years after the training period, with one additional week of spin-up starting from August 25, 

2019. The testing simulation was conducted three times. First, we carried out the =CONTROL= 
simulation, which does not take into account any SIP process. Then, we performed the <ALLSIP= 
simulation, which includes all the detailed inline parameterizations of SIP outlined in Section 5.3.1. 

Finally, the <RaFSIP= simulation refers to the one where the RaFSIP parameterizations replaced the 
detailed SIP descriptions. By comparing the results of the ALLSIP simulation with those of the RaFSIP 

simulation in Section 5.5, we seek to examine the robustness of the new SIP parameterizations in 

terms of computational efficiency and result quality. 
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5.4 Offline performance of RaFSIP parameterizations and feature importance 

To evaluate the performance of both RaFSIP parameterizations, each RFR model was tested on the 4-

month dataset that was not used during training (Section 5.3.2.2). The performance was assessed 

using two metrics summarized in Tables 5.1 and 5.2: Root-Mean-Square Error (RMSE) and coefficient 

of determination (R
2
), which were calculated based on the normalized output variables. R

2
 is defined 

as one minus the ratio of the sum of squared errors to the true variance. The offline performance of 

the forestALL model, which is used by both RaFSIP parameterizations when all conditions for SIP 

processes are met, is shown in Figure 5.2. For the rest of the RFR models, the offline performance is 

displayed in Figures D2 to D5, in the Supporting Information. 

All five outputs of the forestALL model present a wide range of values (Figure 5.2), making accurate 

prediction challenging. For instance, IEFBR and IEFHM vary from 10
-1

 to 10
11

, while IEFDS is confined 

below ∼10
8
, with predictions more spread out along the 1:1 line, especially at lower values. The 

RaFSIPv1 parameterization predicts an inverse relationship between IEF and PIPrate (not shown), 

primarily due to the PIPrate being in the denominator of the IEF expression. The competing relationship 

between SIP and PIP has also been highlighted in previous modeling studies (e.g., Georgakaki et al., 

2022; Zhao & Liu, 2022), as an outcome of the enhanced ice nucleation leading to more glaciated 

MPCs with fewer precipitating particles such as rain or graupel. Note that the predicted IEF values are 

higher than those frequently reported in the literature (e.g., Waman et al., 2022; Zhao et al., 2023), as 

they are extracted from the ratio of tendencies rather than integrated particle concentrations. Similar 

trends are observed in the SIP rates predicted by RaFSIPv2 (Figure 5.2f, g, h), with the BR and HM 

processes again proving more efficient at producing SIP particles compared to DS. 

 

 

Figure 5.2 Normalized histograms (i.e., frequency is scaled by the total number of predictions) of the 

true WRF results versus the forestALL predictions used in (top panel) RaFSIPv1 parameterization to 

predict the IEF due to (a) BR, (b) HM, (c) DS, and the transferred masses from (d) cloud droplets (Qctr) 

and (e) raindrops (Qrtr) to cloud ice, and (bottom panel) RaFSIPv2 parameterization to predict the SIP 

rate due to (f) BR, (g) HM, (h) DS, and the transferred masses (i) Qctr and (j) Qrtr. The black line 

represents the one-to-one line. 
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Although RaFSIPv1 and RaFSIPv2 use the same predictors, the former is limited to cases where PIPrate 
is nonzero, resulting in noticeable differences among the two approaches. To evaluate the relevance 
of each input feature in the predictions made by the RFR models, we employed the permutation 
importance metric (Figure D6 to D10) from the RandomForestRegressor class of scikit-learn. This 
metric estimates feature importance by randomly permuting its values and measuring the consequent 
decrease in model performance. This approach can capture the effect of both linear and nonlinear 
relationships between features and target variables, and can also help identify any potential 
overfitting issues in the RFR models. Note that here we used the negative RMSE as the scoring 
parameter and normalized the resulting variable importance by dividing by the maximum value among 
features. 

The most significant features in the predictions made by all RFR models are the riming tendencies and 
the IWC. Specifically, inside the HM zone, RIMC has the highest permutation importance score for the 
forestALL (Figure D6) and forestBRHM (Figure D7) models employed in both RaFSIP versions. The two 
mass tendencies, RIMC and RIMR, are explicitly used as inputs in the detailed parameterized 
expression of HM in the default M05 scheme (Section 5.3.1). Outside the HM zone, where BR can lead 
to larger IEF or SIPrate compared to DS, IWC becomes the more important feature for the predictions 
of the RFR models, particularly for forestBR (Figure D9) and forestBRwarm (Figure D10), with the 
amount of (rimed) cloud droplets becoming the second most important feature. The increase in IWC, 
associated with  ice sedimenting from higher-level clouds, is frequently found to drive the BR process 
(Georgakaki et al., 2022; J‰rvinen et al., 2022; Pasquier et al., 2022; Ramelli et al., 2021a; Sotiropoulou, 
Vignon, et al., 2021). 

 

Table 5.1. Root-Mean-Square Error (RMSE) of the output variables predicted by the RaFSIPv1 
parameterization, along with the corresponding coefficient of determination (R2) values in 
parentheses. 

RaFSIPv1 

model 

Conditions Predictions 

Temperature RIMR IEFBR IEFHM IEFDS Qctr Qrtr 

forestALL -8fT<-3˚C >0 0.32 
(0.97) 

0.36 
(0.94) 

0.46 
(0.86) 

0.17 
(0.99) 

0.26 
(0.93) 

forestBRHM -8fT<-3˚C =0 0.37 
(0.98) 

0.12 
(0.98) – 0.09 

(0.99) – 

forestBRDS -25fT<-8˚C >0 0.31 
(0.97) – 0.38 

(0.87) – 0.39 
(0.83) 

forestBR -25fT<-8˚C =0 0.44 
(0.97) – – – – 

 

Using the different RFR models depending on the prevailing thermodynamic and microphysical 
conditions allowed us to evaluate the performance of the RaFSIP parameterizations under various 
scenarios. The distribution of all RFR predictions against true values, as shown in Figure 5.2 and Figures 
D2 to D5, indicates that predictions with a higher relative frequency of occurrence are closer to the 
1:1 line for both RaFSIP approaches. The statistical metrics presented in Tables 5.1 and 5.2 can differ 
significantly depending on the prevailing conditions and the SIP processes involved. The RMSE for 
RaFSIPv1 predictions varied from ∼10-45%, while for RaFSIPv2, it ranged between ∼15-40%. The 
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transferred masses due to SIP, Qctr and Qrtr, are generally well-predicted in most of the RFR models 

with an RMSE of less than 30%, despite spanning more than 10 orders of magnitude. 

 

Table 5.2. Root-Mean-Square Error (RMSE) of the output variables predicted by the RaFSIPv2 

parameterization, along with the corresponding coefficient of determination (R
2
) values in 

parentheses. 

RaFSIPv2 
model 

Conditions Predictions 
Temperature RIMR BRrate HMrate DSrate Qctr Qrtr 

forestALL -8fT<-3˚C >0 
0.23 

(0.96) 

0.22 

(0.93) 

0.36 

(0.87) 

0.16 

(0.99) 

0.21 

(0.94) 

forestBRHM -8fT<-3˚C =0 
0.34 

(0.96) 

0.36 

(0.90) 
– 

0.18 

(0.99) 
– 

forestBRDS -25fT<-8˚C >0 
0.17 

(0.97) 
– 

0.27 

(0.89) 
– 

0.27 

(0.89) 

forestBR -25fT<-8˚C =0 
0.28 

(0.96) 
– – – – 

forestBRwarm 0fTf-3˚C =0 
0.38 

(0.96) 
– – – – 

 

In cases where multiple SIP processes are present, the prediction error tends to be higher for DS, as 

shown in Figures 5.2c and 5.2h and reflected in the higher RMSE values in Tables 5.1 and 5.2. To 

improve the offline accuracy of the forestALL and forestBRDS models for predicting this SIP 

mechanism, we tested the inclusion of the size of raindrops undergoing DS as a potentially important 

predictor. The resulting RMSE metrics showed a ∼5% decrease in the forestBRDS model, while the 

forestALL model remained unaffected (not shown). However, since the total effect of SIP is cumulative 

and DS is the least significant mechanism compared to the other two, any errors associated with its 

uncertain representation are not likely to significantly impact the online performance of the RaFSIP 

parameterizations. Therefore, we argue that adding more predictors may not be worth the increased 

model complexity. 

When only BR is active, either in the colder (i.e., forestBR) or warmer (i.e., forestBRwarm) temperature 

regime, the RMSE scores range between ∼30-45% (Tables 5.1 and 5.2). This could indicate and 

important input feature related to BR may be missing or that the relationship between the input 

features and the target variable (IEFBR or BRrate) is inherently difficult to model accurately due to the 

level of non-linearity. In the physically-based parameterization by Phillips et al. (2017a), the SIP 

fragments generated after BR depend on collisional kinetic energy, which is an uncertain parameter 

as it is a function of the difference in terminal velocities of colliding ice particles. The latter follows a 

fall-speed-diameter relationship, the parameters of which are highly uncertain and can directly impact 

both the precipitation rates and the SIP efficiency (Karalis et al., 2022). Therefore, we chose not to 

include collisional kinetic energy in our set of predictors, as it would increase model complexity 

without necessarily improving accuracy. The predictors we chose strike a good balance between 

model complexity and accuracy, allowing us to describe SIP occurrence as a function of simplified 

inputs that most GCMs can predict. 
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5.5 Coupling the RaFSIP parameterization with WRF 

In this section, we aim to assess the performance of the parameterization when coupled back with 

the dynamical core of the WRF model, making fast and precise predictions at runtime. To facilitate the 

discussion, in the rest of the paper we will focus on the results of the RaFSIPv2 parameterization, while 

the corresponding RaFSIPv1 results will be available in the Supporting Information. RaFSIPv2 can 

predict SIP rates directly, making it less coupled with the WRF model on which it was trained. In 

contrast, the approach followed in RaFSIPv1 tends to be more dependent on the PIP rates predicted 

by each model, implying that its good online performance in WRF may not be guaranteed in other 

models using different PIP schemes. 

When introducing the RaFSIP parameterization into the M05 scheme of WRF, two main concerns had 

to be addressed in order to ensure the robustness of the approach: model stability and computational 

efficiency. The stability of the model was tested during the one-year test simulation starting from 

September 2019 until August 2020 (Section 5.3.1). The coupled WRF model with the RaFSIP 

parameterization ran stably across a wide range of conditions. Regarding computational efficiency, 

the new parameterization performed comparably to the inline SIP parameterizations without 

increasing computational demands. This implies that the RaFSIP scheme can be easily incorporated 

into existing models without significant impact on runtime, being a result of carefully selecting the 

number  of trees in the RFR models. In the following discussion all results will be divided into four 

groups according to season. 

 

5.5.1 Horizontal distribution of ice crystal number concentrations 

Latitude-longitude snapshots of the median ICNCs obtained from the instantaneous 3-hourly outputs 

of the CONTROL, ALLSIP, and RaFSIP experiments (Section 5.3.3), along with the resulting R
2
 between 

the predictions of the latter two, provide a way to assess the quality of the WRF predictions when 

coupled with the RaFSIPv2 parameterization (Figure 5.3). Note that the modeled ICNCs include the 

contribution of all three ice species (cloud ice, snow and graupel). To calculate the median ICNCs 

presented in Figure 5.3 we considered only the in-cloud conditions represented by ICNCs > 10
-5

 L
-1

 and 

temperatures between -25 and 0 C, which is the range where RaFSIPv2 can be active. For calculating 

the median values and R
2
 scores, we went through each latitude and longitude reshaping the 

remaining two dimensions (time and height). To facilitate the identification of patches where RaFSIPv2 

performs favorably in terms of R
2
, we further coarse-grained the information from the coarse-

resolution grid mesh by dividing the original grid into non-overlapping 33 sub-grids, and computing 

the average value of each sub-grid. Thus the R
2 

map in Figure 5.3 is projected onto a 4949 mesh. 

The RaFSIPv2 parameterization coupled with WRF can skillfully predict the median horizontal 

distribution of ICNCs, closely following the pattern produced by the ALLSIP simulation with the 

detailed SIP descriptions. Darker blue shades are produced by ALLSIP and RaFSIP indicating the higher 

median ICNCs compared to CONTROL. The increase in median ICNCs is observed for all four seasons, 

even though it is more prevalent during winter and spring, particularly in the sea region between 

Greenland and Canada to the west and extending to the north of the Scandinavian Peninsula to the 

east. In these areas the median seasonal ICNCs can exceed 10 L
-1

, suggesting the significant role of ice 

multiplication processes in elevating the median ICNCs by up to an order of magnitude when SIP 

conditions are met. 

Despite being trained on a small subset of high-resolution WRF grid cells, the RaFSIPv2 

parameterization can generalize and accurately predict the locations of ice enhancement in the 

coarser resolution domain as dictated by the ALLSIP results. The R
2
 maps superimposed in Figure 5.3 

reveal patches of especially high predictive skill denoted with R
2
 scores exceeding 90%. The accuracy 
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of the predictions largely exceeds 80% of R2 over localized areas of significant ice enhancement, shown 
with darker shades on Figure 5.3g and 3k. This implies the ability of RaFSIPv2 to reproduce the physical 
processes occurring in polar MPCs. However, the southeast part of Greenland poses a challenge for 
accurate model predictions, with R2 dropping below 60%, especially in winter.  

 

 

Figure 5.3 Latitude-longitude maps of the median ICNC simulated by the (a, d, g, j) CONTROL, (b, e, h, 
k) ALLSIP, and (c, f, i, l) RaFSIP simulations, along with the corresponding (d, h, l, p) R2 computed 
between ALLSIP and RaFSIPv2 results. Statistics are calculated for the 4 simulated seasons: fall (top 
panel), winter (second panel), spring (third panel) and summer (bottom panel). 

 

Compared to other seasons, the predictive skill of RaFSIPv2 is reduced during summer, with R2 
dropping below 40% in very localized regions close to the edges of the WRF domain. Higher 
temperatures are not likely the cause of lower R2 values, as the RaFSIPv2 models were trained using a 
wide range of temperatures and temperature was not found to be among the most important input 
features for the predictions of the RFR models (Figures D6-D10). A possible explanation could be that 
during summer the expected shift towards warmer clouds may lead to increased riming tendencies, 
which can be associated with higher SIP rates in RaFSIPv2. Replacing the RaFSIPv2 parameterization 
with the RaFSIPv1 in WRF, results in a further decline in the predictive skill in all four seasons, as shown 
in Figure D11. The R2 scores decrease to below 60% in most regions with significant ice enhancement, 
with a further drop to below 40% during the summer months. The degradation in the performance of 
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the model is most likely because of RaFSIPv1 requiring a nonzero value of PIPrate to provide ice 

enhancement. 

Table 5.3 presents median statistics extracted from all three sensitivity experiments during the cold 

(autumn and winter) and warm (spring and summer) seasons. The latitudinal zones north of 70N are 

divided into three groups, and the results are grouped into two distinct temperature ranges (-

10fTf0˚C and -20fT<-10˚C) where SIP effects are more prevalent. During the cold season, it is 
observed that the CONTROL simulation leads to higher median ICNCs in the warmer temperature 

regions compared to the colder one at latitudes 70-80˚N, which may seem contradictory since PIP 
efficiency generally increases with decreasing temperatures. This unexpected finding could potentially 

be explained by ice seeding from colder clouds enhancing the median ICNCs in lower-level warmer 

clouds at temperatures above -10˚C, or by increased efficiency of ice aggregation leading to 
significantly lower median ICNCs in the colder temperature range (-20fT<-10˚C) (Barrett et al., 2019; 

Chellini et al., 2022). 

The introduction of SIP in the WRF simulations results in a substantial increase in median ICNCs, 

particularly in the warmer temperature bin during the cold (warm) season, where ALLSIP and RaFSIP 

simulations show a factor of approximately 2-3 (3-6) higher ICNCs compared to the CONTROL 

simulation. On the other hand, in the colder temperature bin, the ICNC enhancement in ALLSIP and 

RaFSIP is relatively modest, reaching only up to ∼20-25% during both examined seasons. It is worth 

noting that latitudes above 80N display systematically lower ICNCs, with no significant contribution 

of SIP being observed at temperatures below -10C, likely due to complete cloud glaciation.  Overall, 

the median statistics derived from the WRF simulation coupled with the RaFSIPv2 parameterization 

are in good agreement with the ALLSIP simulation results during the cold and warm seasons examined 

here (Table 5.3). 

 

Table 5.3. Median ICNC for different latitudinal zones, temperature ranges, and seasons, obtained 

from three different WRF experiments. The cold season values were extracted from September 2019 

to February 2020, while the warm season values were obtained from March to August 2020. The 

values in all four columns represent the results from the CONTROL/ALLSIP/RaFSIP experiments. The 

subscript ICNCsi indicates that the median ICNC is derived for glaciated clouds (glaciation fraction > 

0.98) from model grid points over the sea-ice (sea-ice concentration > 50%). 

Latitude 

Temperature 

range (˚C) 

Median ICNC 

cold (L
-1

) 

Median ICNC 

warm (L
-1

) 

Median ICNCsi 

cold (L
-1

) 

Median ICNCsi 

warm (L
-1

) 

70-75N 

[-10,0] 1.9/4.6/4.5 0.2/0.6/0.6 4.0/7.5/7.6 3.2/5.8/5.7 

[-20,-10) 1.5/1.9/1.7 1.2/1.4/1.3 1.4/1.5/1.7 2.5/2.7/2.8 

75-80N 

[-10,0] 1.8/4.1/4.2 0.1/0.5/0.6 4.0/6.2/6.5 2.9/5.0/4.9 

[-20,-10) 1.2/1.5/1.4 0.9/1.1/1.1 1.4/1.4/1.5 2.3/2.4/2.5 

> 80N 

[-10,0] 0.4/1.1/1.3 0.09/0.3/0.5 2.5/3.8/4.1 2.0/4.2/4.1 

[-20,-10) 0.8/0.9/0.8 0.8/1.0/0.9 1.0/1.1/1.2 1.5/1.6/1.7 

 

To assess the agreement between our WRF results and satellite remote sensing data, we compare our 

median values from the 3 sensitivity experiments to the 10-year median values between 2006-2016 

presented in (Papakonstantinou-Presvelou et al., 2022). Their study, which focused on low-level pure 

ice clouds, demonstrated that higher ICNCs are found over sea ice compared to open ocean, a finding 
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contrary to previous expectations. To ensure comparability with Figure 5.1 of Papakonstantinou-
Presvelou et al. (2022), we calculated the median ICNC statistics focusing on grid points over sea ice 
with a glaciation fraction exceeding 98% and a sea ice concentration higher than 50%. These are 
annotated as ICNCsi in Table 5.3. The glaciation fraction was determined by calculating the ratio of 
modeled IWC to total water content (TWC = IWC + LWC). 

In the glaciated clouds simulated between -10C and 0C, the contribution of SIP is crucial for bringing 
the modeled ICNCsi closer to the 10-year median observed values (Figure 5.1 in Papakonstantinou-
Presvelou et al., 2022). At these warmer subzero temperatures, both ALLSIP and RaFSIP, enhance the 
median ICNCsi by a factor of up to ∼2 compared to the CONTROL simulation of WRF during both 
seasons (Table 5.3). Note that glaciated conditions prevent the effect of SIP from manifesting with 
higher enhancement factors. This is particularly evident at temperatures below -10C, where the 
efficiency of ALLSIP and RaFSIP in producing SIP particles diminishes. At these temperatures, all three 
experiments underestimate the observed median ICNCsi levels (which reach up to ∼3 or 4 L-1) at all 
latitudes. The missing ice crystal source in this temperature range may be primarily due to the 
representation of PIP in the model. 

 

5.5.2 Joint probability distributions of simulated cloud properties 

Figure 5.4 illustrates the bivariate joint probability density function (PDF) of the median ICNCs as a 
function of temperature and glaciation fraction. This figure aims to provide further insight into the 
conditions where the RaFSIP parameterization is expected to perform better. The statistics were 
derived using instantaneous 3-hourly results from the CONTROL, ALLSIP, and RaFSIP sensitivity 
experiments (Section 5.3.3), focusing again on the in-cloud conditions characterized by significant 
concentrations of ice crystals (ICNC > 10-5 L-1), as well as ice and liquid masses (IWC, LWC > 10-6 gm-3).  

 

5.5.2.1 Median ice crystal number concentration 

Figure 5.4 reveals that the WRF model, coupled with the RaFSIPv2 parameterization, can accurately 
capture the most prominent patterns of the median 2D-binned ICNCs in all four seasons compared to 
the ALLSIP simulation with detailed inline microphysics. This is particularly true for temperatures 
ranging from -8 to -3 C and glaciation fraction below ∼25-30% or higher than ∼80%. The turquoise 
bands in the lower right of the 2D-binned ICNCs indicate the importance of SIP in relatively warm polar 
clouds. At these temperatures, supercooled liquid water prevalent in simulated MPCs enhances riming 
tendencies (RIMC and/or RIMR) and facilitates the action of SIP, resulting in modeled ICNCs up to an 
order of magnitude higher in the ALLSIP and RaFSIP simulations, compared to the CONTROL 
simulation. These findings align with the results of Arctic clouds presented by Sotiropoulou et al. 
(2020), which reported a 10-20 fold increase in ice when both HM and BR were considered, with the 
effectiveness of BR decreasing in moderately colder clouds (Sotiropoulou, Ickes, et al., 2021). 

At higher glaciation fractions (between ∼25-80%) within the same temperature range, we observe 
that the RaFSIPv2 simulation tends to overestimate the median ICNCs predicted by ALLSIP. Indeed, 
from the normalized histograms of 2D-binned median ICNCs superimposed in Figure 5.4, we can also 
infer that RaFSIPv2 predictions can be up to a factor of 3 higher than the ALLSIP predictions, especially 
in the lower ICNC ranges (e.g., Figure 5.4d and 5h). In these temperature conditions, only the forestALL 
and forestBRHM can be activated, with the latter contributing presumably more due to the expected 
limited presence of large raindrops, which prevents the frequent activation of the forestALL model. 
The permutation importance of forestBRHM (Figure D7) suggests that RIMC and IWC are the two most 
important features for the predictions of this model. If higher SIP rates are associated with higher IWC 
and, hence, glaciation fraction, this could explain the slightly overestimated RaFSIPv2 predictions. 
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At temperatures below ∼ -15 C, where the relative contribution of PIP starts becoming more 
important than SIP (Zhao et al., 2023), all three sensitivity experiments produce similar ICNC patterns 
(Figure 5.4). The vertical zones of constant median ICNCs observed in all three sensitivity simulations 
originate from the PIP scheme of WRF being dependent only on temperature (Section 5.3.1). 
Nevertheless, reduced ICNCs are simulated during the summer months in ALLSIP (Figure 5.4n) and 
RaFSIP (Figure 5.4o) simulations compared to CONTROL, for clouds formed at temperatures below -
18C and glaciation fractions higher than 40% (upper left part of Figures 5.4n and 5.4o). At such low 
temperatures, the competition between SIP and PIP may limit the amount of water available or the 
distribution of ice crystals throughout the cloud, thus limiting the ice crystals produced by SIP. 

Focusing on the upper right corner of Figure 5.4, where the temperatures are between -5 and 0C and 
the glaciation fraction exceeds 80%, we can observe higher ICNCs simulated by the CONTROL 
simulation than the two experiments that include SIP parameterizations, especially during Winter and 
Spring. At temperatures higher than -4C, elevated ICNCs in the CONTROL experiment can only be 
explained by ice sedimentation, where precipitating ice particles fall from higher model grid cells. The 
implementation of SIP in the model can induce numerous ice crystals – albeit with smaller sizes – in 
the overlying colder clouds or colder parts of the same cloud (Georgakaki et al., 2022; Sotiropoulou et 
al., 2022). This shift in the ice particle size distribution leads to smaller ice crystals leading to the 
reduced sedimentation rate of frozen hydrometeors observed in the ALLSIP and RaFSIP simulations. 
This is further supported by the joint PDF of the modeled IWC values (Figure D12), where both 
simulations accounting for SIP result in comparable or even lower IWC values compared to the 
CONTROL simulation. This can have important implications for the ice and liquid phase partitioning in 
polar MPCs, determining their microphysical evolution and radiation properties (Curry et al., 1996; 
Tan & Storelvmo, 2019; Shaw et al., 2022). Overall, the RaFSIP simulation adequately reproduces the 
most important features in the 2D-binned ICNCs (Figure 5.4) and IWC (Figure D12) modeled by the 
ALLSIP simulation, indicating that the newly developed ML parameterization can replicate the 
underlying physics of the simulation with the detailed SIP microphysics. 

Despite the lower R2 scores in the horizontally averaged ICNCs (Figure D11), replacing the RaFSIPv2 
parameterization with RaFSIPv1 in the model leads to comparable results when plotted in the joint 
temperature-glaciation fraction spectrum (Figure D13). However, the distribution around the 1:1 line 
is more spread out, especially in spring and summer (Figure D13j and D11p versus Figure 5.4j and 
5.4p). The main difference between the two approaches is in the very warm subzero temperatures 
(T>-4C), where RaFSIPv1 disregards completely the effect of SIP due to the zero PIP rates. As a result, 
the upper right part of the RaFSIPv1 ICNC distribution is more comparable to the one produced by the 
CONTROL simulation rather than the ALLSIP simulation (Figure D13). 
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Figure 5.4 Bivariate joint PDF of median ICNC defined in terms of both temperature and glaciation 
fraction from the 50-km resolution domain results of the CONTROL (a, e, i, m), ALLSIP (b, f, j, n) and 
RaFSIPv2 (c, g, k, o) WRF simulations. The normalized histograms of the 2D-binned median ICNC results 
from the ALLSIP simulation are also plotted versus the RaFSIPv2 predictions (d, h, l, p). The black line 
represents the one-to-one line, while the grey dashed lines delimit the area where the ALLSIP values 
are over or under-estimated by a factor of 3. Statistics are calculated for the 4 simulated seasons: fall 
(top panel), winter (second panel), spring (third panel) and summer (bottom panel). 

 

5.5.2.2 Median cloud liquid water content 

SIP often causes changes in modeled liquid cloud droplets due to increased number concentrations of 
their frozen counterparts (e.g., Georgakaki et al., 2022; Zhao & Liu, 2021). In addition to direct liquid-
to-ice mass transitions caused through the HM and/or DS mechanisms, the elevated concentrations 
of secondarily formed ice particles can further deplete the surrounding liquid phase hydrometeors in 
MPCs after their initial growth through vapor diffusion, through the action of the Wegener–Bergeron–
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Findeisen (WBF) or the riming processes. It is therefore essential to investigate how SIP affects the 
joint PDF of LWC in the ALLSIP simulation and whether the RaFSIP simulation can reproduce the 
results.  

From the complex patterns of LWC produced (Figure 5.5), we can infer the non-linearity of the 
microphysical interactions occurring in mixed-phase and ice clouds. The competition between the two 
cloud phases is highlighted by the decreasing cloud LWC as the glaciation fraction increases at a given 
temperature. The dark blue shades confined in the lower part of Figure5, indicate a persistent 
supercooled liquid layer present in all three sensitivity simulations at temperatures below ∼ -4C with 
a degree of glaciation below 20% in all seasons except summer, where in the CONTROL simulation it 
extends up to almost 40% (Figure 5.5m). This remark can be consistent with the typical structure of 
high-latitude MPCs, comprising single or multiple stratiform layers of supercooled liquid water from 
which ice crystals form and precipitate (e.g., Morrison et al., 2012; Shupe, 2011). Including SIP in the 
simulations slightly restricts the extent of this liquid layer to lower glaciation fractions in both ALLSIP 
and RaFSIP, most notably during the summer months. 

At higher temperatures (>-4C) and glaciation fraction (>80%), the CONTROL simulation predicts 
higher LWC values in the region with the elevated ICNCs caused by more frequent ice seeding events 
(i.e., upper right part of Figure 5.4a). The presence of more massive precipitating ice particles, 
indicated by higher IWC values in this region (Figure D12a, e, I, m), sediment quickly  and constrains 
their ability to compete with supercooled liquid water for the available water vapor. In the same 
region, the ALLSIP and RaFSIP simulations predict lower contribution from both the liquid (Figure 5.5) 
and the ice hydrometeors (Figure 5.4 and S12). 

By incorporating SIP into the WRF model, polar MPCs are produced with reduced LWC at temperatures 
above -15C and glaciation fractions below 60%. In the CONTROL simulation, for instance, during fall 
and spring, a drop in the simulated LWC to ∼10-4 gm-3 requires temperatures around -8C and 
glaciation fraction exceeding 60% (Figure 5.5a, i). However, in the ALLSIP (Figure 5.5b, j) and RaFSIP 
(Figure 5.5c, k) simulations, such low LWC values can be attained in clouds with a degree of glaciation 
as low as 40%. The regions of significant ice enhancement in the ALLSIP and RaFSIP simulations (i.e., 
turquoise bands in Figure 5.4) do not overlap with the regions of decreased LWC in Figure 5.5. This 
can be explained by the time needed for small secondary ice particles to grow first through vapor 
diffusion until the vapor pressure drops below saturation with respect to liquid water. As the glaciation 
fraction increases, they can gain mass more efficiently at the expense of the surrounding evaporating 
cloud droplets (WBF) or through their collection and subsequent freezing (i.e., riming). Both 
simulations accounting for SIP show remarkable agreement in the location of the most significant ice 
enhancement (Figure 5.4), followed by depletion of the mass of supercooled water (Figure 5.5). 

At temperatures ≲-15C, PIP can contribute significantly to the total ice crystal production rates, 
leading to a further decrease in LWC through heterogeneous freezing. The combination of 
heterogeneous freezing, WBF, riming and SIP likely controls the complex LWC patterns observed 
between -20C and -4C. Despite the complexity of the simulated system, the RaFSIP predictions align 
closely with the 1:1 line in the produced normalized histograms, particularly during fall and winter 
(Figure 5.5d and 4.5h), indicating excellent agreement with the ALLSIP simulation. These findings 
suggest that the RaFSIP parameterization can accurately capture the cloud phase partitioning 
produced by the ALLSIP simulation, with an uncertainty of up to a factor of 3. The LWC results from 
the RaFSIPv1 parameterization (Figure D14) demonstrate that the use of the IEF for parameterizing 
the effects of SIP also has sufficient predictive skill in WRF. The main difference lies again at warmer 
temperatures, where the RaFSIPv1 results in slightly overestimated LWC compared to the ALLSIP 
predictions, especially during fall and winter. 
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Figure 5.5 Bivariate joint PDF of median LWC defined in terms of both temperature and glaciation 

fraction from the 50-km resolution domain results of the CONTROL (a, e, i, m), ALLSIP (b, f, j, n) and 

RaFSIPv2 (c, g, k, o) WRF simulations. The normalized histograms of the 2D-binned median LWC results 

from the ALLSIP simulation are also plotted versus the RaFSIPv2 predictions (d, h, l, p). The black line 

represents the one-to-one line, while the grey dashed lines delimit the area where the ALLSIP values 

are over or under-estimated by a factor of 3. Statistics are calculated for the 4 simulated seasons: fall 

(top panel), winter (second panel), spring (third panel) and summer (bottom panel). 

 

5.5.3 Cloud radiative forcing at the surface 

The preceding discussion illustrates how SIP can significantly alter the number concentration and size 

distribution of ice and liquid particles in polar MPCs. Such changes in the macro- and microphysical 

properties of clouds are expected to impact the two most critical cloud feedbacks associated with the 

polar regions: the cloud optical depth and the cloud-sea-ice feedbacks (e.g., Goosse et al., 2018). For 

instance, changes in the albedo of MPCs resulting from an increase in the amount of small liquid 
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droplets contained in them can lead to enhanced shortwave radiation reflected back to space and 

reduced warming at the surface (Murray et al., 2021; Tan & Storelvmo, 2019). During the polar night, 

however, an increase in low-level cloud coverage has been found to increase the longwave radiation 

emitted to the surface that is trapped as heat due to the stable stratification conditions in the Arctic, 

ultimately resulting in surface warming (Ebell et al., 2020; Kay et al., 2016). In this section, we aim to 

evaluate the performance of the RaFSIP parameterization concerning the anomalies observed in the 

simulated cloud radiative forcing at the surface (CRFsurf) with respect to the ALLSIP simulation (ΔCRFsurf, 

Figure 5.6). The calculations of CRFsurf and ΔCRFsurf are elaborated in supporting information of  Young 

et al. (2019), which also accounts for additional modifications in the shortwave fluxes to account for 

the highly reflective Arctic surface (Vavrus, 2006). 

Figure 5.6 illustrates the annual cycle of the cloud impact on the surface radiative energy budget, with 

blue (red) shades indicating cloud-induced cooling (warming). The polar clouds have a strong 

longwave greenhouse warming effect during the non-summer months, with the maximum CRFsurf 

reaching up to ∼40 Wm
-2

 and locally up to ∼60 Wm
-2

 during fall and winter (Figure 5.6a, b). Ground-

based remote sensing observations collected at Ny-lesund over two years (2016-2018) found 

positive monthly net CRFsurf between September and April/May, with a mean longwave warming of 

∼50 Wm
-2

, which is in line with our results (Ebell et al., 2020). In contrast, during summer, the higher 

occurrence of liquid in the simulated polar clouds (Figure 5.5n) combined with the lower surface 

albedo leads to a strong cloud-induced cooling at the surface by up to ∼-100 Wm
-2

 (Figure 5.6d), again 

in agreement with Ebell et al. (2020). During spring, the polar clouds have almost a neutral effect over 

the sea-ice and a slight cooling effect over the open ocean in the lower latitudes (Figure 5.6c). 

The anomalies in longwave and shortwave radiation are calculated by the mean differences in the 

corresponding predictions between RaFSIP and ALLSIP, the combination of which produced the final 

surface anomalies, ΔCRFsurf (Young et al., 2019). Note that the mean ΔCRFsurf, is projected onto a 49  

49 mesh by averaging over 3  3 sub-grids, similar to the averaged maps shown in Figure 5.3. For the 

interpretation of ΔCRFsurf, the red (blue) colors indicate that more (less) shortwave radiation is 

reaching the ground in the RaFSIP simulation, which in turn implies the presence of more (less) 

glaciated clouds than in ALLSIP. Replacing the detailed inline parameterizations of SIP in the M05 

scheme with the new RaFSIP parameterization can lead to CRFsurf biases between -2.5 and 2.5 Wm
-2

, 

with a non-uniform pattern across the model domain (Figures 5.6e-5.6h). Compared to the CRFsurf 

magnitudes illustrated in Figure 5.6, such radiative biases can be considered negligible. 

During summer, when ice enhancement from SIP is the strongest (Table 5.3), the largest ΔCRFsurf values 

are largely observed over the sea-ice and ocean grid cells at latitudes higher than 70N (Figure 5.6h). 

At this time, the RaFSIPv2 predictions of the ice (Figure 5p) and liquid (Figure 5.5p) cloud phase 

partitioning can be biased by up to a factor of 3, leading to an underestimation of the liquid-

dominating clouds compared to ALLSIP, and consequently, an excess of up to ∼2.5 Wm
-2

 of shortwave 

radiation at the surface. However, in the continental and ocean regions of lower latitudes, mostly 

negative CRFsurf biases are observed, indicating that RaFSIPv2 is lacking some ICNCs compared to 

ALLSIP there. A similar ΔCRFsurf pattern characterizes spring (Figure 6g), with the colors shifted towards 

lighter tones, indicating relatively smaller radiative errors (between -1.5 and 1.5 Wm
-2

). Fall exhibits a 

cooling effect (down to -1 Wm
-2

), with some localized areas of warming (∼1 Wm
-2

) spread around the 

WRF domain (Figure 6e), while winter is the season with the minimum SIP contribution and the 

smallest cloud radiative biases, confined mostly to the bottom part of the model domain (Figure 5.6f). 

Figure D15 displays the outcome of the WRF simulations using RaFSIPv1 as a substitute for the 

RaFSIPv2 parameterization. The obtained ΔCRFsurf ranges from -3 to 3 Wm
-2

, indicating slightly higher 

radiative biases in all seasons compared to the results shown in Figure 5.6. The differences between 

the two SIP parameterizations are most significant in the warm season (Figure D15g and h), where all 

the positive biases resulting from RaFSIPv2 are replaced by negative ones. The most considerable 

negative bias appears in the sea area to the east of Greenland (latitudes between 70-80N), where ∼3 
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Wm-2 less shortwave radiation reaches the surface during summer (Figure D15h) compared to the 
ALLSIP simulation, indicating the tendency of RaFSIPv1 to overestimate the amount of liquid 
hydrometeors in the summer MPCs. Its reduced predictive ability to capture all the enhanced SIP 
events present in the ALLSIP simulation stems mainly from the fact that it is limited by the presence 
of PIP, and hence it cannot be activated for the whole range of conditions that would favor ice 
multiplication. 

 

 

Figure 5.6 Latitude-longitude maps of (top panel): seasonally-averaged cloud radiative forcing at the 
surface (CRFsurf) simulated by the ALLSIP simulation, and (bottom panel): anomalies with respect to 
the ALLSIP simulation (ΔCREsurf) derived from the WRF simulation coupled with the RaFSIPv2 
parameterization, extracted respectively for (a, e) fall, (b, f) winter, (c, g) spring and (d, h) summer. 

 

5.6 Outlook 

This study introduces a new ML-based framework aimed at representing the impact of ice 
multiplication in stratiform MPCs within large-scale models. The new RF parameterization, referred to 
as RaFSIP, is developed using two different approaches to describe the effect of SIP at temperatures 
as low as -25C. The first approach indirectly describes SIP through the use of an ice multiplication 
factor applied to the primary ice production rates, while the second approach directly predicts the SIP 
tendencies, providing a more explicit representation of the underlying physical processes. RaFSIP is 
trained on two years of 10-km horizontal resolution WRF simulations over the pan-Arctic region. We 
evaluate the parameterization both offline and online, and demonstrate that RaFSIP can accurately 
predict tendencies of unresolved physics in the 50-km horizontal resolution domain, comparable to 
the conventional SIP schemes. RaFSIP skillfully captures how SIP affects the glaciation state and 
evolution of polar stratiform MPCs, predicting their ice- and liquid-phase partitioning with an 
uncertainty of less than a factor of 3. Importantly, RaFSIP exhibits only minor radiative biases, not 
exceeding ±3 Wm-2 at the climatologically-sensitive Arctic surface. This implies that biases in the 
predicted SIPrate or IEF (depending on the version of RaFSIP used) do not translate into significant 
errors in simulated cloud microphysical properties and cloud radiative forcing. 
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The intrinsic property of RF algorithms to make conservative predictions by averaging over the 
predictions of the individual decision trees allowed the coupled WRF-RaFSIP scheme to run efficiently 
and without instabilities for a year. The key advantage of our approach is that SIP can be represented 
using inputs, such as temperature, ice- and liquid water content, riming tendencies, and relative 
humidity with respect to ice, which are commonly predicted by most models. This facilitates its 
integration in host models with horizontal grid spacings comparable to or larger than the 10-km 
resolution grid used for training RaFSIP. This is crucial, as SIP can significantly impact cloud evolution, 
rapidly glaciating them, altering precipitation and eventually climate. 

The incorporation of the RaFSIP framework in the microphysics scheme of 3 GCMs, namely ECHAM-
HAM, NorESM2, and EC-Earth, participating in the CMIP assessments is one of the undergoing studies 
we are currently addressing (Ickes et al., 2023; Costa-SurÛs et al., 2023). The modular nature of the 
new SIP parameterization allows for seamless integration with the dynamical core of each GCM model, 
provided that the input features are well located inside the stratiform cloud microphysics routine. 
Preliminary results indicate that utilizing grid-box averaged atmospheric variables predicted by GCMs 
as inputs to the RaFSIP scheme, leads to computationally efficient simulations without numerical 
instabilities or explosive SIP (not shown). This model intercomparison project will evaluate the 
robustness of our approach as well as any potential limitations. 

As the RaFSIP scheme is trained on a wide range of stratiform conditions where SIP is likely to occur, 
it can effectively capture the underlying mechanisms behind ice multiplication in any type of single or 
multilayer clouds in the polar regions. The limitations for our work stem mostly from the fact that 
RaFSIP is trained based on regional simulations, and it therefore may not be applicable for the entire 
globe (e.g., tropical marine or deep convective clouds). To address this, the training dataset can be 
expanded by incorporating simulation results from various locations worldwide where SIP is 
recognized (Hoose, 2022). Additionally, the dataset can be augmented to include the description of 
other SIP processes, such as fragmentation during ice particle sublimation under ice subsaturated 
cloudy conditions (e.g., Deshmukh et al., 2022). Our study demonstrates that by leveraging a relatively 
small number of grid points from the regional climate modeling framework, the training dataset can 
effectively encompass a broader range of cases not covered in our initial analysis.  

Finally, this study highlights the significant potential of ML techniques and high-resolution data for the 
development of computationally efficient and accurate subgrid-scale parameterizations of cloud 
microphysical processes, addressing the current gaps and limitations in large-scale models. By 
integrating physics-guided ML algorithms and utilizing feature importance metrics, we increase the 
transparency of the inner workings of these algorithms, even if they are initially considered 
uninterpretable (Beucler et al., 2021; McGovern et al., 2019). This is a promising pathway towards 
model simplification and improved process representation within GCMs. Moving forward, further 
exploration and implementation of such techniques can contribute to advancements in GCMs, 
ultimately leading to more robust and comprehensive climate simulations.
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6. Conclusions and perspectives 
 

Simulating clouds and their impact on climate has been a long-standing challenge for climate 

models, primarily from uncertainties in representing small-scale microphysical processes. 

MPCs, with the numerous liquid- and solid-phase hydrometeors and their linkage through a 

complex web of process interactions, are especially riddled with uncertainties in process 

level description and lack of observational constraints. Figure 6.1 summarizes the key 

takeaway from each study conducted during this PhD thesis, each of which is presented as a 

separate chapter. While the research presented in Chapters 2-4 focused primarily in case 

studies, yet they collectively focus on characteristic mixed-phase cloud types for which the 

formation of liquid droplets and the production, growth and multiplication of ice particles 

require better representation in models. The modeling advancements laid out in Chapters 3 

and 4 were subsequently used to generate a large dataset that served as the foundation for 

the development of the first ML-based parameterization designed to represent the 

combined effects of the most important SIP processes in stratiform MPCs, which is the most 

radiatively important cloud type (Chapter 5). In the following we summarize the main 

findings and conclusions of this thesis, contextualizing them in the broader research 

landscape with potential implications and avenues for future research: 

 

Accomplishment 1: Unraveling dynamical from aerosol-related effects 
on cloud droplet formation 

Motivation, analysis & implications 

In the first study (Chapter 2), we explore the relative importance of factors influencing cloud 

droplet formation in orographic MPCs: cloud dynamics (i.e., updraft velocity variability) or 

variations in aerosol concentration. Our findings revealed that in the absence of 

precipitation, we could deduce cloud-scale vertical velocity distributions using ground-based 

remote sensing measurements, particularly wind Doppler lidar, that are useful for 

hydrometeor formation (i.e., droplet number) rates. When we integrated these velocity 

observations with ground-based aerosol measurements and aerosol hygroscopicity data, we 

effectively constrained the predictions generated by a state-of-the-art droplet activation 

parameterization. Our predictions of droplet number agreed to within ∼25% with balloon-

borne measurements of Nd, which is within the uncertainty of published in-situ closure 

studies. 

The limited availability of balloon-borne measurements for liquid- and mixed-phase clouds 

in this study raised questions about the applicability and accuracy of the proposed 

methodology under different conditions or varying degrees of cloud glaciation. In a follow-

up study conducted by Motos et al. (2023), utilizing a more extensive dataset, cloud parcel 

activation theory was shown to predict Nd with similar accuracy in Arctic MPCs, even when 

the glaciation fraction (i.e., the ratio of cloud ice water content to total water content) 

reached levels as high as 90% (Figure 6.2). This finding suggests that warm cloud activation 

theory can reliably estimate Nd within 50%, irrespective of the degree of glaciation. This in 

turn suggests that the usage of adiabatic activation is a good approach, particularly in 

stratiform boundary layer MPCs with limited entrainment of dry air. It also validates the 
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robustness of the approach introduced in Chapter 2. Furthermore, for the Arctic MPCs studied by 
Motos et al. (2023), the large degree of droplet closure implies that microphysical processes such as 
primary ice nucleation, riming, or SIP through HM may not have contributed to the observed cloud 
glaciation, as they would have more effectively depleted Nd below the levels predicted by cloud parcel 
theory and also perhaps provide large enough surface area for condensational (depositional) loss of 
water vapor that in turn would decrease the maximum supersaturation and cloud droplet number. 
This suggests that alternative SIP mechanisms, such as ice-ice collisional break-up, could be 
responsible for the observed high ice fraction within the observed Arctic MPCs. 

 

 

Figure 6.1 Schematic overview of the various projects undertaken within this PhD thesis. Each figure 
encapsulates the primary findings from its respective chapter. 

 

Our results also highlighted the importance of water vapor competition in cloud droplet formation 
when understanding the sensitivity of that latter to aerosol amount. Notably, increased anthropogenic 
pollution reduces cloud supersaturation to below 0.1%, which simulations suggest acts as a threshold 
marking a transition from an aerosol-limited to a velocity-limited droplet formation regime. In fact, 
when aerosol concentration (for constant vertical velocity) further increases, droplet number tends to 
approach an asymptotic upper limit (Ăþýÿþ) that seems to depend only on the value of vertical velocity. 
By pooling results from warm boundary layer cloud characteristics sampled in two field campaigns, 
we derived a linear relationship effectively describing Ăþýÿþ as a function of solely the vertical velocity. 
Given that droplet formation in real clouds is actually a result of superposition of results for the 
probability distribution of updraft velocity (which in turn relates to the levels of turbulence in the PBL) 
we eventually express Ăþýÿþ as a function of the standard deviation of updraft velocity. The findings 
from Motos et al. (2023) in Arctic MPCs also aligned with the linear relationship established in Chapter 
2, which together with the evidence from campaigns in previous studies, supports the potential 
universality of this relationship. Future work involving additional case studies of liquid- and mixed-
phase clouds under a broader range of conditions will further strengthen our results.  
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One important implication of the potential universality of the Ăþýÿþ- Ãw relationship is the possibility 

of estimating the distribution of updraft velocities for non-precipitating boundary layer clouds through 

measurements or retrievals of Nd (e.g., Foskinis et al., 2022) in regions where velocity-limited 

conditions are expected (e.g., continental areas). Vertical velocity, especially at cloud-relevant scales, 

remains a poorly constrained atmospheric variable, despite it being a key driver of droplet formation 

in many regions globally (Morales & Nenes, 2014; Sullivan et al., 2016). Thus, having the ability to 

derive information about its distribution opens up additional opportunities for model evaluation, even 

in remote areas where in-situ measurements of vertical velocity are not feasible. 

 

 

Figure 6.2 Cloud droplet closure achieved by comparing warm cloud activation theory (y-axis) with 

balloon-borne measurements taken in Arctic mixed-phase clouds (x-axis). The colorbar represents the 

degree of glaciation, with 1.0 signifying pure-ice clouds. Note that the low droplet number in the 

observations (below 10 cm
-3

) are likely not representative of in-cloud conditions (i.e., the droplets 

sampled where below or right at cloud base), so should not be considered here. More details are 

provided in Motos et al. (2023), from which this figure is adapted. 

 

The key take-home message is that knowledge of both Nd and Ăþýÿþ allows us to assess cloud droplet 

formation susceptibility to aerosols without requiring prior aerosol concentration data. In velocity-

limited MPCs, Nd reaches its maximum potential under these vertical velocity conditions. Smaller 

droplets hinder cloud glaciation by reducing riming and SIP efficiencies (as discussed in Section 1.2.5), 

favoring persistent mixed-phase conditions. In-contrast, Pasquier et al. (2022) related the low CCN 

concentrations observed in aerosol-limited MPCs in the Arctic with the formation of fewer but larger 

cloud droplets, that generate conditions conducive to SIP through DS. This, in turn, enhances cloud 

glaciation. While the effect of SIP was not directly addressed in our first study, being able to infer the 

droplet formation regime in turn carries important implications on the microphysical evolution and 

radiative properties of MPCs. 
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Accomplishment 2: Origins of high ice crystal number concentrations in 

orographic mixed-phase clouds 

Motivation, analysis & results 

In Chapters 3 and 4 of this thesis, our focus was entirely on the contribution of SIP in shaping the 
elevated ice crystal concentrations observed in orographically-induced MPCs. Our analysis primarily 
relied on numerical modeling of the observed cloud systems using the mesoscale model WRF, 
advancing its microphysics scheme to account for the most important SIP processes reported. The 
evaluation of the model was initially based on in-situ observations of the cloud ice and liquid water 
content in Chapter 3, but transitioned to ground-based radar remote sensing and forward simulations 
in Chapter 4. Both chapters investigated wintertime MPCs that formed at temperatures below the 
extensively studied HM mechanism, driven by the recognized need to examine SIP at such cold 
subzero temperatures (Korolev et al., 2022). 

In mountainous regions, seeder-feeder events play a critical role in supplying low-level stratiform 
orographic clouds with substantial ice hydrometeors. These events initiate a sequence of ice growth 
processes that can significantly enhance orographic precipitation or even lead to complete cloud 
condensation. The extent of this effect depends on how efficiently orographic forcing can maintain 
supersaturation with respect to liquid water. Our NWP simulations of seeder-feeder clouds, however, 
provided evidence that introducing ice seeding alone is insufficient to replicate the observed ice and 
liquid phase distribution in MPCs. To bridge the gap between modeled and observed ICNCs, it was 
necessary to incorporate SIP processes into the model.  

The influence of BR-induced SIP is particularly pronounced in all our model simulations of multilayer 
precipitating cloud systems. We showed that models missing a description of BR would underestimate 
the simulated ice concentrations by up to three orders of magnitude (Chapters 3 and 4). The efficiency 
of BR is particularly enhanced within the temperature range favoring dendritic crystal growth (i.e., 
DGL), which aligns perfectly with remotely-sensed fingerprints of BR (von Terzi et al., 2022). The 
complex plate-like branched ice structures present inside the DGL promote aggregational growth by 
facilitating their interlocking upon collisions. This enhances differential settling and, consequently, 
collision efficiencies, thereby amplifying the effectiveness of the BR mechanism. In Chapter 4, we 
demonstrated that BR efficiency exhibits a tenfold enhancement inside the DGL leading to a 
production rate of ice fragments that compensates for and even exceeds the loss of ice particles due 
to aggregation. 

We showed that ice enhancement due to BR results in two distinct effects in the modeled MPCs. In 
the upper parts of the cloud, BR shifts ice particle concentrations toward smaller sizes by transferring 
mass from large snowflakes or graupel to small cloud ice particles during collisions. The secondary ice 
crystals efficiently grow through vapor deposition within the DGL (Takahashi, 2014), favoring ice-to-
snow autoconversion once they exceed a threshold diameter. Interaction between these ice particles 
and supercooled droplets in low-level feeder clouds or the lower-lying mixed-phase levels of the same 
clouds further augments their growth through riming or WBF. This is expected to increase the cloud 
ice water path at the expense of its liquid counterpart, ultimately resulting in increased snowfall 
reaching the ground. The enhanced snowfall acts as an efficient ice particle sink that can effectively 
offset the SIP fragment generation, thereby preventing explosive ice production and complete cloud 
glaciation (Chapter 3). 

This cascade of microphysical effects summarizes the findings from both orographic case studies 
presented in Chapters 3 and 4. An important takeaway is that outside the HM temperature regime, 
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an accurate representation of seeding snowflakes, effectively multiplied through BR, is essential for 

capturing the correct partitioning of ice and liquid in orographic MPCs. This realization holds 

significance as the effect of BR is notably absent from the microphysics schemes commonly used in 

most NWP models and GCMs. 

 

Limitations & perspectives 

Representation of BR in bulk microphysics schemes 
When parameterizing SIP through BR using the physically-based parameterization by Phillips et al. 

(2017a), certain assumptions are inherent. These assumptions concern the degree of riming and the 

ice habit of particles undergoing fragmentation. It is important to underline that both laboratory 

studies conducted by Takahashi et al. (1995) and Vardiman (1978) emphasized that it is the collisions 

with rimed particles that promote BR. In our modeling studies, we therefore restricted BR to cases 

where the smallest involved ice particle is at least partly rimed. Nevertheless, we treated the rimed 

fraction as a tunable factor, adjusting it based on the performance of the model against available 

observations. For instance, a higher rimed fraction was prescribed for improved model performance 

in Chapter 3, albeit leading to unrealistically high ICNCs in Chapter 4. Furthermore, the ice habit was 

also predefined, assuming dendritic particles within the temperature range of -12C to -17C and 

spatial planar crystals for other temperature regimes. Microphysical schemes offering more degrees 

of freedom for representing the particle properties, such as the degree of riming (Morrison & 

Milbrandt, 2015) and ice habit (Jensen et al., 2017), hold promise for refining the precision of the BR 

parameterization, thereby mitigating the dependencies on ad hoc assumptions. 

A more computationally efficient approach would involve developing a new parameterized expression 

for the degree of riming suitable for bulk microphysics schemes. This parameterization, for instance, 

could describe the rimed fraction as a function of temperature, liquid water content, and the size of 

the involved ice particles. The development of this parameterization could greatly benefit from ice 

particle imagery gathered during various field campaigns. For instance, a classification method 

presented in Mosimann et al. (1994), as applied in Figure A4 and Mignani et al. (2022), categorizes ice 

particles into six distinct rimed categories ranging from 0 (unrimed particles) to 5 (graupel). A valuable 

dataset, which is complemented by relevant environmental measurements, has been presented in 

Grazioli et al. (2022) and could potentially contribute to the development of this parameterization. 

This dataset encompasses over 2.5 million images of snowflakes obtained during numerous field 

campaigns around the globe, each categorized based on their riming degree within a spectrum ranging 

from 0 to 1 (with 1 signifying graupel). 

 

What about the efficiency of additional SIP processes? 
In the cold wintertime orographic clouds explored in Chapters 3 and 4 of this thesis, two additional 

SIP processes (besides BR) were incorporated and investigated within the Morrison microphysics 

scheme of WRF. The DS process was deemed inefficient in both examined cases, primarily due to the 

simulated raindrops not reaching the critical size threshold of 50 μm required for its activation. This 
observation aligns with the findings of mesoscale simulations of Alpine clouds (Dedekind et al., 2021). 

However, it also raises questions about whether the bulk representation of this mechanism hinders 

its activation. For instance, larger-scale models employing a bin-emulated framework to represent DS 

(Sotiropoulou et al., 2022; Zhao & Liu, 2022) have reported a more significant contribution of this 

mechanism, albeit at a higher computational cost. Considering this, an interesting next step would be 

to implement a similar approach in WRF to assess the sensitivity of DS process representation and 
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evaluate the potential increase in computational cost. Since DS is considered important even at 
warmer subzero temperatures, it would be intriguing to investigate whether the model can replicate 
the recirculation theory proposed by Korolev et al. (2020) and observed by Lauber et al. (2021). 

We showed that SUBBR can also be activated in the case of an external seeder-feeder event when a 
subsaturated air layer separates the seeder from the feeder cloud (Chapter 4). The effectiveness of 
this process, however, depends on the depth of the subsaturated layer and the presence of fast 
convective downdrafts capable of swiftly transferring the small ice fragments generated into the 
supersaturated cloud conditions prevailing in the feeder cloud before they sublimate. While this 
mechanism is not expected to be as prevalent as BR in stratiform conditions, its significance may be 
more pronounced under deep convective downdrafts (Deshmukh et al., 2022). Evaluating its efficiency 
through NWP simulations of more convective cloud systems would thus be instructive. 

 

What is the contribution of blowing snow ice particles? 
Applying a constant source of ice particles to the first atmospheric level of WRF provided a simplified 
yet educative approach to investigate the microphysical impact of blowing snow particles in the 
simulated alpine clouds (Chapter 3). Our findings suggested that blowing snow has the potential to 
increase surface ICNCs even in the absence of a low-level cloud. However, its contribution becomes 
particularly notable when lofted particles mix with supersaturated cloud conditions. In these 
conditions, they can efficiently interact with liquid-phase particles, substantially contributing to SIP 
through collisions with larger precipitating ice particles. 

A new blowing snow scheme, previously tested in a coupled WRF-snowpack model known as 
"CRYOWRF" revealed that blowing snow particle concentrations reaching up to 10-2 kg kg-1 can be 
induced up to ∼1 km above the ground in alpine regions (Sharma et al., 2023). Since these particles 
can effectively trigger various microphysical processes, enhancing CRYOWRF with SIP descriptions and 
testing the combined effect of the two mechanisms in snow-covered regions with complex orography 
would offer an intriguing opportunity for a more comprehensive exploration of snow-atmosphere 
interactions. 

 

Accomplishment 3: A synergistic approach to identifying secondary ice 
production in ground-based radar observations 

Motivation, analysis & results 

In Chapter 4 of this thesis, our primary goal was to detect potential SIP signatures from radar 
observations, including standard radar moments and full Doppler spectra. A significant body of 
literature has explored multi-frequency, polarimetric radar measurements within the HM 
temperature zone. In this temperature range, a recurring pattern associated with HM becomes 
evident in the Doppler spectrograms: a fast-falling rimer population falls through a supercooled liquid 
water layer, and upon entering the HM zone, a distinct spectral mode emerges, indicating the 
formation of columnar ice particles (e.g., Billault-Roux et al., 2023; Oue et al., 2015). A more systematic 
examination of SIP, focusing on temperatures higher than -10C, was presented by Luke et al. (2021). 
They suggested that the presence of large drizzle drops was necessary for observed ice enhancements 
in Arctic clouds, pointing to the prevalence of DS over HM. However, identifying SIP fingerprints at 
colder subzero temperatures has been relatively unexplored, which motivated the Chapter 4 study. 
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We centered on the DGL temperature regime (between -20 and -10C), demonstrated that even 

without polarimetric and multi-frequency radar observations, valuable information about SIP 

occurrence can be deduced through a direct comparison of single-frequency radar observations with 

outputs from a forward radar simulator coupled with high-resolution numerical simulations that 

account for SIP. Spectral bi-modalities within the DGL are frequently associated with new ice 

formation. From a modeling perspective, we demonstrated that these spectral signatures coincide 

with the initiation of aggregation and BR in the model, signifying the key role of collisions involving 

delicate dendritic or aggregated crystals. A competition between the two processes determines the 

final simulated ICNCs in this temperature regime, with ice crystal production due to BR sometimes 

exceeding their loss due to aggregation by up to an order of magnitude. 

The emergence of a secondary spectral mode below approximately -18C systematically coincided 

with an increase in observed spectral skewness, suggesting asymmetric broadening of radar spectra 

due to the slower-falling hydrometeor population. The link between BR, aggregation, spectral bi-

modality, and positive skewness observed in the DGL was also highlighted in a 3-month radar-based 

study of mid-latitude winter clouds (von Terzi et al., 2022). This underscores the importance of a more 

systematic analysis of radar signatures within this cold subzero temperature range to establish a more 

robust conclusion about whether these signatures can indeed help infer the action of BR. 

 

Perspectives 

In Chapter 4, our analysis highlights the promising coupling between high-resolution numerical 

modeling and remote sensing through forward radar simulation tools. These tools have already 

proven effective in evaluating the performance of Polar WRF in capturing snowfall and mixed-phase 

cloud microphysics over Antarctica (Vignon et al., 2019, 2021). Our study demonstrates the potential 

of this synergy for identifying various microphysical processes, including SIP. The next step involves 

expanding our analysis beyond the limited spatial and temporal scales considered here, to establish 

the statistical significance of the identified signatures. For instance, confirming that extended regions 

of positive skewness in the DGL (as shown in Figure 4.2d) consistently indicate the presence of SIP 

through BR would be a significant realization. This is because timeseries of radar moments from 

various campaigns worldwide can be more readily available and easier to analyze compared to full 

Doppler spectra, especially when focusing to large-scale, statistical applications. Leveraging the wealth 

of ground-based remote sensing data, even in remote Arctic (e.g., Luke et al., 2021) and Antarctic 

regions (e.g., Ferrone & Berne, 2023), this methodology provides valuable insights that would have 

otherwise been challenging to obtain. The bottom line is that modeling techniques such as SIP-aware 

NWP models coupled with forward simulators (e.g., Trˆmel et al., 2021) offer a promising means to 

bridge the gap between remote sensing retrievals and the underlying physical mechanisms, helping 

to support hypotheses and pinpoint discrepancies in the representation of SIP-physics within 

numerical models. 

 

Accomplishment 4: Representing secondary ice production in large-scale 
models using a machine-learning framework 

Motivation, analysis & results 

As previously discussed, implementation of sophisticated SIP parameterizations in models comes with 

certain assumptions that need to be made and a number of uncertain parameters that need to be 
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prescribed – if not explicitly resolved by the model. Having already incorporated the most detailed 

physically-based SIP descriptions in the model, we decided to take a step back and soke to simplify 

the SIP representation. With this objective in mind, a novel ML framework was introduced in Chapter 

5, with the purpose to streamline the integration of SIP into large-scale models that have limited 

horizontal resolution and lack detailed physics for explicit SIP representation. This framework builds 

upon the microphysics code developed in Chapter 3 and utilizes a comprehensive training dataset 

derived from multi-year panarctic regional climate simulations. Employing ML techniques on this 

dataset, we developed a data-driven SIP parameterization called RaFSIP, which is available as open-

source software. 

RaFSIP can be applied in both offline and online modeling contexts. Its modular design facilitates 

seamless integration into the bulk microphysics schemes of models with double-moment 

representations of ice hydrometeors and horizontal grid spacings equal to or greater than 10 km. 

Using only a few predictors commonly described in most host models, RaFSIP effectively predicts the 

cumulative impact of the three primary SIP processes – HM, BR, and DS – in stratiform mixed-phase 

clouds within the temperature range of -25 to 0C. 

Limitations of the RaFSIP parameterization were already addressed in Chapter 5. Trained exclusively 

on polar stratiform conditions, RaFSIP may not be universally applicable to global MPCs, especially the 

convective ones. Nevertheless, in most large-scale models, stratiform and convective clouds are 

represented by distinct microphysical schemes. Therefore, the applicability of RaFSIP should be 

restricted to the stratiform routine. This highlights the need to expand the training dataset by 

incorporating simulations from diverse global locations where SIP effects are observed. The extension 

of the training dataset could also involve the inclusion of additional SIP processes, such as 

sublimational break-up, whose efficiency is expected to increase under more convective conditions. 

Nevertheless, one advantage of ML-driven microphysical parameterizations is the flexibility in 

augmenting their training dataset with diverse cases and processes. Specifically for RaFSIP, we 

demonstrated that only a relatively few regional climate model grid points can be sufficient for 

effectively capturing the complex, non-linear relationships associated with SIP. 

 

Legacy of this thesis and concluding thoughts 

The effect of ice multiplication has been acknowledged in various contexts, spanning laboratory 

experiments, real-world atmospheric conditions, remote sensing observations, and atmospheric 

modeling. Throughout this PhD, we have introduced innovative methodologies and crafted research 

tools with the potential to revolutionize how ice multiplication is represented in weather prediction 

and global climate models. The developed modeling tools, such as the updated SIP-aware 

microphysics scheme of WRF, have already been adopted in collaborative studies to explore the role 

of SIP under various conditions in different types of MPCs, including stratocumulus-to-cumulus 

transitions (e.g., Karalis et al., 2022). 

Fusing the detailed SIP descriptions in WRF with machine learning techniques gave rise to the RaFSIP 

parameterization – which is probably the most novel aspect of this PhD research. This is the first 

application of machine learning to parameterize ice microphysical processes in cold clouds. RaFSIP has 

already been successfully integrated into the microphysics schemes of three leading European GCMs, 

including NorESM2, EC-Earth, and ECHAM-HAM, and is planned to be used in the upcoming CMIP7 

assessments. Its implementation within the stratiform microphysics routines of these GCMs ensures 

both computational efficiency and numerical stability. Yet, for a comprehensive understanding of the 

global impact of SIP, it needs to be treated in other cloud types, particularly cumulus and convective 

clouds, which currently lack adequate microphysical representations, especially within climate 

modeling applications. 
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Furthermore, evaluation of the robustness of the RaFSIP scheme is currently underway, through a 
model intercomparison project encompassing the aforementioned GCMs. This collaborative effort is 
organized within the framework of the European Union Horizon 2020 project FORCeS (https://forces-
project.eu/), as detailed by (Ickes et al., 2023). In Chapter 5 we demonstrated the performance of 
RaFSIP against the conventional SIP parameterizations, that it has been trained on. What remains to 
be assessed is how each GCM responds to the inclusion of SIP, and whether SIP can reduce predictive 
biases in models, leading to more accurate representations of ice- and liquid-phase partitioning in 
MPCs, as confirmed by satellite observations. These key questions will be addressed within the context 
of the model intercomparison project – an avenue underscored in the recommended future directions 
proposed by Field et al. (2017) to advance SIP knowledge. Quantifying the parametric uncertainties 
across the microphysics schemes of different models offers the most robust way to assess the 
performance of newly developed parameterizations. 

It is important to acknowledge that ML methods come with inherent limitations. These limitations can 
arise from their lack of interpretability, their inability to extrapolate beyond the original training 
dataset, or their difficulty in satisfying physical constraints. However, recent advances have already 
paved the way for improving model explainability (e.g., Brenowitz et al., 2020) and post-prediction 
adjustments can be applied to enhance stability or physical consistency within ML frameworks (Rasp, 
2020; Yuval et al., 2021). Extrapolation is likely to remain one of the most persistent limitations of ML 
parameterizations, which is particularly relevant for more accurate future predictions in a warming 
climate. However, O’Gorman and Dwyer (2018) demonstrated that, application of a random forest 
algorithm to parameterize moist convection and precipitation extremes can accurately capture 
climate change, provided that the training dataset includes samples from both the current climate and 
a warmer climate scenario. 

Overall, the methodological approach developed in this PhD defines a new paradigm for model 
development. Running complex or high-resolution versions of models for limited periods of time or 
areas can generate extensive datasets, upon which ML algorithms can then derive data-driven 
parameterizations for use in simpler models. Replacing, for example, computationally expensive 
microphysical parameterizations with their ML counterparts can lead to simpler model versions that 
run a lot faster, yet behave as if they had the complex physics in them. This approach counters other 
model simplification methods, which may involve entirely removing or prescribing constant or 
climatological values for processes that the model is not sensitive to (Proske et al., 2022, 2023). The 
future will determine which approach, or combination thereof, would lead to the best compromise 
between computational efficiency and physical robustness.  

Beyond its modeling applications, the adaptable nature of the ML-based perspective we propose, may 
be useful for diagnosing SIP contributions from field campaign measurements. Examining the input 
features required for RaFSIP to predict the presence of SIP, it becomes evident that with knowledge 
of prevailing temperature, relative humidity, ice and liquid water content, and an estimate of riming, 
RaFSIP can be trained and applied to data from field campaigns. Among these variables, deriving the 
degree of riming from field observations is the most challenging. However, recent research has 
demonstrated the value of ML techniques in estimating riming from ground-based, zenith-pointing 
cloud radar measurements (Vogl et al., 2022). Once all predictors are defined, ice enhancement 
factors can be derived either through concurrent measurements of ICNCs and INPs or through 
retrievals using collocated ground-based remote sensing data (Wieder et al., 2022). A synthesis of in-
situ, remote-sensing, and ML techniques therefore holds promise for detecting SIP in field or remote 
sensing observations worldwide. Such an automated method for identifying SIP favorable conditions 
and regions could provide datasets for model evaluation, offering better observation-based SIP 
insights across scales. This might eventually lead to the generation of an updated <conceptual 
diagram=, akin to those in Sullivan, Hoose, et al. (2018; see their Figures 8 and 9), which can be used 
to diagnose SIP presence if all necessary and sufficient criteria are met. 

https://forces-project.eu/
https://forces-project.eu/
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All modeling experiments conducted within this PhD consistently underscored the significance of 

seeder-feeder cloud configurations, whether internal or external, as crucial atmospheric conditions 

for triggering SIP. Satellite and ground-based remote sensing observations have further substantiated 

the prevalence of such cloud structures, occurring at an annual rate of approximately 20-30% in both 

the Alpine region and the Arctic (Proske et al., 2021; Vassel et al., 2019). If SIP is primarily induced by 

ice seeding in multilayer cloud systems, then quantifying global ice seeding frequency and patterns 

could offer an initial, albeit approximate, assessment of SIP-related events worldwide. This is 

important, as the global significance of SIP has received limited attention in existing literature. 

Notably, the modeling study by Zhao and Liu (2021) revealed that the distribution of SIP lacks a 

pronounced latitudinal preference, in stark contrast to primary ice production rates, which are two 

orders of magnitude higher in the Northern Hemisphere. Do the models accurately capture the 

distribution and frequency of occurrence of multilayer seeding clouds, and does it align with regions 

of enhanced SIP rates? 

Another aspect requiring attention is the relative contribution between SIP and PIP, and how this may 

be changed in a warming climate. A number of studies have reported a minimum threshold of INPs 

necessary to trigger SIP under varying cloud conditions (e.g., James et al., 2023; Sullivan, Hoose, et al., 

2018). At the same time there exists a competitive and non-linear interplay between SIP and PIP in 

MPCs (e.g., Zhao & Liu, 2022). Elevated number of INPs can cause rapid cloud glaciation via the 

efficient action of WBF, thereby diminishing the number of large precipitation particles that would 

otherwise promote SIP. Conversely, enhanced SIP has been observed to suppress PIP by depleting the 

cloud droplets needed for initiating heterogeneous freezing. In a warming world, reduced sea ice 

concentrations in high latitudes may release higher INP concentrations in the atmosphere due to 

increased biogenic emissions from the open ocean (Carlsen & David, 2022), eventually increasing the 

number of available INPs. This raises a compelling question: could this feedback mechanism dampen 

SIP and would this behavior be captured by GCMs – given that they still lack description of ice 

multiplication and the dominant INP species, particularly at low to moderate supercooling? These 

complexities inherent in ice-related processes within MPCs underscore the urgent necessity for the 

cloud physics community to join forces and improve their representation in GCMs. This is important 

for improving the accuracy of future climate projections. The tools developed within this PhD research, 

hold significant promise in contributing to this pressing scientific effort.
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Appendices 

 

A. Supplementary material for: On the drivers of droplet variability in 

alpine mixed-phase clouds 

 

 

 

Figure A1. Location of the main measurement sites of the RACLETS 2019 campaign. The main 
measurement sites considered in this study are Davos Wolfgang (otherwise known as 
Wolfgang-Pass, WOP; 1630 m a.s.l., 46°50’08.0763N 9°51212.9393E) and the mountain-top 
station of Weissfluhjoch (WFJ; 2700 m a.s.l., 46°49’58.6703N 9°48223.3093E). 
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Figure A2. Example of the fitting of positive vertical velocities to a half-Gaussian probability density 

function, p(w). The standard deviation of the distribution, σw, is then used within the droplet activation 

parameterization to calculate the characteristic vertical velocity, w*=0.79σw (Morales and Nenes, 

2010), which is employed to provide the distribution-averaged cloud droplet number (Nd). The data 

presented here were collected at WOP and span the hourly time period between 17:00-18:00 UTC on 

24 February 2019. 
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Figure A3. Air temperature 2 m above ground (˚C) (black dots) and pressure at station level (hPa) (red 
dots) obtained from the MeteoSwiss observation station at WFJ between 24 February and 8 March 
2019. 
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Figure A4. (a) The estimated degree of riming of the analyzed dendritic ice crystals collected at WFJ 
during the period of interest and (b) characteristic images of the dendrites representing the four 
recorded riming categories varying from 1 (bottom figure) to 4 (top figure). Following Mignani et al. 
(2019), dendritic crystals were collected on a plate and documented by photography. The resulting 
images were analyzed visually for a riming degree according to Mosimann et al. (1994). A riming 
degree of 1, 2, 3, 4 represents lightly, moderately, densely or heavily rimed ice particles, respectively. 
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Figure A5. Calculated timeseries of the activation fraction (%) (i.e. the fraction of total aerosol particles 

that have been activated to form cloud droplets), for updraft velocities of σw = 0.1 m s
-1

 in a, 0.3 m s
-1

 

in b, 0.6 m s
-1

 in c, and 0.9 m s
-1

 in d, during the period of interest at WOP (orange dots) and WFJ (blue 

dots). 
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Figure A6. Relative frequency histogram of the ratio of predicted Nd to the limiting droplet number 
(Ăþýÿþ), as calculated for both measurement sites, restricted to the periods when the predicted in-
cloud maximum supersaturation (Smax) drops below 0.1%, indicating the transition from the aerosol- 
to the velocity-limited droplet activation regime. 
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B. Supplementary material for: Secondary ice production processes in wintertime 
alpine mixed-phase clouds 

 

 

 

Figure B1. Timeseries of (a) total ice number concentrations (Nisg; cloud ice + snow + graupel), (b) ice 

water content (IWC) and (c) liquid water content (LWC), predicted by the control simulation of WRF 

(CNTRL; black line) and the two sensitivity simulations including a description of the droplet shattering 

(DS) process, parameterized following Phillips et al. (2018) (DS_PHILL; blue line) and (Sullivan, Hoose, 

et al., 2018) (DS_SULL; cyan line). The grey dots in (a), (b) and (c) represent the respective 

measurements of Nisg, IWC and LWC, taken between 26 January and 1 February 2014 at Jungfraujoch 

(JFJ) at an altitude of 3580 m above sea level (a.s.l.). Each day starts at 00 UTC. Note the logarithmic 

y-axes in panels a and b. 
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Figure B2. Size distribution of raindrops predicted by the CNTRL, DS_PHILL and DS_SULL simulations. 

The size distributions were averaged between 00:00 and 06:00 UTC on 26 January (solid line) and 

between 06:00 and 12:00 UTC on 31 January (dashed line). The vertical dashed grey line indicates the 

threshold size of 50 μm, which is required for DS to be activated. 
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Figure B3. Time series of (a) total Nisg and (b) LWC, predicted between 26 January and 1 February 2014 
by the sensitivity simulations including a source of ice crystals in the first atmospheric level to 
represent the microphysical effect of blowing snow ice particles (BIPS). We consider spherical particles 
with sizes of 10 μm (suffix D10) and 100 μm. The applied concentrations are equal to 10 L-1 in BIPS10 
(cyan line) and BIPS10_D10 (purple line), and 100 L-1 in BIPS100 (blue line) and BIPS100_D10 (orange 
line). 
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Figure B4. Size distribution of (a) cloud ice, (b) snow and (c) graupel particles, predicted by the CNTRL 

and the two sensitivity simulations including a description of the ice-ice collisional break-up (BR) 

process, parameterized following Sullivan, Hoose, et al. (2018) based on the laboratory findings of 

Takahashi et al. (1995) (TAKAH; green line) and Phillips et al. (2017a) (PHILLL; magenta line). The size 

distributions were taken at 17:00 UTC on 26 January (solid line) and at 19:00 UTC on 30 January 

(dashed line). 
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Figure B5. Height-time cross-section of temperature (T in 
o
C) simulated from 26 January to 1 February 

2014 by the CNTRL simulation at JFJ. The height is given in kilometers above ground level (hereafter 

km AGL). 
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TEXT B1: 

During CLACE 2014, a polarimetric Doppler weather radar was deployed at Kleine Scheidegg (2061 m 
a.s.l; Grazioli et al., 2015). This compact system, operating at the X-band frequency is particularly well 
suited to provide high resolution data of the vertical structure of precipitation in complex terrains, 
including narrow Alpine valleys (Schneebeli et al., 2013). The radar was continuously operating with a 
scanning protocol of about 5 minutes including various types of scans in different directions. As the 
vertical structure of precipitation and its evolution in time is of particular interest for the present work, 
we used the data collected at various height levels along a transect in the direction of Grindelwad, 
roughly northeasterly with respect to the radar. Along this transect the quality of the data was only 
marginally affected by the clutter of the high mountains nearby and therefore a continuous depiction, 
in time and in space, of the vertical structure of precipitation (above the radar installation height) 
could be obtained.  

Polarimetric data can be used to estimate the type of hydrometeors that dominates the signal within 
each radar resolution volume. We employed the hydrometeor classification method of Besic et al. 
(2018), which divides dry snowfall into three categories: crystals, when individual and relatively small 
crystals dominate; aggregates and rimed ice particles, including graupel and heavily rimed snow. 

 

 

Figure B6. Radar-based hydrometeor classification between 30 and 31 January. Dry snowfall is 
classified into three categories: aggregates (AG), individual crystals (CR) and rimed ice particles (RI). 
This data should be interpreted as representative of the overall behavior along a transect of 4 km 
length (from 2 to 6 km distance from the radar) in the northeasterly direction. The height is given in 
km a.s.l. 
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Figure B7. Total surface precipitation (rain + snow + graupel) produced by the CNTRL, PHILL and 

BIPS100_PHILL simulations. The latter represents the sensitivity simulation where the combined effect 

of blowing snow and ice-ice collisional break-up is examined. 
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Figure B8. Time-height plots of cloud ice number concentrations (Ni) produced by (a) CNTRL and (b) 

PHILL simulations between 30 January and 1 February 2014. The height is given in km AGL. 
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C. Supplementary material for: Unraveling secondary ice production in winter 
orographic clouds through a synergy of in-situ observations, remote sensing 
and modeling 

 

Introduction  

This supplementary information provides additional figures supporting the detailed analysis included 

in the main manuscript. 

 

Table C1. WProf properties and parameters. WProf uses three chirps, whose ranges are: chirp 0: 104-

1,245 m, chirp 1: 1,267-4,191 m, chirp 2: 4,221-9,981 m. 

Frequency (GHz) 94 

Transmission Frequency-modulated continuous wave (FMCW) 

3-dB beam width () 0.53 

Time resolution (s) 5 

Range resolution (m) 7.5 / 16 / 32 

Nyquist velocity (m s
−1

) 10.8 / 6.92 / 3.3 

 

 

Figure C1. Synoptic situation at 22:00 UTC on 17 December 2021 from ERA5 data. The color shading 

represents the potential vorticity (in K m
2
 kg

−1
 s

−1
) at the 320 K isentrope. The location of Mount 

Helmos is indicated by the yellow star. 
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Figure C2. Time series of (a) temperature and (b) relative humidity with respect to liquid phase at 2 m 
height, (c) wind speed and (d) wind direction at 10 m height. Gray circles indicate measurements 
collected between 17 and 19 December 2021 at the Helmos Hellenic Atmospheric Aerosol and Climate 
Change (HAC)2 station, while modeled values from the CONTROL simulation of WRF are shown with a 
black line. The semi-transparent contour plot represents the vertical velocity (w) profile predicted by 
CONTROL. 

 

Text C1: INP measurements at (HAC)2 

The Portable Ice Nucleation Experiment (PINE) is an innovative instrument designed for ice nucleation 
studies and long-term field observations of ice nucleating particles (INPs) across a wide temperature 
range. During the Cloud-AerosoL InteractionS in the Helmos background TropOsphere (CALISHTO) 
campaign, PINE was operated at the mountain-top site of (HAC)2. PINE employs a pumped expansion 
principle to generate ice and water supersaturated conditions for testing the ice nucleation ability of 
aerosol particles. The instrument operates in repetitive cycles, involving the sampling of aerosol into 
a pre-cooled cloud chamber, activation of aerosol particles as supercooled droplets and ice crystals 
through the expansion of air inside the chamber, and subsequent refilling of the cloud chamber with 
fresh aerosol for the next cycle. A more detailed description of the PINE instrument can be found in 
Mˆhler et al. (2021). The INP measurements presented in Figure C3 correspond to the period spanning 
one month, from the end of October to the end of November 2021. 
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Figure C3. Scatterplot of the ice nucleating particles (INPs) predicted offline using the parameterized 
expressions developed by (a) DeMott et al. (2010), (b) Meyers et al. (1992), and (c) Cooper et al. (1986) 
vs the INPs measured at (HAC)2 station by the PINE instrument. The INP measurements are color-
shaded based on the temperature (in C). 

 

 

Figure C4. Median timeseries of the radar equivalent reflectivity factor (Zew) calculated at an altitude 
ranging from 1.8 to ∼2 km on the atmosphere. Zew is derived from the WProf radar measurements 
(grey line) taken at "Vathia Lakka" (VL) station, and simulated by the CONTROL (black line), DEMOTT 
(cyan line) and ALLSIP (blue line) sensitivity simulations of WRF when coupled with the CR-SIM radar 
simulator. 
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Text C2: Modeling uncertainties during the low-level orographic cloud period 

In the orographic cloud persisting after the passage of the seeder cloud (3
rd

 turquoise box in Figure 

4.2a), notable spikes of enhanced Zew are observed, which are not fully captured by the simulation 

that accounts for ice multiplication (Figure 4.2d), but are comparatively better reproduced by the 

CONTROL and DEMOTT simulations (Figures 4.2b, c). This is further supported by median profiles 

extracted from this period, wherein the predictions of the two simulations incorporating solely PIP 

parameterizations align more closely with the observations (Figure C5). The inefficiency of the ALLSIP 

simulation in replicating the observed Zew spikes might stem from uncertainties in the representation 

of implemented secondary ice production mechanisms within the bulk microphysics framework. For 

instance, Sotiropoulou et al. (2022) found that adopting an emulated bin framework for collisional 

break-up and droplet-shattering could enhance simulated ice multiplication rates, albeit with 

increased computational demand. Given the prevailing stormy conditions during the case study 

(Figure C2c), various surface-based processes such as blowing snow or detachment of surface hoar 

frost (Beck et al., 2018) could have potentially contributed to the observed instances of enhanced Zew 

close to the surface. Simplified methods to simulate such processes have been explored for orographic 

MPCs (Farrington et al., 2016; Georgakaki et al., 2022), yet it would be intriguing to explore more 

sophisticated and advanced modeling frameworks (Gerber et al., 2023; Sharma et al., 2023). To gain 

a deeper understanding of the microphysical processes involved, the subsequent analysis focuses on 

the results obtained from the WRF simulations. 

 

 

Figure C5. Median time-height vertical profiles of observed and simulated radar reflectivity 

extracted during the low-level orographic cloud period. The grey line represents the median 

WProf observations, with the shaded region indicating the IQR. The black, cyan, and blue lines 

denote the results from the CONTROL, DEMOTT, and ALLSIP simulations, respectively. 

Temperature contours superimposed in these panels are from the ALLSIP simulation. 
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Figure C6. Histograms of the primary ice production (PIP) rates associated with the default (a) contact, 
(b) immersion and (c) condensation/depositions freezing used in the CONTROL simulation of WRF 
versus temperature. Same in (d) but replacing all default PIP parameterizations with the aerosol-aware 
formula from DeMott et al. (2010) and prescribing an aerosol concentration of 0.30 scm-3. 

 

 

Figure C7. Timeseries of characteristic sizes (in μm) inferred by reversing the slope parameter 
(lambda) that describes the exponential size distributions of (a) snow (1/lambdas), (b) raindrops 
(1/lambdar), (c) cloud ice (1/lambdai), and (d) graupel (1/lambdag) in the Morrison microphysics 
scheme of WRF. These characteristic sizes are extracted from the ALLSIP sensitivity simulation of WRF, 
which demonstrates better agreement with radar observations.   
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Figure C8. Time-height plots of total ICNCs produced by the ALLSIP simulation, as in Figure 5c in the 

main manuscript. The black contours represent temperature isotherms, while the red contours show 

areas where snowflake aggregation rates exceed 10
-5

 L
-1

s
-1

. The black hatched lines indicate regions 

that are supersaturated with respect to ice. 

 

 

Figure C9. Size distribution of (a, d) cloud ice, (b, e) snow and (c, f) graupel particles, predicted by 

CONTROL (black line), DEMOTT (cyan line) and ALLSIP (blue line) simulations of WRF. The size 

distributions were taken at 03:55 UTC on 18 December (nimbostratus cloud period) at 2.0 km (top 

panel) and at 0.7 km in the atmosphere (bottom panel). The vertical dashed lines indicate the mode 

of each distribution. 
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Figure C10. Size distribution of (a, d) cloud ice, (b, e) snow and (c, f) graupel particles, predicted by 

CONTROL (black line), DEMOTT (cyan line) and ALLSIP (blue line) simulations of WRF. The size 

distributions were taken at 09:20 UTC on 18 December (seeder-feeder cloud period) at 2.2 km (top 

panel) and at 0.5 km in the atmosphere (bottom panel). The vertical dashed lines indicate the mode 

of each distribution. 
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D. Supplementary material for: RaFSIP: Parameterizing ice multiplication in 
models using a machine learning approach 

 

Introduction  

This supplementary information provides additional figures supporting the detailed discussion 

regarding the two versions of the Random Forest Secondary Ice Production (RaFSIP) parameterization 

provided in the main manuscript. The information displayed in the following figures concerns the 

hyperparameter tuning of the Random Forest Regressor (RFR) models, the permutation importance 

of the RaFSIP input features, along with the offline and online performance of the RaFSIP scheme, 

when coupled with the mesoscale Weather Research and Forecasting (WRF) model. 

 

 

Figure D1. Hyperparameter tuning for the forestALL model used in the version 2 of the Random Forest 

Secondary Ice Production (RaFSIPv2) parameterization. Mean Squared Error (MSE) of the predictions 

was calculated using 10-fold cross validation on the training dataset. The tuning involves three 

hyperparameters: (a) number of decision trees in the forest, (b) minimum samples at each leaf node 

and (c) maximum number of training samples. 
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Figure D2. Normalized histogram (i.e., the frequency is scaled by the total number of predictions) of 

the true WRF results versus the forestBRHM predictions used in (top panel) RaFSIPv1 parameterization 

to predict the ice enhancement factor due to (a) ice-ice collisional break-up (IEFBR), (b) Hallett-Mossop 

(IEFHM), and (c) the transferred mass from cloud droplets to cloud ice (Qctr), and (bottom panel) 

RaFSIPv2 parameterization to predict the SIP rate due to (d) collisional break-up (BRrate), (e) Hallett-

Mossop (HMrate), and (f) the transferred mass Qctr. The black line represents the one-to-one line. 

 

 

Figure D3. Normalized histogram of the true WRF results versus the forestBRDS predictions used in 

(top panel) RaFSIPv1 parameterization to predict the (a) IEFBR, (b) ice enhancement factor due to 

droplet-shattering (IEFDS), and (c) the transferred mass from raindrops to cloud ice (Qrtr), and (bottom 

panel) RaFSIPv2 parameterization to predict the (d) BRrate, (e) SIP rate due to droplet-shattering 

(DSrate), and (f) the transferred mass Qrtr. The black line represents the one-to-one line. 
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Figure D4. Normalized histogram of the true WRF results versus the forestBR predictions used in (a) 
RaFSIPv1 parameterization to predict the IEFBR, and (b) RaFSIPv2 parameterization to predict the BRrate. 
The black line represents the one-to-one line. 

 

 

Figure D5. Normalized histogram of the true WRF results versus the forestBRwarm predictions used 
in RaFSIPv2 parameterization to predict the BRrate. The black line represents the one-to-one line. 
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Figure D6. Permutation importance of the forestALL model of the RaFSIPv1 (left) and RaFSIPv2 (right) 

parameterizations. The resulting importance is normalized dividing by the maximum score achieved 

among the input features. 

 

 

Figure D7. Permutation importance of the forestBRHM model of the RaFSIPv1 (left) and RaFSIPv2 

(right) parameterizations. The resulting importance is normalized dividing by the maximum score 

achieved among the input features. 
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Figure D8. Permutation importance of the forestBRDS model of the RaFSIPv1 (left) and RaFSIPv2 
(right) parameterizations. The resulting importance is normalized dividing by the maximum score 
achieved among the input features. 

 

 

Figure D9. Permutation importance of the forestBR model of the RaFSIPv1 (left) and RaFSIPv2 (right) 
parameterizations. The resulting importance is normalized dividing by the maximum score achieved 
among the input features. 
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Figure D10. Permutation importance of the forestBRwarm model of the RaFSIPv2 parameterization. 
The resulting importance is normalized dividing by the maximum score achieved among the input 
features. 
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Figure D11. Latitude-longitude maps of the median ice crystal number concentration (ICNC) simulated 

by the (a, d, g, j) CONTROL, (b, e, h, k) ALLSIP, and (c, f, i, l) RaFSIP simulations, along with the 

corresponding (d, h, l, p) R
2
 computed between ALLSIP and RaFSIPv1 results. Statistics are calculated 

for the 4 simulated seasons: fall (top panel), winter (second panel), spring (third panel) and summer 

(bottom panel). 
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Figure D12. Bivariate joint probability density function (PDF) of median ice water content (IWC) 

defined in terms of both temperature and glaciation fraction from the 50-km resolution domain results 

of the CONTROL (a, e, i, m), ALLSIP (b, f, j, n) and RaFSIPv2 (c, g, k, o) WRF simulations. The normalized 

histograms of the 2D-binned median IWC results from the ALLSIP simulation are also plotted versus 

the RaFSIPv2 predictions (d, h, l, p). The black line represents the one-to-one line, while the grey 

dashed lines delimit the area where the ALLSIP values are over or under-estimated by a factor of 3. 

Statistics are calculated for the 4 simulated seasons: fall (top panel), winter (second panel), spring 

(third panel) and summer (bottom panel). 
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Figure D13. Bivariate joint PDF of median ICNC defined in terms of both temperature and glaciation 

fraction from the coarse-resolution domain results of the CONTROL (a, e, i, m), ALLSIP (b, f, j, n) and 

RaFSIPv1 (c, g, k, o) WRF simulations. The normalized histograms of the 2D-binned median ICNC results 

from the ALLSIP simulation are also plotted versus the RaFSIPv1 predictions (d, h, l, p). The black line 

represents the one-to-one line, while the grey dashed lines delimit the area where the ALLSIP values 

are over or under-estimated by a factor of 3. Statistics are calculated for the 4 simulated seasons: fall 

(top panel), winter (second panel), spring (third panel) and summer (bottom panel). 
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Figure D14. Bivariate joint PDF of median liquid water content (LWC) defined in terms of both 

temperature and glaciation fraction from the coarse-resolution domain results of the CONTROL (a, e, 

i, m), ALLSIP (b, f, j, n) and RaFSIPv1 (c, g, k, o) WRF simulations. The normalized histograms of the 2D-

binned median LWC results from the ALLSIP simulation are also plotted versus the RaFSIPv1 

predictions (d, h, l, p). The black line represents the one-to-one line, while the grey dashed lines delimit 

the area where the ALLSIP values are over or under-estimated by a factor of 3. Statistics are calculated 

for the 4 simulated seasons: fall (top panel), winter (second panel), spring (third panel) and summer 

(bottom panel). 
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Figure D15. Latitude-longitude maps of (top panel): seasonally-averaged cloud radiative forcing at the 
surface (CRFsurf) simulated by the ALLSIP simulation, and (bottom panel): anomalies with respect to 
the ALLSIP simulation (ΔCREsurf) derived from the WRF simulation coupled with the RaFSIPv1 
parameterization, extracted respectively for (a, e) fall, (b, f) winter, (c, g) spring and (d, h) summer.
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<In order to succeed, we must first believe that we can.= 

– Nikos Kazantzakis 

 

 

Collage capturing some of the moments when I was captivated by the cloudy sky. Photographs taken in various locations 
including Lausanne, Patras, Vienna, and my hometown – Rethymno. 

 


