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Abstract Arctic single‐layer mixed‐phase clouds were studied using a one‐dimensional model that

incorporated the adaptive habit growth model for ice microphysics. The base case was from the Indirect and

Semidirect Aerosol Campaign, and it was perturbed over a range of cloud‐average temperatures, maximum (per

model run) ice nuclei (IN) concentrations, and large‐scale subsidence velocities. For each parameter

combination, the model was iterated out to 48 hr, and the time, called the glaciation time, to complete

disappearance of liquid recorded if this occurred within the 48 hr. Dependence of glaciation times on cloud‐

average temperatures from −30°C to −5°C, maximum IN concentrations from 0.10 to 30 L−1, and strong–no

subsidence, with both isometric and habit‐dependent ice crystal growth, were investigated. For isometric crystal

growth, the relationship between the critical maximum IN concentration (INcrit), the maximum (per model run)

IN concentration above which a mixed‐phase cloud glaciated within a fixed model runtime, and cloud‐average

temperature was monotonic. INcrit decreased with decreasing cloud‐average temperature. Strengthening of

subsidence led to a further decrease in INcrit for every cloud‐average temperature. For habit‐dependent ice

crystal growth, the relationship between INcrit and cloud‐average temperature was nonmonotonic. Ice crystals

develop dendritic and columnar habits near −15°C and −7°C, respectively, and at these two temperatures, ice

crystals grew and depleted supercooled liquid water faster than the case when ice crystals grew isometrically.

This led to deep local minima in INcrit around these two temperatures in the model runs. Habit‐dependent ice

crystal growth, coupled with changes in cloud‐average temperature, INcrit, and subsidence strength, led to

significant changes in Arctic single‐layer mixed‐phase cloud lifetimes.

Plain Language Summary In this study, we investigated the glaciation of the Arctic single‐layer

mixed‐phase clouds using a one‐dimensional model incorporating the adaptive habit growth model for ice

microphysics, which predicts the growth of ice crystals. We focused on the critical ice nuclei (IN) concentration

for which the cloud glaciated completely due to the Wegener‐Bergeron‐Findeisen process. We also examined

how changes in subsidence velocity with the effect of IN concentrations affected the Arctic mixed‐phase cloud

glaciation time. The glaciation time was found to be sensitive to the strengthening of subsidence velocity,

maximum IN concentrations, and the cloud‐average temperature. By varying the cloud‐average temperature and

IN concentrations across different subsidence strengths, we observed significant impacts on the critical IN

concentration. Specifically, stronger subsidence and lower cloud‐average temperature led to a reduction in the

critical IN concentration, which resulted in faster cloud glaciation. Interestingly, the relationship between

critical IN concentrations and cloud‐average temperature varied when ice particles grew with patterns like

dendrites or columns. Notably, at temperatures around −15°C and −7°C, the critical IN concentration values

decreased drastically when the ice particles exhibited these specific habits.

1. Introduction

Arctic mixed‐phase clouds strongly modulate the radiative environment of surface and boundary layers via their

cloud radiative effect, that is, the difference in atmospheric irradiance between clear‐sky and cloudy conditions

(Intrieri et al., 2002; Shupe & Intrieri, 2004), with significant impacts on surface and boundary layer processes.

The lifetimes of these clouds depend on the interactions among microphysics, radiation, and turbulence. These

factors play an important role in Arctic mixed‐phase cloud maintenance on timescales of hours (Curry & Her-

man, 1985; Morrison et al., 2012).

Because both liquid and ice particles coexist in Arctic mixed‐phase clouds, they are colloidally unstable.

Depositional growth of ice crystals after nucleation depletes liquid water content (LWC) through the Wegener‐

Bergeron‐Findeisen (WBF) process. An increase in the concentration of ice nuclei (IN) depletes LWC faster, with

RESEARCH ARTICLE

10.1029/2024JD041305

Key Points:

• Ice crystal habits affect dissipation, or

glaciation, times of liquid water clouds

in one‐dimensional model runs of

Arctic mixed‐phase clouds

• Bulk adaptive model ice crystal habits

and concentrations, as well as cloud‐

average temperatures, all play a role in

liquid water path changes

• Subsidence velocity strengths also

modulate Arctic mixed‐phase cloud

lifetimes

Supporting Information:

Supporting Information may be found in

the online version of this article.

Correspondence to:

A. Das,

apd5662@psu.edu

Citation:

Das, A., Clothiaux, E. E., & Harrington, J.

Y. (2025). Ice crystal habit effects on the

resilience of Arctic mixed‐phase stratus

clouds in a one‐dimensional model.

Journal of Geophysical Research:

Atmospheres, 130, e2024JD041305.

https://doi.org/10.1029/2024JD041305

Received 5 APR 2024

Accepted 23 FEB 2025

Author Contributions:

Conceptualization: Abhisek Das, Jerry

Y. Harrington

Data curation: Abhisek Das, Jerry

Y. Harrington

Formal analysis: Abhisek Das, Eugene

E. Clothiaux, Jerry Y. Harrington

Funding acquisition: Eugene

E. Clothiaux, Jerry Y. Harrington

Investigation: Abhisek Das, Eugene

E. Clothiaux, Jerry Y. Harrington

Methodology: Abhisek Das, Eugene

E. Clothiaux, Jerry Y. Harrington

Project administration: Eugene

E. Clothiaux, Jerry Y. Harrington

Resources: Eugene E. Clothiaux, Jerry

Y. Harrington

Software: Abhisek Das, Jerry

Y. Harrington

© 2025. The Author(s).

This is an open access article under the

terms of the Creative Commons

Attribution License, which permits use,

distribution and reproduction in any

medium, provided the original work is

properly cited.

DAS ET AL. 1 of 16



a temperature dependence on the depletion rate (Korolev & Isaac, 2003; Sulia & Harrington, 2011). Previous

studies have shown that reductions in LWC as a result of increasing IN concentrations weaken the circulation in

the cloud layer due to weaker radiative cooling from the cloud top (Harrington &Olsson, 2001; Sulia et al., 2014).

Weaker circulations, in turn, reduce the buoyant production of turbulent kinetic energy (TKE).

Turbulence in the cloud layer promotes entrainment, which increases cloud‐top height (Stevens et al., 2005). The

entrainment velocity is convolved with the large‐scale subsidence velocity in the temporal evolution of Arctic

mixed‐phase clouds. Therefore, large‐scale subsidence is also an important determinant in Arctic cloud lifetimes.

The subsidence velocity provides a strong control on the height of the boundary layer. A weaker subsidence

velocity typically leads to deepening of the boundary layer and larger LWCs in stratocumulus clouds (Bretherton

et al., 2013). van der Dussen et al. (2016) show the impact of subsidence strength on the transition of stratocu-

mulus to shallow cumulus clouds in the subtropical part of the Hadley cell. Despite the large‐scale subsidence

velocity being weaker over the Arctic than elsewhere, studies by Young et al. (2018) and Neggers et al. (2019)

demonstrate its importance to Arctic mixed‐phase clouds. In their large eddy simulation (LES), Young

et al. (2018) found that increases in subsidence strength enhanced LWCs in these clouds, as stronger inversions

resulting from stronger subsidence weakened the mixing of drier, warmer air into the cloud through entrainment.

Yet, in another LES, Dimitrelos et al. (2020) showed that increases in subsidence decreased cloud lifetimes

considerably. Details of both the physics and the environmental conditions in an LES are important determinants

of simulation results.

Interactions between the processes heretofore mentioned are sensitive to cloud LWCs, which, in turn, are sen-

sitive to the underlying microphysics. Accelerated depositional growth of primary planar habits around −15°C

and columnar habits around −7°C (Bailey & Hallett, 2009) cause additional depletion of LWC compared to

isometric ice crystal growth. Modeling ice crystals as spheres or using mass‐size relations (Avramov & Har-

rington, 2010) precludes capturing the temperature‐dependent growth of primary habits (Sulia & Harring-

ton, 2011). Silber et al. (2021) demonstrate that around these temperatures (i.e., −15°C and −7°C) cloud LWCs

decrease most rapidly as a result of larger depositional growth rates than those at surrounding temperatures. This

habit‐dependent growth is one explanation for the prominent low points in the observed frequency distribution of

liquid‐containing clouds (Silber et al., 2021). These observations and modeling results suggest that the combi-

nation of habit‐dependent growth, cloud‐average temperature, ice crystal concentration, and subsidence velocity

has a strong impact on the longevity of supercooled liquid water in Arctic mixed‐phase clouds. Most prior studies

of habit‐dependent influences on mixed‐phase cloud maintenance focused on individual case studies (e.g.,

Avramov & Harrington, 2010; Sulia et al., 2014). To our knowledge, no studies have explored the influence of

habit‐dependent growth on mixed‐phase clouds across a broad range of cloud‐average temperatures, ice crystal

concentrations, and subsidence velocities, which is the focus of our study.

Many models use diagnostic ice nucleation schemes based on temperature or supersaturation‐dependent functions

(Meyers et al., 1992). However, diagnostic ice nucleation schemes have shortcomings in modeling persistent ice

formation in Arctic mixed‐phase clouds (Fridlind et al., 2007). Studies also suggest that deposition ice nucleation

acts too aggressively, producing copious ice crystals that easily desiccate the liquid cloud layer (Harrington

et al., 1999). Simulations of single‐layer mixed‐phase clouds from the Mixed‐Phase Arctic Cloud Experiment

(Verlinde et al., 2007) showed that smaller increases in concentrations of deposition ice nuclei (IN) lead to

dissipation of mixed‐phase cloud layers (Prenni et al., 2007). Evidence now suggests that ice likely forms through

immersion freezing in Arctic mixed‐phase clouds, at least at temperatures below −10°C (de Boer et al., 2010;

Murray et al., 2012). In de Boer et al. (2010), persistent ice nucleation in mixed‐phase clouds was represented

through a prognostic ice nucleation scheme, though this scheme consumed IN without replenishing them to

observed levels in the cloud layer.

To better understand the effect of ice particle‐driven dissipation of cloud LWC and persistent IN formation in the

cloud layer, McFarquhar et al. (2011) and Ovchinnikov et al. (2014) used a diagnostic ice nucleation scheme to

match observed ice particle concentrations in the Indirect and Semidirect Aerosol Campaign (ISDAC). These

studies show that liquid clouds were stable for lower IN concentrations, and the liquid clouds glaciated when IN

concentration increased, consistent with earlier studies (e.g., Pinto, 1998). Given the challenges and uncertainties

in modeling heterogeneous ice formation (Cantrell & Heymsfield, 2005; Tan & Barahona, 2022; Zhang

et al., 2020), we use the simplified parameterization from Ovchinnikov et al. (2014). This allows us to assess the

importance of ice concentration influences combined with habit‐dependent growth on mixed‐phase cloud
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longevity without the complicating feedback that may occur with more complex ice nucleation schemes. To

assess these sensitivities, we perform model runs over a range of maximum (permitted per model run) IN

concentrations.

LES models are able to well represent turbulence‐microphysics interactions in Arctic mixed‐phase clouds (e.g.,

Hoffmann, 2020; Rauterkus & Ansorge, 2020; Sulia et al., 2014), but they are computationally expensive. As a

result, they are not optimal for exhaustive sensitivity studies. One‐dimensional (single‐column) models are of

value in exploratory ensembles to develop hypotheses on the interactions among radiation, microphysics, and

buoyancy in mixed‐phase cloud systems. Previous studies have shown that, in comparison to LES models, one‐

dimensional models are able to simulate reasonably stratocumulus boundary layer clouds generated by turbulence

in a mixed layer (Bechtold et al., 1996; Moeng et al., 1996). Bretherton et al. (1999) showed that one‐ and two‐

dimensional models simulated the evolution of the marine boundary layer inversion height accurately, and some

one‐dimensional models were able to predict deepening and decoupling of the boundary layer with an over-

estimated LWP. A more recent study by Neggers et al. (2017) showed that one‐dimensional models are, in

comparison to LES, able to capture the stratocumulus to shallow cumulus transition, though with some de-

ficiencies. The main objective in our study is to identify cloud glaciation timescales based on changes in the nature

of the ice crystal growth, maximum IN concentrations, cloud‐average temperatures, and subsidence rates. The

results motivate investigation of specific parameter sets using LESs.

Simpfendoerfer et al. (2019) investigated feedback among radiation, depositional heating, entrainment, and

subsidence in Arctic mixed‐phase clouds using the one‐dimensional turbulence closure model of Golaz (1997)

with the adaptive habit microphysics of Jensen et al. (2017). This study demonstrated that the one‐dimensional

model coupled to habit‐evolving microphysics is able to produce the observed pattern of clear and cloudy

states reported by Stramler et al. (2011) and Engström et al. (2014). Silber et al. (2021) used this model to show

that the observed minima in liquid‐containing single‐layer Arctic clouds at−15°C and−7°C may be due to habit‐

dependent growth.

In our approach of exploring the ramifications of habit‐dependent growth under different conditions on Arctic

mixed‐phase cloud longevity, we neglect the effects of large‐scale moisture and energy transport and convergence

on Arctic mixed‐phase cloud lifetimes. Arctic mixed‐phase cloud lifetimes are influenced by energy and moisture

intrusions into the Arctic system. These intrusions cause increased air temperatures and cloudiness, which, in

turn, lead to increased sea‐ice melt and surface fluxes via increased downwelling radiation from the atmosphere to

the surface (Henderson et al., 2021; Persson et al., 2017; Shupe et al., 2013). These changes at the surface do

impact the properties of the clouds above them. Our focus is on the local microphysics, radiation, ice nucleation,

and subsidence processes that would play out within Arctic single‐layer mixed‐phase clouds in tandem with the

large‐scale regime.

The 26 April 2008 ISDAC case study profile was associated with a single‐layer mixed‐phase cloud under strong

subsidence, and previous LES studies based on it (e.g., Ovchinnikov et al., 2011; Sulia et al., 2014) did not

consider the impact of lower subsidence rates, with their associated impacts on boundary layer growth and mixed‐

phase cloud longevity. Most importantly, prior studies have either investigated cloud glaciation, that is, complete

dissipation or disappearance of liquid in a mixed‐phase cloud, at specific cloud temperatures, or analyzed mixed‐

phase cloud lifetimes utilizing ensembles with simplified microphysics. Silber et al. (2021) did not address

specifically how IN concentrations and habit‐dependent growth produce stable (i.e., long‐lasting) or unstable (i.e.,

glaciating) clouds. Therefore, the focus of this study is investigation of the impact of habit‐dependent growth of

ice crystals on cloud lifetimes over a wide range of cloud‐average temperatures (−30°C to −5°C), maximum IN

concentrations, and subsidence strengths.

The rest of the paper is organized as follows. The ISDAC case study description is given in Section 2, and

Section 3 provides the salient features of the one‐dimensional model along with its microphysical model details.

In Section 4, we discuss how cloud‐average temperature, IN concentration, and subsidence influence mixed‐

phase cloud glaciation times, that is, the time at which liquid in a mixed‐phase cloud reaches 0 g m−2, for

both isometric and habit‐dependent ice crystal growth. Our discussion and conclusions are in Section 5. Sup-

porting Information S1 provides details on the one‐dimensional model equations in Section SI1, along with

additional analyses in Sections SI2 and SI3, and we refer readers to this information at appropriate points in the

main article.
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2. ISDAC Initialization and Construction of Clouds With Different Average
Temperatures

The one‐dimensional model (see Section 3 and Section SI1 in Supporting Information S1) is initialized with

sounding data developed by Ovchinnikov et al. (2014, their Figure 1 and Appendix A1) for the 26 April 2008

ISDAC case. Given the exploratory nature of our study, we removed the slightly stable layer from 0 to 400 m of

altitude (Figure 1). This eventually leads to formation of a mixed‐layer with constant θl, and the time for this to

happen depends on the subgrid scheme (Bechtold et al., 1992). Making θl constant at the time of initialization is

equivalent to starting the model at a later time when clouds have already formed.

Aircraft observations of cloud microphysics on 8 April 2008 indicate a mixed‐phase cloud from 600 to 800mwith

LWCs from>0.05 to 0.10 g m−3 in the upper half of the cloud and IWCs increasing from small values at the cloud

top to>0.06 g m−3 near the cloud base (McFarquhar et al., 2011, columns 10 and 11 of their Figure 13). The cloud

liquid droplet and ice crystal concentrations ranged from >100 to 200 cm−3 and from >0.0 to 1.0 L−1, respec-

tively. The surface sensible and latent heat fluxes were >10 W m−2 or less over an ice‐covered sea. Following

arguments in Ovchinnikov et al. (2014, their Appendix A2), we set the surface fluxes to zero in all of our model

runs.

Boundary layer stratocumulus generally resides in regions of large‐scale sinking motion (e.g., Schubert

et al., 1979), and in one‐dimensional and LES models, this motion is specified through large‐scale divergence.

The divergence is usually calculated from reanalysis output or other large‐scale model analysis fields, implying

potentially large uncertainties in this field in comparison to the observed cloud environment. Because our study

explores the sensitivity of mixed‐phase resilience to microphysics and forcing, we use a range of constant large‐

scale divergence values.

We define the base case as having no large‐scale divergence (i.e., the divergence is set to 0.0 s−1), which means

cloud depth is set primarily by the cloud‐scale circulations and entrainment. We label this case sNone (Table 1).

The two remaining divergence values are 1.16 × 10−6 s−1, labeled sLow, and 5.0 × 10−6 s−1, the value used in

Ovchinnikov et al. (2014) and Sulia et al. (2014) to represent ISDAC and labeled here as sHigh. The corre-

sponding large‐scale subsidence velocities at the inversion height of 850 m are approximately 1.0 and 4.1 mm s−1

(Table 1), consistent with the ranges presented in Fridlind et al. (2012, their Figure A4) and used in Simpfen-

doerfer et al. (2019). These three scenarios allow testing of the resilience of mixed‐phase clouds to the degree of

subsidence warming and drying of the cloud layer.

Figure 1. Profiles of (a) absolute (T ) and liquid potential (θl) temperatures, (b) u‐ and v‐wind components, (c) total water mixing ratio (qtot), which includes water vapor,

cloud liquid, and cloud ice, and (d) liquid (cloud) mixing ratio qcloud of an idealized Indirect and Semidirect Aerosol Campaign sounding based on Ovchinnikov

et al. (2014).
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For the ISDAC case, the mixed‐phase cloud temperature was near−15°C just beneath the cloud top (Figure 1a), a

region where observed ice crystals had dendritic structures (McFarquhar et al., 2011). Temperatures near −15°C

favor the rapid growth of dendritic ice crystals, making this case an appropriate one for investigating the impact of

ice concentrations and single‐crystalline habit growth on mixed‐phase cloud longevity. To explore the impact of

IN concentrations and subsidence on different temperature‐dependent habit growth regimes, we changed the

liquid cloud‐average temperature. This latter quantity is defined as the average temperature of the initial liquid

cloud layer (i.e., where the relative humidity RH ≥ 100%). We constructed synthetic soundings from the ISDAC

sounding by changing the liquid cloud‐average temperatures from −5°C to −30°C while adjusting the liquid‐

water potential temperatures to keep the initial RH profile fixed. The cloud top and cloud base heights

remained fixed at 825 and 595 m, respectively. An example of the adjustment of the base case profile from the

initial cloud top temperature near −15°C to a cloud‐average temperature of −7°C is illustrated in Figure 2. We

constructed synthetic soundings in 1°‐C increments from−5°C to−30°C using this method. Each case, therefore,

should have a similar cloud depth, but different crystalline habits will evolve based on the temperature. Observed

IN concentrations ranged from much less than 1 L−1 to more than 10 L−1 (McFarquhar et al., 2011). Sulia

et al. (2014) demonstrated that an IN concentration of 4 L−1 was sufficient to glaciate the mixed‐phase cloud in

their study when using the bulk adaptive habit model used here.

For our study, we chose maximum IN concentrations to range from 0.10 to 30 L−1. The high maximum IN

concentration of 30 L−1 is reasonable to study glaciation timescales at low cloud temperatures for both isometric

and habit‐dependent ice crystal growth (Harrington et al., 1999; Korolev & Isaac, 2003; Sulia &

Harrington, 2011).

Table 1

Large‐Scale Divergence Values Together With Their Associated Subsidence Velocities

Case Divergence (s−1) Subsidence velocity (mm s−1) Inversion height (m)

sNone 0.0 0.0 825

sLow 1.16 × 10−6 1.0 825

sHigh 5.0 × 10−6 4.1 825

Figure 2. Different profiles of (a) temperature (T ), (b) liquid potential temperature (θl), and (c) relative humidity with respect

to liquid generated by keeping the relative humidity constant and setting the liquid cloud‐average temperature to −7°C (i.e.,

column growth) and −15°C (i.e., planar growth, as observed).
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3. The One‐Dimensional Model and Microphysics

This study uses the one‐dimensional turbulence closure model of Golaz (1997) with updates introduced by

Simpfendoerfer et al. (2019). The model prognoses vertical profiles of ice‐liquid potential temperature (θil), the

total water mixing ratio (qtot), and the u‐ and v‐velocity components. This model depends upon a single‐spatial

coordinate; hence, it is called one‐dimensional. For the ISDAC case study, drizzle, rain, snow, aggregate,

graupel, and hail processes were unimportant. As a result, vertical profiles of the prognosed variables are used to

diagnose a vertical profile of liquid cloud mixing ratios (qcloud). This is a “condensation condensed” scheme

where all of the water above liquid equilibrium is condensed as cloud water. This simplification needs to be borne

in mind when interpreting the results, though it may have only a small impact on our results: Harrington (1997)

and Harrington et al. (1999) found that droplet nucleation and droplet concentration had little impact on the

evolution of mixed‐phase clouds at −5°C and −15°C. If qcloud ≥ 0.005 g kg−1 and ice supersaturation is greater

than or equal to 5% at a time step, ice crystals are initiated, leading to an increase in ice cloud mixing ratios (qice).

The ice crystals grow and sediment in time based on either isometric‐ or habit‐dependent growth. Note that

nonzero, and significant, diagnostic values for qcloud appear on the first model time step of 1 minute, whereas qice
grows from a starting value of 0 g kg−1. Details regarding the prognostic equations are given in Supporting

Information S1.

The turbulent part of the thermodynamics, mixing ratios, and momentum in the one‐dimensional equations of

motion is closed by 1.5 order closure theory. The eddy transfer coefficients for momentum, heat, and mixing ratio

are derived from a TKE l‐type closure approach, where l is a mixing length scale (Bechtold et al., 1992). Also,

entrainment is linked to TKE at the top of the boundary layer. The buoyancy flux from thermal and dynamical

instability is closed with an all or nothing scheme, which incorporates the ice‐liquid potential temperature (θil)

because it is a conserved variable during parcel movement (Golaz, 1997, Supporting Information S1). The

momentum, heat, and moisture fluxes are input as boundary conditions, and these fluxes are set to zero at the top

of the model domain.

The one‐dimensional model microphysics is a single‐moment (mass mixing ratio) bulk scheme for the cloud

droplet, rain, aggregate, and graupel categories and a multiple‐moment (mass mixing ratio, number concentration,

and volume) bulk scheme for pristine ice crystals. We do not model hail because it did not occur. In the model

microphysics, the cloud droplet concentration is specified, whereas the other hydrometeor categories, except for

pristine ice, have fixed mean diameters. The cloud droplet mass mixing ratio is a diagnostic, saturation adjustment

scheme (Walko et al., 1995). Rain is created through autoconversion, aggregates are formed and grow through

collection interactions among aggregates and pristine ice crystals, and graupel is formed through the collection of

cloud droplets by ice particles. Though these processes are included, negligible amounts of collision‐coalescence,

aggregation, and riming occurred during this case study period (drizzle was absent in the ISDAC experiment);

hence, using a single‐moment scheme for these categories has little impact. The size spectra for all hydrometeor

categories follow a generalized gamma distribution function with a specified shape parameter. The shape pa-

rameters for cloud drops and pristine ice crystals are 2 and 4, respectively (Jensen et al., 2017). The details of the

liquid, aggregation, and riming parameterizations are described in Walko et al. (1995), whereas the adaptive habit

model that is used to model pristine ice is described in Jensen et al. (2017).

The growth of pristine ice crystals follows the adaptive habit approach pioneered by Chen and Lamb (1994). This

method evolves the aspect ratio of ice crystals using measured ratios of the deposition coefficients for the basal

and prism facets of ice crystals, and a deposition density that accounts for secondary habits (hollowing and

branching arms). The bulk microphysical version of this theory is used here (Harrington et al., 2013; Jensen

et al., 2017). The primary habits of the ice crystals along with their densities and fall speeds are evolved in time by

predicting the number, mass, and two volume moments of the size spectrum. The latter two volume moments

allow the aspect ratio and bulk effective density of the crystals to evolve in time. The deposition coefficients for

the basal (αc) and prism (αa) faces of an ice crystal are functions of temperature and supersaturation, and the

different growth rates on the basal and prism faces cause the development of planar or columnar shapes. Newly

nucleated ice crystals begin as spheres, and then, the ice crystals grow depending on the aspect ratio (c/a) and the

deposition coefficient ratio (αc /αa). In this way, the evolution of ice crystals in terms of mass growth and shape is

physically based. For the case of isometric ice crystals, the aspect ratio (c/a) stays fixed to one while growing

through vapor deposition. Under isometric ice crystal growth, the initial density of the ice crystals is set to
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920 kg m−3. Then, depending on the aspect ratio (c/a) and the vapor deposition rate, the density of the ice crystals

evolves.

Given the limited understanding of precise IN nucleation processes in Arctic mixed‐phase clouds, and with our

primary goal being to explore the sensitivity of the liquid phase in mixed‐phase clouds to varying IN concen-

trations, we employed a simplified immersion freezing ice nucleation parameterization based on the work of

Ovchinnikov et al. (2011, 2014). In this scheme, nucleation occurs once the liquid mixing ratio is greater than

0.005 g kg−1 and ice supersaturation is greater than or equal to 5%. Then, if the ice crystal concentration in a layer

is less than a maximum IN concentration, the number of ice particles nucleated is such that the total number of ice

crystals in the layer equals the maximum IN concentration. Otherwise, no new ice crystals are nucleated, and the

ice crystal concentration remains unchanged. The maximum IN concentration for a model run is arbitrary and can

be varied by the user, though for case studies, it is set based on observed ice concentrations. For this study, we

vary the maximum IN concentration across model runs. While such a nucleation scheme is admittedly simplistic,

it does allow us to understand the impact of maximum IN concentration on mixed‐phase cloud longevity.

A two‐stream radiation scheme coupled with the microphysics is used to compute the infrared radiative heating

rates (Harrington, 1997; Harrington & Olsson, 2001). To compute the optical properties of the spherical liquid

water drops, we used Lorenz‐Mie theory. For the habit‐dependent ice crystals, with their different shapes, we used

a modified version of anomalous diffraction theory to compute their optical properties (Harrington, 1997; Har-

rington & Olsson, 2001). We neglect solar (shortwave) radiation given the time of year (Arctic spring), for which

solar heating is weak.

The height of the vertical domain is 2,500 m, and the vertical grid spacing is 10 m. The model time step is 5 s for

dynamical and scalar evolution, whereas the radiative time step is 10 s. The longer radiative time step is used

because the cloud fields generally do not change greatly over 10 s, and hence, a longer time step is sufficient to

capture the longwave radiative cooling rates. The total model runtime is 48 hr.

4. Results of One‐Dimensional Model Runs With Mixed‐Phase Clouds

Most cloud microphysical schemes approximate the growth of ice crystals using either isometric shapes (Mor-

rison et al., 2009; Solomon et al., 2009) or mass‐size relationships (e.g., Avramov & Harrington, 2010). To

determine the influence of habit on cloud‐phase stability, we perform model runs with both isometric and habit‐

dependent ice crystal growth. As stated earlier, the maximum (per model run) IN concentration above which the

LWP goes to zero within a fixed model runtime is defined as the critical maximum IN concentration (INcrit). INcrit
is dependent on multiple factors, including ice crystal habit, cloud‐average temperature, and subsidence strength

determined by large‐scale divergence. For each synthetic sounding with a unique cloud‐average temperature, the

one‐dimensional model is run over a range of maximum IN concentrations and the three subsidence rates given

above.

In what follows, we first show the microphysical process rates for both isometric and habit‐dependent ice crystal

growth to illustrate contributing factors to differences in LWC depletion rates (Section 4.1). We then illustrate the

impacts these microphysical process changes have on turbulence process rates (Section 4.2). The setup of our one‐

dimensional model runs at a cloud‐average temperature of −15°C is similar to the LESs of Ovchinnikov

et al. (2011) and Sulia et al. (2014). We compare our results to theirs to assess whether or not our one‐dimensional

model has fidelity to more complex LESs (Section 4.3). In the last three sections, we characterize the following:

sensitivity of LWP temporal evolution to cloud‐average temperature, maximum IN concentration, and subsidence

strength (Section 4.4); dependence of INcrit on cloud‐average temperature and subsidence strength for model

runtimes of 8, 24, and 48 hr (Section 4.5); and dependence of liquid cloud glaciation time on cloud‐average

temperature, maximum IN concentration for a model runtime of 48 hr, and subsidence strength.

4.1. Microphysical Process Rates for Isometric and Habit‐Dependent Ice Crystal Growth

For illustrative purposes, we select a case with a maximum IN concentration of 1 L−1 and a cloud‐average

temperature of −15°C. At this temperature, ice crystals grow with a dendritic habit and at a much faster rate than

isometric ice crystals with an aspect ratio of 1. The vapor deposition rate for habit‐dependent ice crystal growth is

almost an order of magnitude larger than for isometric ice crystal growth at a height of 600 m (Figure 3a). After

90 min, the mean a‐axis length in the layer from 500 to 600 m for habit‐dependent ice crystal growth is, again,
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much larger than for isometric ice crystal growth, approaching values around 450 μm as compared to 80 μm

(Figure 3c). Early in the runs, the differences in mass‐weighted sedimentation rates between the two particle types

are smaller, though 90 min into them the habit‐dependent ice crystals are falling faster at most altitudes. The

isometric ice crystals are less massive than the habit‐dependent ones, but they are also more compact, leading to

sedimentation rates that are not so different between the two particle types. With similar residence times in the

cloud layer, the habit‐dependent ice crystals consume cloud liquid faster than the isometric ice crystals, thereby

creating higher IWPs in time (Figure 3d). For this particular run, habit‐dependent ice crystal growth is sufficiently

rapid to glaciate the liquid cloud within 8 hr. The isometric and habit‐dependent ice crystal growth rates explain

the differences between the LWP and IWP for this case, as well as for different maximum IN concentrations and

cloud‐average temperatures.

4.2. Turbulence Process Rates for Isometric and Habit‐Dependent Ice Crystal Growth

For the same maximum IN concentration of 1.0 L−1 and cloud‐average temperature of −15°C as in Section 4.1,

we characterize the evolution of the turbulent buoyancy fluxes and turbulent kinetic energies (TKEs) in the early

stages of the model runs. As expected, the decrease in LWP for habit‐dependent ice crystal growth versus time is

much faster than for isometric ice crystal growth (Figure 3d). Figure 4 shows the turbulent buoyancy flux and

TKE profiles at 15, 30, 60, and 90 min into the model runs. At 30 min into both model runs, the liquid water at the

cloud top produces strong radiative cooling that promotes negative buoyancy fluxes at the cloud top. This

downward‐directed buoyancy can be enhanced by liquid evaporation due to cloud top entrainment of dry, warm

air, and it can be offset by latent heating from depositional growth of ice. Indeed, the simulations of Harrington

et al. (1999) suggest that net latent heating due to growing crystals can cause a decay in cloud‐scale circulations.

Figure 3. (a) Vapor deposition rate, (b) sedimentation rate, and (c) mean a‐axis size for isometric (red) and habit‐dependent (green) ice crystal growth 15, 30, 60, and

90 min into the model run for a maximum ice nuclei (IN) concentration of 1.0 L−1 and cloud‐average temperature of−15°C. (d) Evolution of liquid water path and IWP

for the same maximum IN concentration and cloud‐average temperature.
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This is a steady feature in both runs throughout the first 90 min. In the subcloud layer, sublimation rates for the

habit‐dependent ice crystals are much larger than for isometric particles, leading to negative buoyancy fluxes and

much lower TKEs for the habit‐dependent ice crystal growth run. This weakening of subcloud layer dynamics

leads to a loss of upward‐directed moisture supply at the cloud base, and the loss of liquid from the high vapor

deposition rates at the cloud base in the habit‐dependent ice crystal run is not replaced. The liquid water contents

in this case decrease from the cloud base upward.

4.3. LWP/IWP Sensitivity to Maximum IN Concentration at −15°C Cloud‐Average Temperature

The results in Section 4.1 indicate that LWCs in mixed‐phase clouds are lower for habit‐dependent than isometric

ice crystal growth because LWC depletion occurs more readily under habit‐dependent ice crystal growth. These

results are made explicit in Figures 5a and 5b, where we focus on the influence of maximum IN concentration at

the two cloud‐average temperatures that produce the greatest habit‐dependent growth, namely −7°C and −15°C.

To facilitate comparison of our LWP time series with those of the LESs by Ovchinnikov et al. (2011) and Sulia

et al. (2014), we show LWP and IWP time series for 8 hr, maximum IN concentrations ranging up to 10 L−1, and

high (sHigh) subsidence, as these values encompass ones used in the two LESs.

Focusing on LWP and IWP evolution under isometric ice crystal growth for a cloud‐average temperature of

−15°C (Figures 5a and 5c, dashed lines), the liquid cloud glaciates in 4 hr for a maximum IN concentration of

10 L−1. In Sulia et al. (2014, their Figure 3a), the liquid cloud does not glaciate within 8 hr for an IN concentration

of 10 L−1, though the LWP does decrease from 20 to 15 g m−2. For all IN concentrations below 10 L−1, the LWPs

in both studies increase in time (cf., our Figure 5a with their Figure 3a). For these cases, the increase in cloud

LWCs is a result of cloud top radiative cooling and cloud top entrainment.

Under isometric ice crystal growth, the IWPs in both studies are similar for similar IN concentrations, starting at

0 g m−2 and growing up to approximately 0.75–1.0 and 4.0–5.0 g m−2 for IN concentrations of 1 and 10 L−1,

respectively (cf., our Figure 5c with their Figure 3b). For isometric ice crystal growth at a cloud‐average tem-

perature of −7°C, glaciation does not occur in our study for any IN concentration, and LWPs increase and IWPs

decrease relative to a cloud‐average temperature of −15°C.

Relative to isometric ice crystal growth, habit‐dependent ice crystal growth depletes liquid faster, thereby leading

to lower LWPs (Figure 5b) and higher IWPs (Figure 5d). For a cloud‐average temperature of −15°C, at which ice

crystals grow with a dendritic habit, glaciation takes place in our study for all maximum IN concentrations, except

for the lowest one of 0.50 L−1. In Sulia et al. (2014), their IN concentrations of 4 and 10 L−1 lead to glaciation,

whereas their IN concentration of 1 L−1 does not (their Figure 5a). Though Ovchinnikov et al. (2011) used a

different growth model for ice crystal columns, plates, and dendrites in their LES simulations, their liquid cloud

glaciates by>8 hr for an IN concentration of 2 L−1, whereas for an IN concentration of 0.5 L−1, there is almost no

change in LWP throughout the 7 hr of LES simulation time (their Figure 5a). These results are not inconsistent

Figure 4. Turbulence process rates for isometric and habit‐dependent ice crystal growth for an ice nuclei concentration of

1.0 L−1 and cloud‐average temperature of −15°C. (a) Turbulent buoyancy fluxes and (b) turbulent kinetic energies 15, 30,

60, and 90 min into the model runs.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041305

DAS ET AL. 9 of 16

 2
1

6
9

8
9

9
6

, 2
0

2
5

, 6
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
4

JD
0

4
1

3
0

5
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

4
/0

3
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n

s L
icen

se



with those of Sulia et al. (2014) or our study. Similar to Ovchinnikov et al. (2011), the LWP for a maximum IN

concentration of 0.5 L−1 also does not change much throughout the first 8 hr of our model run. Evolution of the

LWP for our maximum IN concentration of 1 L−1 is similar to that for the IN concentration of 2 L−1 in

Ovchinnikov et al. (2011). In summary, critical maximum IN concentrations for Sulia et al. (2014), Ovchinnikov

et al. (2011), and our study fall in the range of >4.0, >2.0, and 0.5–1.0 L−1, respectively, for a cloud‐average

temperature of −15°C and a model runtime of 8 hr.

Time evolution of the IWPs for habit‐dependent growth in Sulia et al. (2014, their Figure 5b), Ovchinnikov

et al. (2011, their Figure 5b), and our study (Figure 5d) at a cloud‐average temperature of −15°C shows similar

trends. In all three studies, IWPs start from 0 g m−2 and initially increase. At the maximum IN concentration for

which the liquid cloud does not glaciate (1 L−1 in Sulia et al. (2014), 0.5 L−1 in Ovchinnikov et al. (2011), and

0.5 L−1 in our study), the IWPs increase monotonically in the beginning and plateau toward the end. For the

maximum IN concentrations given above, Sulia et al. (2014), Ovchinnikov et al. (2011), and our study attain

IWPs of approximately 5, 2.5, and 3 g m−2, respectively, by the end 7–8th hr of model runtime. At the first

(critical) maximum IN concentration for which the liquid clouds glaciate (4 L−1 in Sulia et al. (2014), 2 L−1 in

Ovchinnikov et al. (2011), and 1 L−1 in our study), IWPs initially increase at a greater rate than for smaller

maximum IN concentrations, reach a maximum value, and then decrease to the time of glaciation. The maximum

(glaciation time) IWPs for the maximum IN concentrations above are approximately 12 (1), 8 (4), and 4 g m−2

(2 g m−2) for Sulia et al. (2014), Ovchinnikov et al. (2011), and our study, respectively. In our study, a maximum

IN concentration of 2 L−1 has values of approximately 9 g m−2 (3 g m−2), whereas a maximum IN concentration

of 5 L−1 has values of approximately 15 g m−2 (9 g m−2).

Increasing the cloud‐average temperature from −15°C to −7°C, a temperature at which ice crystals grow with a

columnar habit, both increases the time to glaciation and increases the maximum IN concentration necessary to

completely remove the liquid within 8 hr (Figure 5b, solid lines). For a cloud‐average temperature of −7°C, the

critical maximum IN concentration falls within the range 2.0–5.0 L−1. Moreover, the glaciation times for

Figure 5. Temporal evolution of (a and b) liquid water path and (c and d) IWP for (left column) isometric and (right column)

habit‐dependent ice crystal growth at cloud‐average temperatures of −7°C (solid lines) and −15°C (dashed lines) under

sHigh subsidence for several maximum ice nuclei concentrations.
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maximum IN concentrations of 5 and 10 L−1 at −7°C are more than double compared with a cloud‐average

temperature of −15°C (Figure 5b, cf., solid and dashed lines).

Under habit‐dependent growth, maximum IN concentrations and cloud‐average temperatures that do not lead to

complete glaciation of the liquid clouds result in insufficient depositional growth. There are just too few ice

crystals produced to do so. As cloud LWPs drop below 40 g m−2, liquid clouds are no longer opaque across the

infrared (Persson et al., 2002; Turner et al., 2007). As a result, cloud radiation emission rates decrease and

radiation‐induced circulations within the cloud weaken (similar to Harrington et al., 1999). This is an important

reason why high maximum IN concentrations, which lead to lower LWPs, more readily lead to cloud glaciation

and dissipation (Sulia et al., 2014).

4.4. LWP Sensitivity to Cloud‐Average Temperatures and Subsidence

Evolution of the cloud LWPs over 48 hr of model runtime depends sensitively and nonlinearly on maximum IN

concentration, cloud‐average temperature, and subsidence strength (Figure 6). A general feature of all LWP time

series is a rise to a global maximum followed by a fall toward 0 g m−2, with LWP rates of change and the locations

of the LWP global maximummoving to greater times with decreasing maximum IN concentrations. Focusing first

on the cloud‐average temperature of−7°C for the 48 hr model runs (Figures 6a and 6d), INcrit values for isometric

ice crystal growth are higher than those for habit‐dependent growth. Changing ice particle growth from isometric

to habit‐dependent causes a decrease in INcrit from 10 to 1.5 L
−1 for sLow and 20 to 2.0 L−1 for sHigh. At this

temperature, the maximum IN concentration necessary to glaciate the liquid cloud increases with increasing

subsidence.

At a cloud‐average temperature of −15°C (Figures 6b and 6e), INcrit is 7.5 L
−1 for both sLow and sHigh under

isometric growth, with the time to glaciation slightly shorter for sHigh. Note that the maximum IN concentration

of 5.0 L−1 nearly glaciates the liquid cloud within 48 hr under sHigh but not sLow. For habit‐dependent growth at

−15°C, the INcrit values are 1.0 and 0.7 L
−1 for sLow and sHigh, respectively. For a cloud‐average temperature of

−25°C (Figures 6c and 6f), the INcrit values for isometric ice crystal growth are 5.0 and 0.7 L
−1 for sLow and

sHigh, respectively, whereas for habit‐dependent growth they are 2.5 and 0.25 L−1, respectively. These results

illustrate the nonlinear dependence of INcrit on cloud‐average temperature, especially for habit‐dependent ice

Figure 6. Liquid water path time series for (a–c) isometric and (d–f) habit‐dependent ice crystal growth at cloud‐average temperatures of (a and d) −7°C, (b and e)−15°

C, and (c and f)−25°C for a range of ice nuclei concentrations from 0.1 to 30 L−1 and the two subsidence values, sLow (solid lines) and sHigh (dashed lines). Labels for

the sLow and sHigh INcrit values for the 48‐hr runtimes are provided in each panel.
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crystal growth for which the relationship is nonmonotonic. In the next section, we illustrate the sensitive

dependence of INcrit on model runtime, cloud‐average temperature, and subsidence strength.

4.5. INcrit Concentrations for Isometric and Habit‐Dependent Ice Crystal Growth

Figure 7 presents a compact summary of all of the model run results illustrating the dependence of INcrit on cloud‐

average temperature and subsidence strength. Recall that INcrit is the maximum IN concentration for a model run

above which a liquid cloud completely glaciates within the model runtime. As model runtimes increase, INcrit
either stays the same or decreases as liquid clouds with smaller maximum IN concentrations glaciate. As a result,

INcrit,8h ≥ INcrit,24h ≥ INcrit,48h in Figure 7. For isometric ice crystal growth (Figures 7a–7c), INcritmonotonically

decreases with decreasing temperature for all model runtimes and subsidence strengths. For cloud‐average

temperatures in the range of −18°C and less, liquid clouds with maximum IN concentrations less than 7.5 L−1 are

slow to glaciate under no (sNone) or low (sLow) subsidence. However, at these temperatures, liquid clouds are

glaciating at ever lower values of INcrit under strong (sHigh) subsidence with increasing model runtimes. Across

the cloud‐average temperature range from −5°C to −10°C, changes in INcrit are different, with liquid clouds now

slow to glaciate under high (sHigh) subsidence for maximum IN concentrations less than 20 L−1. At this higher

temperature range, INcrit decreases with model runtime for sNone and sLow, with drops in INcrit over 10 L
−1 from

8 to 48 hr of runtime.

Relative to isometric ice crystal growth, habit‐dependent ice crystal growth leads to a broad minimum in INcrit
over the cloud‐average temperature range from −10°C to −20°C for all subsidence strengths, though the lowest

two subsidence strengths lead to deeper minima (Figures 7d–7f). This feature is stable across all model runtimes.

Another relatively stable feature across the three model runtimes is the two local maxima in INcrit at −5°C and

−10°C under high (sHigh) subsidence.

Figure 7. Relationship between INcrit and cloud‐average temperature for (a–c) isometric and (d–f) habit‐dependent ice crystal growth for model runtimes of (a and d)

8 hr, (b and e) 24 hr, and (c and f) 48 hr for the three subsidence rates. The blue line indicates zero subsidence (sNone), the red line low subsidence (sLow), and the

yellow line high subsidence (sHigh). The INcrit values estimated from the works of Ovchinnikov et al. (2011) and Sulia et al. (2014) are represented by the black and red

dots, respectively, in panel (d).
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4.6. Glaciation Times for Isometric and Habit‐Dependent Ice Crystal Growth

We now characterize liquid cloud glaciation times versus cloud‐average temperatures from −5°C to −30°C for a

range of maximum IN concentrations and model runtimes out to 48 hr.

For isometric ice crystal growth under low (sLow) subsidence (Figure 8a), mixed‐phase clouds are maintained for

all cloud‐average temperatures as long as the maximum IN concentrations are below 5.0 L−1. In the temperature

range from −20°C to −30°C, glaciation times for a maximum IN concentration of 5.0 L−1 are around 30 hr. For

higher maximum IN concentrations across this temperature range, glaciation times drop sharply to 6 hr and less.

As cloud‐average temperatures rise from −15°C to −5°C, it takes longer for a given maximum IN concentration

to desiccate the liquid cloud. As a result, glaciation times increase monotonically with increasing temperatures

across this range. Under high (sHigh) subsidence (Figure 8b), the biggest changes occur across the temperature

range from−20°C to−30°C, as liquid clouds are now glaciating at ever smaller maximum IN concentrations with

decreasing temperature across this range. Moreover, the glaciation time for a maximum IN concentration of

5.0 L−1 has dropped by 20 hr down to about 10 hr across this range. For the higher temperature range from−10°C

to−5°C, maximum IN concentrations of 7.5 and 10 L−1 no longer desiccate the liquid cloud. Glaciation times for

these maximum IN concentrations have now increased beyond 48 hr.

Habit‐dependent ice crystal growth leads to shorter glaciation times at all maximum IN concentrations, all cloud‐

average temperatures, and all subsidence strengths in comparison to isometric ice crystal growth (cf., Figures 8a–

8d). Features in Figures 7d–7f are reflected in features in Figures 8c and 8d. For maximum IN concentrations as

low as 1.3 L−1, glaciation times are shorter than >6 hr at temperatures near −15°C under both low (sLow) and

high (sHigh) subsidence. With an increase in subsidence from sLow to sHigh, the glaciation time for a maximum

Figure 8. Glaciation time versus cloud‐average temperature for (a and b) isometric and (c and d) habit‐dependent ice crystal growth under (left column) low and (right

column) high subsidence strengths over a range of maximum ice nuclei (IN) concentrations from 0.10 to 30 L−1. The glaciation times estimated from the works of

Ovchinnikov et al. (2011) and Sulia et al. (2014) are represented by the black and red dots, respectively, in panel (d). Both times are approximately equal to the glaciation

time in our study for a maximum IN concentration of 1 L−1 at a cloud‐average temperature of −15°C.
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IN concentration of 1.0 L−1 drops from >18 to >8 hr at a cloud‐average temperature of −15°C. At −15°C, a

maximum IN concentration of 0.90 L−1 does not glaciate the liquid cloud within 48 hr under low subsidence, but

does glaciate it in just over 10 hr under high subsidence. Local maxima in INcrit values present in Figures 7d–7f at

cloud‐average temperatures of−5°C and−10°C have corresponding features in the glaciation times of Figures 8c

and 8d. Fixed maximum IN concentrations of 2.0 L−1 and greater have local maxima in their glaciation times at

these two temperatures, with the magnitude of the maxima decreasing with increasing maximum IN

concentration.

5. Discussion and Conclusions

We performed one‐dimensional model runs of Arctic single‐layer mixed‐phase stratiform clouds using the one‐

dimensional model of Golaz (1997) with updates from Simpfendoerfer et al. (2019). Our model atmosphere is

based on the ISDAC 26 April 2008 case study period, and our model runtimes are out to 48 hr. During ISDAC,

surface fluxes were negligible and radiative cooling at the cloud top was the main driver of circulations in the

cloud and subcloud layers. Liquid cloud resilience was strongly dependent on isometric versus habit‐dependent

ice crystal growth (similar to Sulia and Harrington (2011) and Sulia et al. (2014)), as well as cloud‐average

temperature, maximum IN concentration, and large‐scale subsidence. In particular, habit‐dependent ice crystal

growth desiccates liquid clouds rapidly and at lower maximum IN concentrations at cloud‐average temperatures

around −15°C and −7°C than for isometric ice crystal growth.

We based our one‐dimensional model runs on similar atmospheric and microphysical properties to those in the

LES simulations of Ovchinnikov et al. (2011) and Sulia et al. (2014), enabling a meaningful comparison of our

results to theirs. For habit‐dependent ice crystal growth, a maximum IN concentration of 2 L−1 in the Ovchin-

nikov et al. (2011) study and 4 L−1 in the Sulia et al. (2014) study desiccates the liquid cloud in >8 hr. In our one‐

dimensional model runs, an IN concentration of 1.0 L−1 does so. Similar to Ovchinnikov et al. (2011), a maximum

IN concentration of 0.5 L−1 in our study leads to little change in LWP. All three studies exhibit a faster rise in IWP

to higher values followed by a faster fall with increasing maximum IN concentrations beyond the critical one. And

similar to Sulia et al. (2014), we find that it takes significantly higher maximum IN concentrations at a cloud‐

average temperature of −15°C to desiccate liquid clouds under isometric ice crystal growth than habit‐dependent

growth. Overall, we find similar tendencies in LWP and IWP changes with changing maximum IN concentrations

as those found in the LES simulations of Ovchinnikov et al. (2011) and Sulia et al. (2014). One consistent dif-

ference of our results in comparison to those of Sulia et al. (2014) is that our one‐dimensional model runs require

smaller maximum IN concentrations to desiccate the liquid clouds under both isometric and habit‐dependent ice

crystal growth.

Given the robust minima in liquid cloud glaciation times near −15°C and −7°C for fixed maximum IN con-

centration under both low (sLow) and high (sHigh) subsidence, we hypothesize similar minima will occur in

comparable LES simulations. Based on our results, promising cloud‐average temperatures to test the LES sim-

ulations are −5°C, −8°C, −10°C, −15°C, −20°C, and −30°C for maximum IN concentrations of 1, 2, and 4 L−1.

Because of the long glaciation times around−10°C and−20°C in our results, the LES simulations may need to be

run out to 48 hr or longer. They would be expensive, but they would provide a test of whether or not the turbulence

and entrainment parameterizations in the one‐dimensional model using TKE 1.5 closure are able to reproduce

results of a model that explicitly simulates the turbulent eddies.

Applying different LES models to the ISDAC case study period using bulk and bin microphysics schemes

demonstrated how important the ice nucleation scheme and ice crystal size distribution are in the study of Arctic

mixed‐phase clouds (Ovchinnikov et al., 2014). Therefore, differences among LES models will lead to differ-

ences in their simulations. As such, there are uncertainties in their results, thereby introducing uncertainties into

using them as a standard for comparison as we have done for this study.

Data Availability Statement

All simulation outputs for the single‐column model are available through the Penn State Data Commons via the

URL https://doi.org/10.26208/C000‐D571 (Das et al., 2025).
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