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Abstract. Arctic mixed-phase clouds (MPCs) remain chal-
lenging to represent in atmospheric models, with bulk mi-
crophysics schemes typically biased toward either excessive
glaciation or inadequate ice formation. This study evalu-
ates the behavior of the Weather Research and Forecasting
(WRF) Double-Moment 6-class (WDM6) scheme and its
modified version (WDMG6_ICE), which incorporates spher-
ical ice shape, constrained nucleation, and prognostic cloud
ice number concentration, under Arctic conditions using the
Mixed-Phase Arctic Cloud Experiment (M-PACE) case (9—
10 October 2004).

WDMB6 severely underestimates liquid water through ef-
ficient vapor deposition onto bullet-shaped ice. WDM6_ICE
exhibits the opposite behavior, maintaining persistent liquid
as cloud ice deposition is reduced by about 98 %. The sup-
pressed cloud ice is partially compensated by enhanced snow
deposition, resulting in a reduction in total ice water content
of about 70 % rather than complete ice elimination. Sensi-
tivity experiments show that ice shape modification is the
dominant factor, while nucleation modification alone redis-
tributes ice among hydrometeor categories without reducing
total ice content. Comparison with mid-latitude evaluations
of the same scheme indicates a regime-dependent response,
in which modifications that produce a moderate ice adjust-
ment in mid-latitude cases lead to a more pronounced re-
structuring of the ice budget under Arctic conditions. Sur-
face energy analysis indicates that balanced phase partition-
ing is more relevant than liquid water maximization for ra-
diative bias reduction. All configurations underestimate total

water path, suggesting that accurate Arctic MPC representa-
tion requires coordinated improvements in ice particle prop-
erties, ice-nucleating particle recycling, and boundary-layer
coupling. These results are based on a single Arctic case and
demonstrate a mechanism that remains to be tested across a
broader range of conditions.

1 Introduction

The representation of mixed-phase cloud (MPC) processes
remains a persistent challenge for cloud microphysics param-
eterizations. This challenge is particularly evident in the Arc-
tic, where MPCs exhibit remarkable persistence despite the
thermodynamic instability associated with the coexistence of
supercooled liquid and ice (Morrison et al., 2012, 2020).
Most bulk microphysics schemes produce either exces-
sive ice or excessive liquid under Arctic conditions, rarely
achieving the observed balanced mixed-phase state (Klein et
al., 2009; Morrison et al., 2009; Possner et al., 2024). These
systematic biases reflect fundamental difficulties in param-
eterizing the competition for water vapor between ice and
liquid phases, the coupling between cloud microphysics and
boundary-layer turbulence, and the sensitivity of phase parti-
tioning to ice nucleation and growth assumptions (Shupe and
Intrieri, 2004; Morrison and Pinto, 2006; Turner et al., 2007)
Among the bulk microphysics schemes available in
the Weather Research and Forecasting (WRF) model, the
Double-Moment 6-Class (WDM6) scheme (Lim and Hong,
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2010) is widely used for cloud and precipitation forecasting.
WDMB6 diagnoses cloud ice number concentration from ice
mixing ratio and assumes bullet-shaped cloud ice with ice
nucleation following the Hong et al. (2004). Unlike double-
moment schemes such as Morrison et al. (2005) and Thomp-
son et al. (2008) that predict ice number concentration prog-
nostically, the diagnostic treatment in WDM6 creates tight
coupling between ice mass and number concentration, pre-
venting independent evolution of particle size distributions.
These structural characteristics cause WDM6 to produce
more cloud ice than other microphysics schemes in mid-
latitude environments (Comin et al., 2018; McMillen and
Steenburgh, 2015). In the Arctic, WDM6 shows smaller bi-
ases in ice water content (IWC) but significantly underes-
timates supercooled liquid water (Nam et al., 2024), high-
lighting the complex regional dependencies in scheme per-
formance.

To improve the ice representation in WDMG6, the
WDMG6_ICE scheme (Park and Lim, 2023) incorporates
three key modifications: prognostic cloud ice number con-
centration, spherical cloud ice shape, and updated ice nucle-
ation parameterizations based on the Cooper (1986) curve
with an observationally constrained upper limit (DeMott et
al., 2010). WDMG6_ICE also includes additional ice-phase
processes such as contact freezing, enhanced riming, and
secondary ice production via the Hallett-Mossop mecha-
nism. These modifications were developed and validated us-
ing mid-latitude precipitation cases over the Korean Penin-
sula, where they reduced cloud ice mixing ratio and produced
mixed improvements in precipitation skill scores (Park and
Lim, 2023).

Cloud microphysics parameterizations are typically devel-
oped and validated within specific climate regimes. While
their overall performance has been evaluated across diverse
environments, how individual microphysical modifications
respond to fundamentally different environmental conditions
has received less attention. Whether microphysical correc-
tions optimized for one regime maintain their physical va-
lidity under fundamentally different conditions remains an
open question. This concern is particularly relevant for ice
microphysics modifications, where the balance between ice
and liquid phases depends jointly on the temperature range,
aerosol availability, boundary-layer structure, and moisture
supply, all of which vary widely across climate regimes. Pa-
rameterizations that successfully correct ice overproduction
in mid-latitude systems, for example, may produce qualita-
tively different responses in shallow Arctic stratiform clouds
where temperature ranges are narrow, ice-nucleating particle
concentrations are low, and boundary-layer coupling plays a
dominant role in cloud maintenance (Fridlind et al., 2012;
Morrison et al., 2012).

This study evaluates the behavior of WDMG6 and
WDMG6_ICE under Arctic conditions using the Mixed-Phase
Arctic Cloud Experiment (M-PACE) case observed on 9-
10 October 2004. M-PACE provides a well-documented
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benchmark for evaluating microphysics schemes in the Arc-
tic, with studies consistently identifying challenges in ice nu-
cleation representation (Fridlind et al., 2007), liquid water
maintenance (Klein et al., 2009; Luo et al., 2008), secondary
ice production (Possner et al., 2024), and ice shape sensitivity
(Ong et al., 2024). The study aims to: (1) evaluate the cloud
phase partitioning produced by WDM6 and WDM6_ICE un-
der Arctic conditions; (2) decompose the contributions of ice
shape and nucleation modifications to the phase partition-
ing transition through controlled sensitivity experiments; and
(3) elucidate the feedback mechanisms that govern the sensi-
tivity of Arctic cloud phase partitioning to these structural
modifications, including the additional effect of prognos-
tic ice number treatment inferred from comparison between
WDMG6_SP_IN and the full WDMG6_ICE scheme. These ob-
jectives are pursued through a single, well-documented M-
PACE case rather than a multi-case climatology. This case-
study design is intended to isolate and mechanistically inter-
pret the microphysical pathways governing phase partition-
ing under one representative set of Arctic conditions; accord-
ingly, the regime-dependent behavior reported here is pre-
sented as a mechanism demonstrated for this case, whose
quantitative generality across other Arctic regimes should be
tested in future work.

2 Data and Methods
2.1 Case description

The M-PACE campaign was conducted in autumn 2004 to
investigate the characteristics and processes of Arctic MPCs.
The campaign was based at Utgiagvik (formerly Barrow;
Verlinde et al., 2007) and provided extensive observations
describing the microphysics, radiative effects, and life cycle
of these clouds. The observed clouds were predominantly
stratiform MPCs containing both supercooled liquid water
and ice (McFarquhar et al., 2007; Shupe et al., 2008). Dur-
ing the analysis period, a single-layer MPC embedded in the
boundary layer was observed over the study region.
ECMWF Reanalysis 5 (ERAS) at 00:00 UTC 9 October
2004 shows a strong low-pressure system near the Bering Sea
coast of southern Alaska (Fig. 1a). This system interacted
with a high-pressure region extending from the Chukchi Sea
toward Alaska, creating a pronounced pressure gradient over
the study region. The synoptic configuration drove cold air
(below —6°C) from the pack ice southward over the rela-
tively warm open ocean (above 0 °C), establishing a strong
temperature gradient. The high-pressure system formed over
the pack ice on 4 October and persisted until 15 October,
maintaining this advection pattern. As the sea ice edge ad-
vanced southward, the cooled air reached the Alaskan coast,
triggering roll-cloud formation visible in satellite imagery
(Fig. 1b). Detailed synoptic-scale characteristics for this pe-
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riod are described in Solomon et al. (2009) and Verlinde et
al. (2007).

This case has been studied extensively since the GC-
SS/ARM single-layer model intercomparison of Klein et
al. (2009), through subsequent large-eddy, cloud-resolving,
and mesoscale studies (Solomon et al., 2009; Fu et al., 2019).
Its single-layer, well-mixed boundary-layer structure under
steady cold-air-outbreak flow makes it particularly suitable
for isolating the individual effects of ice-shape and nu-
cleation modifications, by minimizing the multi-layer and
strong-synoptic-forcing interactions that would otherwise
confound the attribution of microphysical sensitivities. The
extensive observational record additionally supplies a com-
prehensive in-situ and surface dataset for quantitative con-
straint of the simulations. The observed cloud is a persistent,
liquid-dominated single-layer mixed-phase cloud in which
the liquid water path greatly exceeds the ice water path,
reflecting a supercooled-liquid-dominated structure (Klein
et al., 2009; McFarquhar et al., 2007). This case is there-
fore treated as one well-characterized example of an Arctic
mixed-phase regime rather than as representative of the full
range of Arctic conditions, and the results are accordingly
interpreted as a case study.

2.2 Data

This study uses aircraft measurements and surface-based ob-
servational datasets to evaluate simulations of Arctic MPCs.

Aircraft observations were obtained from the M-PACE
campaign. Specifically, this study analyzes measurements
from Flight 10a, conducted on 10 October 2004. While the
flight track extended along the northern coast of Alaska
(Fig. S1 in the Supplement), the analysis focuses on the
segment collected between 01:10-02:00 UTC over Utqiagvik
(Barrow; BAR), consistent with Fu et al. (2019).

These aircraft observations provide a comprehensive in
situ microphysics dataset (McFarquhar et al., 2007) contain-
ing quality-controlled estimates of IWC, liquid water content
(LWCQ), effective radius, and number concentration for both
liquid and ice phases. McFarquhar et al. (2007) reported that
the observed ice particles included a variety of habits such
as columns, plates, bullet rosettes, and heavily rimed parti-
cles, with graupel also present particularly near cloud base.
The observed IWC and number concentration represent the
combined contribution from all ice-phase particles, as air-
craft probes measure a continuous size distribution without
distinguishing model-specific hydrometeor categories.

Surface measurements at BAR were derived from the De-
partment of Energy (DOE) Atmospheric Radiation Mea-
surement (ARM) North Slope of Alaska (NSA) facility. To
characterize atmospheric and cloud properties, the follow-
ing ARM data products were utilized: ARM Best Estimate
Atmospheric Measurements (ARMBEATM) for 2 m air tem-
perature (T2M), Microwave Radiometer Retrievals (MWR-
RET) for liquid water path (LWP), and Quality Controlled
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Figure 1. (a) ERAS data showing sea level pressure (contours),
2 m temperature (shading), and 10m wind (vectors) at 00:00 UTC
9 October 2004. The yellow box indicates the WRF model domain
(DO01). (b) Nested model domains with DO1 (18 km resolution), D02
(6 km resolution), and D03 (1-km resolution). Ocean depth and land
elevation are shaded using the GEBCO_2023 grid (color bar at bot-
tom), overlaid with the MODIS visible image at 00:00 UTC 9 Octo-
ber 2004 over the Arctic Ocean and northern Alaska. The location
of Utgiagvik (Barrow; BAR) is marked.

Radiation (QCRAD) value-added product for surface ra-
diative fluxes (downward shortwave radiation, SWDOWN;
downward longwave radiation, LWDOWN), Ice water path
(IWP) was obtained from the multisensor Arctic Cloud Ra-
diative Effects Dataset (ACRED). Additionally, radiosonde
profiles at BAR were used to evaluate the vertical thermody-
namic and moisture structure of ERAS boundary conditions
(Fig. S5).
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2.3 Experimental setup

The simulations were performed using the WRF model ver-
sion 4.3.1 (Skamarock et al., 2021). The model integrated for
the period 8—10 October 2004 to simulate the M-PACE case,
with the initial 24 hours serving as a spin-up period to estab-
lish stable atmospheric conditions independent of initial con-
ditions. The analysis focused on the subsequent 24 h period
(12:00 UTC 9 October—11:00 UTC 10 October 2004). The
horizontal grid spacing for the domains is set at 18, 6, and
1 km, following the configuration of Solomon et al. (2009).
Initial and boundary conditions were obtained from ERAS
data (Hersbach et al., 2020). The vertical grid consists of 50
levels in total, of which 20 are located below 800 hPa with
enhanced boundary layer resolution (Table 1).

Model outputs were extracted using two distinct ap-
proaches for validation. For surface-based validation, the
WREF tslist utility was used to extract data at the grid point
nearest to the BAR observation site, ensuring spatial consis-
tency with ground measurements. For comparison with air-
craft observations, the model fields were sampled to match
the aircraft sampling. During the analysis window, the UND
Citation flew repeated vertical spirals over a confined area
near BAR (McFarquhar et al., 2007), so the observed pro-
file represents a time-averaged sounding over a small hori-
zontal area rather than a long horizontal transect. The model
fields were therefore averaged over the D03 grid cells crossed
by the flight track and over the 01:00 and 02:00 UTC out-
puts that bracket the analysis window. Following Solomon
et al. (2009), model IWC is calculated as the sum of cloud
ice (gi), snow (gs), and graupel (gy) mixing ratios to ensure
consistency with aircraft observations, which measure the to-
tal ice-phase size distribution without distinguishing model-
specific hydrometeor categories.

The WDMB6 (Lim and Hong, 2010) and WDM6_ICE (Park
and Lim, 2023) microphysics schemes served as the pri-
mary comparison pair. WDMG6_ICE incorporates spherical
ice shape, modified ice nucleation, and prognostic cloud
ice number concentration. It also includes additional ice-
enhancing processes such as contact freezing (Cotton et al.,
1986), enhanced riming efficiency (Pruppacher and Klett,
2010), and secondary ice production via the Hallett—-Mossop
mechanism (Hallett and Mossop, 1974).

Three additional sensitivity experiments were designed
to decompose the individual and combined effects of ice
shape and nucleation modifications (Table 2). Since the
WDMG6_ICE scheme incorporates multiple processes along-
side structural changes, this study isolates the two factors
most directly responsible for constraining ice growth, ice
particle shape and INP availability. The spherical ice shape
is one of the structural choices of the WDMG6_ICE scheme
rather than an assumption introduced here, and although the
observed ice particles during M-PACE included a variety
of non-spherical habits (McFarquhar et al., 2007), these ex-
periments are designed to isolate its effect on phase parti-
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tioning rather than to evaluate the physical realism of the
spherical assumption. Secondary ice production and other
ice-multiplying mechanisms were excluded from the sen-
sitivity decomposition to avoid compensating interactions
that would obscure the primary drivers of phase partition-
ing changes. The complete microphysical formulation of
WDMG6_ICE is documented in Park and Lim (2023), with
key modifications summarized in Appendix A.

WDMG6_SP isolates the impact of cloud ice shape. The
spherical assumption implies a higher effective density com-
pared to the bullet shape in WDM6. For a given ice mass,
this results in a smaller effective diameter and capacitance,
which reduces the vapor depositional growth rate (Prup-
pacher and Klett, 2010). WDMG6_IN isolates the impact
of ice nucleation. The default parameterization in WDMG6
(Hong et al., 2004) diagnoses INP number concentration as
an exponential function of temperature. WDMG6_IN adopts
the Cooper curve (Cooper, 1986) with an upper limit of
500L"! (DeMott et al., 2010), which restricts INP number
concentration at temperatures warmer than about —22 °C rel-
ative to WDM6. WDM6_SP_IN combines both modifica-
tions to examine potential non-linear interactions between
particle growth efficiency and number concentration con-
straints. Since WDMG6_SP_IN and WDMG6_ICE share the
same ice shape and nucleation formulations but differ in ice
number treatment (diagnostic vs. prognostic) and in the in-
clusion of additional processes (contact freezing, Hallett—
Mossop mechanism, and temperature threshold for vapor
deposition nucleation; see Appendix A3), their comparison
provides an indication of how these remaining structural dif-
ferences affect the overall phase partitioning.

3 Results

3.1 Spatial and Vertical Cloud Structure in WDM6
and WDMé6_ICE

WDMB6 produces limited low-level cloud fractions (0.1-0.3)
across domain D03, with slightly higher values along the
coastal regions (Fig. 2a). These low cloud fractions corre-
spond to widespread cold T2M (—7.0 to —6.6 °C), with the
coldest values occurring in cloud-free areas (Fig. 2c). In con-
trast, WDMO6_ICE exhibits higher cloud fractions (0.4-0.55),
with more uniform coverage extending into regions that are
cloud-free in WDM6 (Fig. 2b). The increased cloud frac-
tion is associated with warmer T2M ranging from —5.9 to
—5.5°C (Fig. 2d).

The T2M bias patterns relative to ERAS illustrate the re-
gional impact of these cloud differences (Fig. 2e, f). WDM6
exhibits predominantly negative biases (—1.2 to —0.3°C)
across the domain.

While WDMG6_ICE shows smaller negative biases (—0.7
to 0°C). Point-based validation at the BAR observation
site confirms this pattern, with T2M bias decreasing from
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Table 1. Description of the WRF configuration used in the model experiments.

Configuration

Description

Simulation period

12:00 UTC 8 October 2004—-12:00 UTC 10 October 2004
(spin up time: 12:00 UTC 8 October 2004—11:00 UTC 9 October 2004)

Horizontal
grid spacing

18,6, 1 km

Vertical levels

50 levels (model top: 50 hPa)
20 of these below 800 hPa (model bottom to 800 hPa)

Vertical coordinate

Hybrid vertical coordinate

Time step

60, 20, 3.33s

Radiation

RRTMG scheme
(Iacono et al., 2008)

Land surface physics

Unified Noah land-surface model
(Chen and Dudhia, 2001)

Surface layer physics

Revised MM5 Monin-Obukhov scheme
(Jiménez et al., 2012)

Planetary boundary layer (PBL)

mixing

YSU PBL scheme
(Hong et al., 2006)

Initial and boundary data

ECMWEF Reanalysis 5 (ERAS) data
(Hersbach et al., 2020)

CCN initialization

100 cm 3, uniform; prognostic with minimum floor of 100 cm™3 enforced at each timestep,
following the default WDMG6 setting (Lim and Hong, 2010)

Table 2. Experiments description.

Experiments Description
WDM6 WDM6 (Lim and Hong, 2010)
WDM6_ICE Revised WDM6 scheme proposed by Park and Lim (2023).
— Spherical ice shape, modified nucleation, prognostic cloud ice number concentration and additional ice microphysics
— Key modifications in Appendix A; complete formulation in Park and Lim (2023)
WDM6_SP WDMB6 with a spherical cloud ice shape assumption
— Adopts the geometric configuration used in WDM6_ICE.
— Mass-dimension relationship follows the spherical approximation (originally derived from observations by Brown
and Francis 1995, Korolev and Isaac, 2003)
WDMG6_IN WDMG6 with modified ice nucleation parameterization
— Adopts the nucleation parameterization used in WDMG6_ICE.
— INP number concentration of Cooper (1986) and its limitation of DeMott et al., (2010)
WDM6_SP_IN  WDMG6 with both spherical shape and ice nucleation modifications

— All modifications in WDM6_SP
— All modifications in WDM6_IN

—1.3°Cin WDM6 to —0.9 °C in WDMG6_ICE relative to the
observed mean of —4.6 °C.

To evaluate the simulated vertical hydrometeor structure,
model results were sampled along the flight track and com-
pared with aircraft observations (Fig. 3). The observations

https://doi.org/10.5194/gmd-19-7069-2026

show a liquid-dominated mixed-phase cloud. LWC peaks
at 0.34 gm_3 around 1160 m, whereas IWC remains below
0.1gm™3 throughout the cloud layer (Fig. 3a, d). Liquid
droplets are characterized by moderate number concentra-
tions (20-27 cm™>) and effective radii of 8-12 um (Fig. 3b,
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Figure 2. Time-averaged (12:00 UTC 9 October—11:00 UTC 10 October 2004) spatial distributions over domain D03 from (left column)
WDMG6 and (right column) WDM6_ICE simulations: (a, b) low-level cloud fraction (CLDLOW; below 1500 m), (¢, d) T2M, and (e, f) T2M
differences (simulation — ERAS). The red box in (a) indicates the flight track area during the analysis period (01:00-02:00 UTC 10 October

2004).

¢). Ice particles are sparse (mean ~2.7L~!, peak <6L~1)
with effective radii of ~ 25 um (Fig. 3e, f). WDM®6 produces
an ice-dominated vertical structure. Total ice number con-
centration reaches ~26L~! (mean ~ 18 L") in the lower
part of the sampled layer, exceeding observations by roughly
sixfold. The ice mass is carried almost entirely by cloud ice,
with snow and graupel contributing little (Fig. S3a). Cloud
ice effective radius ranges from ~ 13 to ~ 55 um, increasing
toward lower levels and exceeding observations (~ 25 um)
(Fig. 3f). The simulation generates minimal LWC (peak
~ 0.03gm™> at 800-950 m) while maintaining substantial
IWC (~0.05gm™3; Fig. 3d). The liquid phase remains re-
stricted, exhibiting small droplet sizes (3—5 pm; Fig. 3c).

Geosci. Model Dev., 19, 7069-7088, 2026

WDMG6_ICE shifts the structure toward a liquid-
dominated state, with simulated LWC peaking at 0.41 gm™3
around 1000 m, close to that observed although the peak oc-
curs about 150m lower (Fig. 3a). However, WDM6_ICE
simulates higher liquid number concentrations (reaching
~890cm3; Fig. 3b), exceeding observations (~ 27 cm ™)
by more than an order of magnitude, with correspondingly
small effective radii (about 2.5-6 um; Fig. 3c) well below
observed values (~ 7—13 um). Total IWC is reduced relative
to both WDM6 and observations, with peak values of about
0.01 gm~3 (Fig. 3d). This reduction is accompanied by a
pronounced restructuring of the ice composition, with cloud
ice becoming negligible while snow becomes the dominant
ice category (Fig. S3b). The total ice number concentration

https://doi.org/10.5194/gmd-19-7069-2026
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Figure 3. Vertical profiles of cloud microphysical properties along the flight track (Flight 10a). Panels show (a—c) liquid water content
(LWC), number concentration, and effective radius, and (d-f) ice water content (IWC: g; + gs + gg), number concentration, and effective
radius. Black lines represent aircraft observations (01:10-02:00 UTC 10 October 2004) with gray shading indicating £1 standard deviation
(o). Colored lines denote model simulations sampled along the track between the 01:10-02:00 UTC, WDM6 (orange) and WDM6_ICE

(blue) with shading indicating +10 across the track grid cells.

(mean ~ 1.8L~!; Fig. 3e) is low but within the same order
of magnitude as the observed mean (~ 2.7 L"), and is main-
tained primarily by snow rather than cloud ice, the opposite
of the WDMG6 partitioning. Cloud ice effective radius is small
(5—13 um; Fig. 3f). Note that the effective radius comparison
is restricted to the cloud ice category, and the structural im-
plications of this constraint are discussed in Sect. 4.4.

The total condensate and ice fraction profiles further char-
acterize the phase partitioning of the two schemes (Fig. 4).
Along the flight track, the observed ice fraction decreases
from near unity at cloud base to about 0.04-0.09 in the
upper cloud (Fig. 4c). WDMG6 retains a high ice fraction
(about 0.8-1.0) in the lower part of the layer, consistent
with its ice-dominated structure, but the fraction decreases
toward the small liquid maximum near 800-950 m, whereas
WDMBG6_ICE follows the observed decrease toward low val-
ues aloft, reaching about 0.01 above 900 m and falling below
the observed fraction in the upper cloud (Fig. 4c). The to-
tal condensate shows that this difference in partitioning is
accompanied by very different total cloud water amounts:
WDM6 produces a near-negligible total condensate (peak

https://doi.org/10.5194/gmd-19-7069-2026

about 0.04 gm~3), whereas WDMG6_ICE recovers a pro-
nounced peak of about 0.33 gm™3 near 1000 m, which re-
mains below the observed peak of about 0.36 gm™> near
1160 m and occurs about 150 m lower in altitude (Fig. 4a).
The time-averaged profiles at BAR show the same behavior
(Fig. 4b, d). WDMG6_ICE thus recovers the total condensate
toward the observed magnitude, but the ice fraction shows
that it does so by shifting almost entirely to the liquid phase,
in contrast to the observed mixed-phase layer in which ice
and liquid coexist.

At BAR, observations indicate persistent liquid-containing
clouds throughout the 24h period, with LWP averaging
214.5gm™? (Fig. 5a). WDM6 exhibits intermittent behav-
ior with sporadic peaks reaching 14.5gm™2 and a pe-
riod average of only 3.8 gm™2. WDM6_ICE maintains a
continuous liquid phase averaging 178.1 gm~2. LWDOWN
shows corresponding differences (Fig. 5b): observed val-
ues remain stable near 283.1 Wm™2, WDM6 produces
239.8 Wm~2, and WDM6_ICE reproduces 278.4Wm™2.
PBL height also differs between the schemes, with WDM6
simulating 774.4m and WDMG6_ICE producing 992.3m

Geosci. Model Dev., 19, 7069-7088, 2026
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Figure 4. Vertical profiles of (a, b) total condensate (LWC + IWC) and (¢, d) ice fraction IWC/(LWC+HIWC); IWC: g; +¢gs +qg). The left
column (a, ¢) shows profiles sampled along the flight track of Flight 10a, and the right column (b, d) shows the time-averaged (12:00 UTC 9
October—11:00 UTC 10 October 2004) profiles at BAR. Black lines represent aircraft observations (01:10-02:00 UTC 10 October 2004) with
gray shading indicating £1o. Colored lines denote model simulations sampled along the track between 01:00-02:00 UTC, WDMG6 (orange)
and WDM6_ICE (blue).
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Figure 5. Time series (12:00 UTC 9 October—11:00 UTC 10 October 2004) at BAR of (a) liquid water path (LWP), (b) downward longwave
radiation (LWDOWN), and (c) planetary boundary layer (PBL) height. Observations are shown in black, with station time series in (a) and
(b) and radiosonde-derived estimates in (c) as filled circles for the three radiosonde times (12:00, 17:00, and 23:00 UTC 9 October 2004).

(Fig. 5¢c). The radiosonde-derived estimates at BAR (1205, Vertical profiles of microphysical process rates show
1369, and 1494 m) are higher than both simulations, so both distinct distributions between the two schemes (Fig. 6).
schemes underestimate the observed PBL height, although Ice generation (Pigen) reaches 0.15gkg™!s™! in WDM6
WDMG6_ICE is closer to the observations. while remaining near zero in WDM6_ICE (Fig. 6a). Con-

versely, liquid condensation (Pcond) is suppressed in WDM6
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Figure 6. Time-averaged (12:00 UTC 9 October—11:00 UTC 10 October 2004) vertical profiles of microphysical process rates at BAR:
(a) condensation and ice generation (Pigen, Pcond), (b) accretion and autoconversion (Psacw, Praut, Pracw), (¢) vapor deposition (Pidep,
Psdep), and (d) cloud ice to snow conversion (Psaut, Psaci). Dashed lines represent WDMS6, and solid lines represent WDM6_ICE. Note that

negative values in (a) indicate evaporation.

(<0.08 gkg_1 s_l), whereas in WDM6_ICE Pcond domi-
nates as the primary source term, exceeding 2.0 gkg™!s~!.

WDMG6 exhibits minimal accretion of cloud liquid by
snow (Psacw < 0.003 gkg~!s~!; Fig. 6b), consistent with
the low liquid water content shown in Fig. 3a. WDMG6_ICE
shows Psacw reaching 0.016 gkg~' s~!, a five-fold increase.
Note that this elevated Psacw transfers mass from the liquid
to snow category rather than to cloud ice, so it does not con-
tradict the reduced IWC in WDMG6_ICE. Rain mixing ratio is
negligible in both simulations throughout the analysis period
(not shown).

Deposition onto cloud ice (Pidep) dominates in WDMG6,
with peak rates of 1.6 gkg™!s~! (Fig. 6¢). In WDMG6_ICE,

Pidep remains below 0.03gkg™!s~!, representing a re-

https://doi.org/10.5194/gmd-19-7069-2026

duction of roughly 98 %. Deposition onto snow (Ps-
dep) increases threefold in WDMG6_ICE, from 0.1 to
0.31gkg™'s™!. The strong Pidep in WDM6 feeds an effi-
cient conversion of cloud ice to snow, with autoconversion
(Psaut) peaking at about 0.68 gkg™'s~! and accretion of
cloud ice by snow (Psaci) reaching about 0.09 gkg=!s™!
(Fig. 6d), whereas both terms are effectively absent in
WDMG6_ICE.

3.2 Sensitivity to Individual Microphysical
Modifications

The sensitivity experiments show systematic differences in
cloud phase partitioning (Fig. 7). LWC increases in the or-

Geosci. Model Dev., 19, 7069-7088, 2026



7078 H.-J. Sung et al.: Arctic mixed-phase cloud sensitivity to WDMS6 ice microphysics

der WDM6 < WDM6_IN < WDM6_SP < WDM6_SP_IN
< WDMG6_ICE (Fig. 7a, b), with WDM6 and WDM6_IN
remaining similar to each other. The IWC response is
more complex: ice shape modification (WDM6_SP) substan-
tially reduces IWC, whereas nucleation modification alone
(WDMG6_IN) produces IWC close to that of WDM6, suggest-
ing that the Cooper curve redistributes ice among hydrome-
teor categories rather than reducing total ice content (Fig. 7c,
d).

Over the aircraft sampling region, WDMG6_SP increases
peak LWC to 0.18 gm™3 compared to 0.03 gm™3 in WDM6
(Fig. 7a). WDMG6_IN produces minimal enhancement, reach-
ing O.O3gm’3. WDM6_SP_IN combines both modifica-
tions, yielding 0.30 gm~3. WDM6_ICE reaches 0.44 gm™3.
For IWC, WDM6 produces about 0.05gm™3, compara-
ble to observations (~0.07 gm_3; Fig. 7c). WDM6_SP
and WDM6_SP _IN reduce IWC to around 0.03 gm’3,
while WDMG6_IN maintains IWC near the WDMG6 level
(~0.05gm™3). WDM6_ICE reduces IWC to roughly
0.01gm™3, a reduction relative to WDM6. The time-
averaged profiles at BAR show essentially the same magni-
tudes and progression (Fig. 7b, d).

Notably, WDMG6_ICE produces a higher LWC than
WDM6_SP_IN even though it includes additional ice-
formation processes such as contact freezing and Hallett—
Mossop multiplication. This counterintuitive behavior co-
incides with a lower IWC in WDM6_ICE than in
WDM6_SP_IN (Fig. 6¢c, d), so that the additional ice pro-
cesses do not translate into more ice in this case. The mecha-
nisms responsible for this behavior are discussed in Sect. 4.4.

SWDOWN and LWDOWN vary systematically across ex-
periments. SWDOWN decreases from 25.9 W m~2 (WDMG6)
to 8.7Wm™2 (WDMG6_ICE), while LWDOWN increases
from 239.8 to 278.4Wm~2, approaching the observed
283.1 Wm™2. LWP shows consistent enhancement across
the hierarchy. At BAR, values rise from 3.8gm™2
(WDM6) to 5.0 (WDM6_IN), 55.7 (WDM6_SP), 103.5
(WDM6_SP_IN), and 178.1 (WDMG6_ICE), close to the ob-
served 214.5gm™2 (Table 3). IWP shows a different pat-
tern from LWC: WDMB6 produces 38.0 g m~2, exceeding the
observed value of 31.5gm™2, while WDM6_IN maintains
a comparable level (33.5gm™2). The shape-modified con-
figurations reduce IWP (WDM6_SP: 20.8, WDM6_SP_IN:
22.5gm’2), and WDMG6_ICE produces the lowest TWP
(10.6 gm~2). This pattern is consistent with the IWC pro-
files (Fig. 7c, d): nucleation modification alone redistributes
ice among hydrometeor categories without reducing total ice
content, whereas ice shape modification drives the primary
IWP reduction.

The spherical ice assumption reduces particle diameter by
about 40 %. At an ice content of 0.1 gkg™!, diameters de-
crease from 500 pm m in WDM6 to 300 um in WDM6_SP
(Fig. 8a), reducing surface area for vapor deposition.

The size change reduces deposition efficiency (Fig. 8b).
At —12°C, deposition rates decrease from 10* to
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108 gkg~' s~!, a four-order-of-magnitude reduction. This is
consistent with the reduced Pidep in WDMG6_ICE (Fig. 6¢).

Ice-nucleating particle (INP) concentration further mod-
ulates ice production (Fig. 8c). At the M-PACE cloud-top
temperature of around —12°C (Fu et al., 2019), WDM6
produces 3320m~3 INPs, overestimating M-PACE obser-
vations (~ 200 m~3; Prenni et al., 2007) by more than an
order of magnitude. WDMG6_IN reduces concentrations to
191 m—3, closely matching observations. This represents a
17-fold reduction relative to WDM6. The differences be-
tween WDMG6_SP_IN and WDMG6_ICE (Figs. 3 and 7) indi-
cate that the remaining structural differences in WDM6_ICE
produce additional ice reduction beyond the combined ef-
fects of shape and nucleation modifications alone.

4 Discussion

4.1 Mechanisms Driving Phase Partitioning
Differences

The behaviors of WDM6 and WDM6_ICE reflect a fun-
damental difference in how available water vapor is parti-
tioned between ice and liquid phases. WDM6 retains the
classical Arctic modeling bias of severely underestimat-
ing supercooled liquid water (Klein et al., 2009), produc-
ing negligible LWP and intermittent cloud coverage because
rapid ice growth through the Wegener—Bergeron—Findeisen
(WBF) process efficiently drains available liquid water. In
WDMB6, intense vapor deposition onto bullet-shaped ice par-
ticles (Pidep ~ 1.6 gkg~! s™!) consumes vapor rapidly, cre-
ating subsaturated conditions with respect to water that in-
hibit liquid maintenance and suppress condensation (Pcond
<0.08 gkg™!s™1). These process rates are shown in Fig. 6.

A related feature of WDMBG6 is that, despite producing high
cloud ice number concentrations and large effective radii
along the flight track (Fig. 3), the simulated IWC remains
below the observed values. This may partly reflect the low
effective mass of the assumed bullet-shaped cloud ice, since
for a given particle dimension the WDM6 mass—diameter
relationship (M oc D?, Eq. A3) implies less mass than the
denser, frequently rimed ice habits observed during M-PACE
(McFarquhar et al., 2007).

In WDMG6_ICE, the near-complete suppression of
Pidep (reduced to ~0.03gkg's™', a 98% reduc-
tion) redirects the available vapor toward condensation
(Pcond >2.0gkg™!'s™!), sustaining the liquid layer. The
dominant vapor consumption pathway shifts from deposition
onto cloud ice followed by aggregation into snow to direct
snow deposition via Psdep, which increases threefold. This
pathway shift is reflected in the total IWC, as cloud ice is re-
duced to negligible values while snow maintains the residual
ice content, so that total IWC is only partially reduced rel-
ative to WDMG6 rather than being eliminated. Although this
enhanced liquid water improves radiative and thermal agree-
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Figure 7. Vertical profiles of (a, b) LWC and (¢, d) IWC. The left column (a, ¢) shows the profile over the flight region (red domainin Fig. 2a)
during 01:00-02:00 UTC 10 October 2004, and the right column (b, d) shows the time-averaged (12:00 UTC 9 October—11:00 UTC 10
October 2004) profile at BAR. Black lines with gray shading indicate observations (10), and colored lines represent sensitivity experiments:
WDMG6 (orange, solid), WDMG6_ICE (blue, solid), WDMG6_SP (bluish green, dashed), WDM6_IN (sky blue, dash-dot), and WDM6_SP_IN
(purple, dotted).

Table 3. Time-averaged (12:00 UTC 9 October—11:00 UTC 10 October 2004) surface variables (SWDOWN, LWDOWN, T2M), column-
integrated variables (IWP, LWP) at BAR, and PRECIP is the accumulated surface precipitation (mm) over the same period. OBS values
are from ground-based measurements. Values in parentheses for SWDOWN and LWDOWN indicate the bias relative to the observations

(simulation — OBS).

Barrow SWDOWN (Wm~2) LWDOWN (Wm~—2) IWP(gm~2) LWP(gm—2) T2M(°C) PRECIP (mm)
OBS 13.0 283.1 31.5 214.5 —4.6 -
WDM6 25.9 (+12.9) 239.8 (—43.3) 38.0 3.8 -5.9 2.59
WDM6_ICE 8.7 (—4.3) 278.4 (—4.7) 10.6 178.1 -55 0.39
WDMG6_SP 20.8 (+7.8) 2729 (~10.2) 20.8 55.7 —-5.4 0.92
WDM6_IN 25.9 (+12.9) 244.1 (—39.0) 33.5 5.0 -5.8 2.61
WDM6_SP_IN 13.9 (+0.9) 2772 (-5.9) 22.5 103.5 —5.4 0.91

ment with observations, the substantial reduction of cloud ice
and the shift in the ice budget from a cloud-ice-dominated
to a snow-dominated ice budget highlight the challenge of
maintaining a balanced mixed-phase state.

The reduced ice growth in WDMG6_ICE also alters the
surface precipitation, which under the subzero conditions of
this case is almost entirely snowfall. The accumulated sur-
face precipitation differs among the configurations (PRE-
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CIP in Table 3; Fig. S4). WDM6 and WDMG6_IN produce
the largest amounts (about 2.6 mm), WDMG6_ICE the small-
est (0.39 mm), and WDM6_SP and WDM6_SP_IN are in-
termediate (about 0.9 mm). In WDMBG6, the strong vapor de-
position onto cloud ice (Pidep; Fig. 6¢) generates abundant
cloud ice that is efficiently converted to snow (Psaut; Fig. 6d)
and removed by sedimentation. In WDM6_ICE, the suppres-
sion of Pidep limits cloud ice and weakens Psaut, so that
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Figure 8. (a) Relationship between cloud ice mixing ratio and di-
ameter in WDMG6 (orange, solid) and WDMG6_SP (bluish green,
dashed). (b) Deposition rate of water vapor onto ice (assuming ice
mixing ratio of 0.1 gkg_l and supersaturation of 10 %) as a func-
tion of temperature. (¢) INP number concentration (m_3) as a func-
tion of temperature for WDM6 and WDM6_IN (sky blue, dash-dot).
The black line shows M-PACE observations (Prenni et al., 2007).
Note that the observational upper limit of 500 L-! (DeMott et al.,
2010) corresponds to 5 x 10° m—3. The vertical dashed line marks
—12 °C, representing the approximate cloud-top temperature during
M-PACE.

little snow forms and reaches the surface. These precipita-
tion differences contribute to the total water path differences
among the configurations. The configurations that precipitate
most efficiently (WDM6, WDM6_IN) remove column wa-
ter through deposition-grown snow and sedimentation, which
lowers their total water path, whereas WDM6_ICE produces
little snow and sustains a persistent liquid layer with a higher
total water path. The reduced precipitation in WDM6_ICE
and the shift of the in-cloud ice composition toward snow
both follow from the same suppression of vapor deposition
onto cloud ice and are not treated here as independent ef-
fects. The snow-dominated ice budget described in Sect. 3.1
refers to the in-cloud composition, in which snow exceeds
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cloud ice within the residual ice phase, and is distinct from
the surface snowfall rate.

4.2 Regime-Dependent Response of Ice Microphysical
Modifications

The regime-dependent nature of these responses becomes
evident when comparing the present Arctic results with the
mid-latitude evaluations of Park and Lim (2023). In their
study, the same WDM6_ICE modifications reduced cloud ice
mixing ratio through inefficient Pidep and Pinud processes,
and the resulting surplus water vapor enhanced liquid water
production through condensation (their Figs. 8 and 10). No-
tably, WDMG6_ICE simulated higher cloud ice number con-
centrations despite lower mixing ratios in the mid-latitude
cases, indicating that ice particles became more numerous
but smaller. The vapor pathway shift from cloud ice deposi-
tion to snow deposition was also evident in their warm-low
cases, where enhanced Psdep partially compensated for the
reduced cloud ice (their Fig. 13). Precipitation skill scores
showed mixed results, with notable bias reduction for the
cold-low cases but deterioration in some warm-low cases
(their Table 3). However, the magnitude and consequences
of this pathway diverge between the two regimes. In the
mid-latitude ICE-POP cases, hydrometeors extended through
deep layers, reaching the 10km level in warm-low cases
(their Fig. 11), implying a broader temperature range over
which the Cooper curve still permits substantial nucleation,
and synoptic-scale forcing continuously supplied moisture.
Under these conditions, cloud ice mixing ratio decreased
but ice remained present throughout the cloud layer with
increased number concentrations, and the total ice budget
was moderated rather than fundamentally restructured. In the
present Arctic case, cloud-layer temperatures remain within
a narrow range (—15 to —10 °C) where nucleation rates un-
der the Cooper curve are inherently limited. Combined with
the shallow boundary-layer circulation characteristic of Arc-
tic stratiform systems, which confines moisture supply and
nucleation opportunities to a narrow vertical extent unlike
the deep tropospheric lifting in mid-latitude cyclonic sys-
tems, and the absence of INP recycling, the same modifi-
cations produce a more pronounced response: cloud ice is
nearly depleted, ice number concentration decreases rather
than increases, and the residual ice content is maintained al-
most entirely through snow deposition (IWP reduced from
38.0to 10.6 g m~2). While the underlying mechanism is sim-
ilar to the mid-latitude warm-low cases, the Arctic environ-
ment amplifies the response from a moderate adjustment to a
fundamental restructuring of the ice budget. This asymmetric
response indicates regime-dependent behavior of the micro-
physical modifications, although it is based on a single Arc-
tic case and should be interpreted with caution. Whether the
contrast persists across the broader range of Arctic mixed-
phase conditions remains to be tested in future work.
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4.3 Radiative Bias Characteristics Across
Configurations

The different microphysical configurations produce system-
atic variations in surface radiative biases (Table 3). WDM6
permits excessive shortwave transmission and insufficient
longwave emission, consistent with its sparse cloud cov-
erage and reduced liquid content, with a downward short-
wave bias of +12.9 W m~2 and a downward longwave bias
of —43.3Wm~2, WDM6_ICE reproduces LWDOWN val-
ues closely matching observations (a bias of —4.7 W m™2)
through the maintenance of persistent liquid-containing
clouds, consistent with earlier findings that supercooled lig-
uid water dominates the radiative coupling between clouds
and the surface in the Arctic (Cesana et al., 2012). How-
ever, the substantial reduction of cloud ice in WDM6_ICE,
with total ice content maintained primarily through snow
rather than distributed across multiple ice categories (IWP of
10.6 gm~2 vs. observed 31.5 gm™2), raises questions about
whether this radiative agreement is achieved for physically
consistent reasons.

The sensitivity experiments reveal a non-linear relation-
ship between LWP and surface temperature. Configurations
with intermediate LWP (WDM6_SP, WDM6_SP_IN) pro-
duce the warmest simulated surface temperatures (—5.4 °C)
despite having smaller LWP than WDMG6_ICE (Table 3).
This behavior is consistent with the longwave opacity thresh-
old identified by Shupe and Intrieri (2004), in which clouds
become effectively opaque to longwave radiation once LWP
exceeds about 30 gm™2, so that LWDOWN is then governed
primarily by cloud base temperature and height rather than
by LWP magnitude. Above this threshold, further LWP in-
creases primarily enhance cloud optical depth and reduce
shortwave transmission, partially offsetting the longwave
warming effect. The higher cloud fractions in these config-
urations (Fig. S2) further contribute to the shortwave differ-
ences. This compensation indicates that, from a surface en-
ergy perspective, configurations with intermediate LWP can
produce temperature biases similar to or smaller than those
of configurations that maximize liquid water.

4.4 Structural Constraints and Future Directions

Despite improved agreement with observed surface radia-
tive forcing, all configurations underestimate total water path
(TWP = LWP + IWP; 189 g m~2 versus 246 g m~2 observed
at BAR). This underestimation reflects contributions from
several sources.

Several microphysical processes contribute to this un-
derestimation. WDM®6 retains more moisture in the lower
boundary layer than WDMG6_ICE yet does not maintain lig-
uid water, confirming that the ice-dominated behavior in
WDMB6 results from excessive vapor consumption by ice de-
position rather than from insufficient moisture supply. The
absence of INP recycling may also contribute, since when
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ice particles sublimate the released nuclei are not returned
to the available INP population, permanently reducing the
capacity for subsequent ice formation (Fu et al., 2019). Al-
though WDM6_IN reproduces observed INP concentrations
(Fig. 8c), total IWP remains comparable to WDMG6 (33.5 ver-
sus 38.0 gm~2) because the Cooper curve redistributes ice
from cloud ice to snow rather than reducing total ice content,
indicating that correcting INP number alone is insufficient to
improve Arctic ice representation when the ice growth path-
way remains unconstrained.

The comparison between WDMG6_SP_IN  and
WDMG6_ICE demonstrates that structural differences beyond
ice shape and nucleation introduce additional ice suppres-
sion. Although WDMG6_ICE incorporates ice-enhancing
mechanisms absent in WDM6_SP_IN (specifically contact
freezing active below —2 °C and secondary ice production
via the Hallett—-Mossop process from —8 to —3°C), its
total ice content remains lower (IWP 10.6 vs. 22.5gm™>2
at BAR). This difference arises from several factors that
act with differing importance in this case. The first is the
prognostic treatment of cloud ice number concentration.
Diagnostic schemes instantaneously recalculate ice number
concentration from ice mass at each timestep, so that ice
particles are replenished whenever mass recovers through
deposition, creating a resilient ice number concentration.
In contrast, prognostic treatment tracks cloud ice number
concentration through explicit source and sink terms, so
that once particles are removed by sublimation the number
concentration stays low unless new nucleation occurs, rather
than being restored from the ice mass at each step. Under the
constrained nucleation and suppressed growth rates shown
in Fig. 8, the prognostic formulation therefore keeps the
cloud ice number concentration persistently low in this case.
The second factor is the restricted temperature threshold for
vapor deposition nucleation (—8 °C in WDMG6_ICE vs. 0°C
in WDM6_SP_IN; see Appendix A3.2), which prevents the
nucleation of new cloud ice over the warmer part of the cloud
layer and thereby narrows the range over which the depleted
ice number can be replenished. The third factor is the set of
additional ice-phase processes (contact freezing, riming, and
Hallett—-Mossop multiplication), which in principle add ice
but contribute little in this case, as detailed in the following
paragraph. Among these, the prognostic treatment represents
the most fundamental structural change, since it governs
whether the ice number concentration can recover at all.

The limited influence of contact freezing and Hallett—
Mossop mechanisms in WDMG6_ICE reflects the compound
effect of unfavorable environmental conditions and con-
strained particle growth. The cloud-layer temperatures in
the M-PACE case ranged from —15 to —10 °C, outside the
Hallett—-Mossop activation window of —8 to —3 °C (Hallett
and Mossop, 1974). As noted by Luo et al. (2008), M-PACE
cloud temperatures fall outside this range. Additionally, the
simulated mean effective ice radius remains small (5—-13 um;
Fig. 3f), which is smaller than the particle sizes typically

Geosci. Model Dev., 19, 7069-7088, 2026



7082

required for efficient riming (> 25-50 um; Pruppacher and
Klett, 2010). The riming process in WDMG6_ICE (Piacw,
accretion of cloud water by cloud ice) is parameterized to
activate only when the mean-volume diameter of cloud ice
exceeds 50 um (Park and Lim, 2023), which the simulated
sizes never satisfy, effectively precluding riming as a growth
pathway. The spherical shape assumption thus creates a self-
reinforcing constraint, since by limiting depositional growth
it prevents cloud ice from reaching the sizes needed for rim-
ing and multiplication, confining the budget to a state dom-
inated by snow in which cloud ice is nearly absent. The
Hallett—-Mossop mechanism represented in WDM6_ICE is
therefore limited under the temperature range of this case,
but secondary ice production has been reported to be impor-
tant in many Arctic mixed-phase clouds, including for the M-
PACE period when other mechanisms such as droplet shat-
tering and ice—ice collisional breakup are considered (Zhao
et al., 2021; Pasquier et al., 2022). The limited role identi-
fied here thus reflects both the specific conditions of this case
and the particular secondary ice mechanism represented in
the scheme, rather than a general inactivity of secondary ice
production. Consistent with the regime-dependent response
discussed in Sect. 4.2, this constraint acts differently across
environments, moderating excessive ice production in mid-
latitude systems (Park and Lim, 2023) while producing a
more pronounced restructuring of the ice budget under the
narrow Arctic temperature range.

The excessive droplet production in WDMG6_ICE
(~890cm3) introduces additional feedback loops that
reinforce ice suppression. In WDMG6_ICE, immersion freez-
ing following the Bigg (1953) parameterization contributes
negligibly to ice production. Although the droplet number
concentration is high, the small droplet sizes (effective radii
~2.5-6um) reduce the per-droplet freezing probability,
and the net immersion freezing rate remains insufficient
to sustain ice formation. The prescribed CCN floor of
100 cm™—3, which is the default value of the WDM6 scheme
(Lim and Hong, 2010) amplifies this feedback asymmetri-
cally. In WDMB6, strong vapor deposition prevents sustained
water supersaturation so the CCN reservoir remains largely
inactive, with droplet concentrations below ~ 7 cm™3 along
the flight track, whereas in WDM6_ICE the suppressed
Pidep allows sustained supersaturation and repeated CCN
activation (Fig. 6a). Since Arctic CCN concentrations are
generally well below 100 cm~3 (Mauritsen et al., 2011; Jung
et al., 2018), the enforced minimum maintains a CCN source
above observed values, sustaining droplet concentrations
that reach ~ 890 cm™3 along the flight track in WDMG6_ICE,
well above the observed ~27cm™3 (Fig. 3b). Systematic
investigation of CCN sensitivity constitutes a separate re-
search question beyond the scope of the present study. More
fundamentally, the Bigg parameterization treats immersion
freezing as a purely stochastic process without consider-
ing aerosol composition. Frameworks such as de Boer et
al. (2010), which couple ice nucleation to insoluble material
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within droplets, or Ong et al. (2024), which incorporate
cloud ice shape dependence, represent nucleation pathways
structurally absent from WDMG6_ICE and may be a useful
direction for simulating cases such as the one examined
here.

Beyond these microphysical factors, external conditions
also influence the simulated clouds and provide a check on
the robustness of the results. The water vapor profiles show
that the ERAS boundary conditions are drier than the obser-
vations within the cloud layer (Fig. S5), providing insuffi-
cient moisture for all configurations. The simulated clouds
are also systematically lower than observed. The observed
cloud top is near 1371 m, whereas the simulated cloud tops
are lower, at 1162 m in WDMG6_ICE and 873 m in WDM6
(Fig. S5). The potential temperature profiles indicate that the
modelled inversion and boundary layer top are lower than ob-
served, and this bias is already present in the ERAS boundary
conditions, whose cloud top (1182 m) also lies below the ob-
served value. Because all experiments share the same ERAS
forcing and boundary layer scheme, this low bias is com-
mon to every configuration. Because the relative compari-
son of microphysical sensitivities is the focus of this study
rather than the absolute cloud height, this bias does not al-
ter the conclusions, which rest on the relative differences
between configurations. The upward shift of the LWC peak
from WDM6 to WDMG6_ICE (Fig. 7) follows from this dif-
ference in cloud top. The suppression of ice deposition in
WDMBG6_ICE allows more supercooled liquid to persist and
the cloud top to remain higher and colder, and the LWC peak,
which forms near the cloud top below the inversion, rises ac-
cordingly, whereas the stronger depletion of liquid by ice de-
position in WDMBG6 lowers its cloud top further. The stronger
radiative cooling at the colder cloud top is in turn consistent
with a deeper and more thoroughly mixed boundary layer,
since the circulation in stratocumulus layers is driven largely
by radiative cooling near the cloud top (Wood, 2012). To fur-
ther assess robustness to the boundary layer parameteriza-
tion, additional simulations used the Shin and Hong (2015)
PBL scheme. The overall LWC sensitivity hierarchy and
the dominant role of ice shape modification are consistent
across both schemes (Fig. S6). The magnitude of IWC re-
duction in WDMG6_ICE varies between schemes (peak IWC
~0.01 gm~3 with YSU versus ~0.03 gm~> with Shin and
Hong, 2015), indicating some interaction between the prog-
nostic ice treatment and boundary layer mixing, while the
qualitative regime-dependent responses remain robust.

5 Conclusions

This study evaluated the behavior of the WDM6 and
WDMG6_ICE microphysics schemes under Arctic mixed-
phase cloud conditions using the M-PACE case (9-10 Octo-
ber 2004), with sensitivity experiments isolating the effects
of ice shape and nucleation modifications.
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The two schemes produce opposing biases: WDM6
severely underestimates liquid water due to excessive ice de-
position, while WDMG6_ICE substantially suppresses cloud
ice and shifts the ice budget to a snow-dominated state, main-
taining persistent liquid water but with droplet concentra-
tions well above those observed. The sensitivity decomposi-
tion shows that ice shape modification is the dominant factor,
reducing vapor deposition onto cloud ice (Pidep) by approx-
imately 98 % and total IWC approximately 70 %. Nucleation
modification alone (WDM6_IN) does not reduce total ice
content but instead redistributes ice from the cloud ice to the
snow category, indicating that correcting INP number with-
out constraining ice growth pathways is insufficient for im-
proving Arctic ice representation. The comparison between
WDM6_SP_IN and WDMG6_ICE indicates that the remain-
ing structural differences, primarily the prognostic ice num-
ber treatment, produce additional cloud ice suppression, as
irreversible particle loss through sublimation is not compen-
sated by sufficient nucleation under Arctic conditions. While
Park and Lim (2023) showed that the same WDMG6_ICE
modifications reduced cloud ice mixing ratio but maintained
cloud ice throughout the cloud layer in mid-latitude cases,
the present results show a more pronounced response un-
der Arctic conditions, with cloud ice nearly depleted and ice
number concentration decreased rather than increased, sug-
gesting that the response to these modifications is regime-
dependent. This interpretation rests on a single M-PACE
case, and additional cases under different Arctic conditions,
including cases within the Hallett—-Mossop temperature win-
dow or with stronger primary nucleation, are needed to test
whether the contrast persists more generally.

Surface energy analysis indicates that balanced phase par-
titioning matters more than liquid water maximization for ra-
diative bias reduction, since configurations with intermediate
LWP yield surface temperature biases no larger than those of
the configuration that maximizes liquid water.

These results highlight several structural characteristics of
the current WDMG6_ICE framework that constrain its Arc-
tic application: the absence of INP recycling, the CCN floor
that sustains droplet concentration above observed values
under suppressed ice conditions, the lack of aerosol-aware
immersion freezing, and the fixed spherical ice shape that
prevents cloud ice particles from reaching sizes necessary
for secondary ice production. These constraints suggest that
improving Arctic MPC representation in bulk microphysics
schemes may benefit from shape-dependent ice growth for-
mulations and closer coupling between aerosol properties
and ice nucleation, though the effectiveness of such ap-
proaches remains to be tested.

The prognostic treatment of cloud ice number concentra-
tion in WDMG6_ICE represents a physically meaningful ad-
vancement over the diagnostic approach, as demonstrated by
its improved performance in mid-latitude environments (Park
and Lim, 2023). Building on this foundation, future develop-
ment toward Arctic application may benefit from incorpo-
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rating mechanisms such as INP recycling (Fu et al., 2019),
shape-dependent ice growth formulations (e.g., Morrison and
Milbrandt, 2015), and aerosol-aware ice nucleation (e.g., de
Boer et al., 2010; Ong et al., 2024). Such extensions would
help bridge the gap between mid-latitude and Arctic perfor-
mance, contributing to more physically consistent scheme
behavior across diverse climate regimes. These findings are
based on a single M-PACE case and should be interpreted
accordingly. The case was selected as a persistent, single-
layer mixed-phase cloud under a steady cold-air outbreak,
which isolates the microphysical pathways governing phase
partitioning. The regime-dependent behavior reported here
is therefore presented as a mechanism demonstrated for this
case, and its quantitative generality across the broader range
of Arctic mixed-phase conditions remains to be tested with
additional cases in future work.

Appendix A: Appendices

This appendix focuses on the parameterizations most rele-
vant to the present sensitivity experiments.

Al WDM6 parameterizations

The baseline WDMG6 scheme uses temperature-based ice nu-
cleation and ice-mass-dependent cloud ice number concen-
tration. Ice particles are assumed to have bullet shapes with
coefficients from Heymsfield and Iaquinta (2000).

Al.1 Ice-nucleating particle (INP) number
concentration (Diagnostic)
N [m—3] — 10° x exp[0.1(To — T)], (A1)

(Note: INP number concentration presented as Njg in Hong
et al., 2004, Nj,q in Park and Lim, 2023.)

Al.2 Cloud ice number concentration (Diagnostic)

N; [m™3] =538 x 107 (pg) 7, (A2)
1. Nj has no memory of previous timesteps
2. Any change in g; immediately adjusts N;

3. Ice number population recovers instantly when ice mass
increases

4. Sink terms (sublimation, sedimentation) affect ¢;, which
then diagnostically adjusts N;j. This formulation creates
tight coupling between ice mass and number, preventing
independent evolution of particle size distributions.

A1.3 Ice particle properties (Single bullet Shape)

Mass-diameter relationship

1 2.0 50 PO 0.5
M; [kg] = <m> D (Z) (A3)
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Fall velocity-diameter relationship

Vi [ms~']=1.49 x 10*D}31, (A4)
A2 Sensitivity Experiment Modifications

A2.1 Spherical ice shape

Based on Brown and Francis (1995) and Korolev and Isaac
(2003), ice particles are assumed spherical with bulk density

(pi).
Mass-diameter relationship

M; [ke] = (£4) D}° (pi [kem™* | = 500) (AS)

Fall velocity-diameter relationship

0.5
Vi [ms~'] = 2710 x Di“’(@) . (A6)

Pa

A2.2 Modified Ice Nucleation

Based on Cooper (1986) temperature-dependent nucleation
with observational upper limit (DeMott et al., 2010), active
at T < 0°C. Vapor depositional/condensation freezing.

No [m_3 s_l] — 5 x exp[0.304 (Tp — T)],
(max 500 L—l) (A7)
A3 WDMG6_ICE Parameterizations

WDMG6_ICE combines spherical ice shape (Appendix A2.1)
with prognostic cloud ice number concentration treat-
ment and modified nucleation implementation. Although
WDMG6_ICE includes additional processes such as contact
freezing, Hallett-Mossop multiplication, and graupel cate-
gory (see Park and Lim, 2023 for complete detail), this ap-
pendix focuses on the parameterizations most relevant to the
present sensitivity experiments.

A3.1 Prognostic Cloud Ice Number Concentration

WDMG6_ICE treats cloud ice number concentration (V;) as a
prognostic variable. The ice size distribution is represented
by a gamma function:

Ni (D) [m™*] = NoiD!" exp (— (D)} (A8)

Where the intercept (Ngj) and slope (Aj) are diagnosed
from prognostic N; and ice mixing ratio (g;) through mass-
diameter relationships (Sect. A2.1). The shape parameter
(1) is prescribed. The prognostic N; evolves through nucle-
ation (vapor deposition, contact freezing, immersion freez-
ing), ice multiplication (Hallett—-Mossop), sublimation, melt-
ing, aggregation, and sedimentation.

Geosci. Model Dev., 19, 7069-7088, 2026

This prognostic treatment fundamentally differs from the
diagnostic approach (Appendix A1.2) in how Nj; responds to
changes in ice mass:

— Diagnostic (WDMS6): N; recalculated every timestep —
if g; recovers through deposition, Nj; instantly recovers

— Prognostic (WDMG6_ICE): N; evolves through explicit
source/sink terms — if particles sublimate or sediment,
they are permanently removed from Nj; recovery re-
quires new nucleation events.

This decoupling creates potential for irreversible N; deple-
tion when: (1) nucleation is constrained (e.g., WDM6_IN:
191 vs 3320 m™3), limiting the source term, and (2) particle
growth is suppressed (e.g., WDM6_SP: spherical ice reduc-
ing deposition), increasing relative importance of sink terms
(sublimation, sedimentation).

A3.2 Modified Ice Nucleation Implementation

INP number concentration (Njpq) remains diagnostic fol-
lowing the Cooper curve (Appendix A2.2), but vapor de-
positional/condensational freezing (Ninud) is implemented
differently from WDMG6_IN and WDM6_SP_IN. The
key difference is the temperature threshold: WDM6_IN
and WDMG6_SP_IN activate Ninud at 7T <0°C, while
WDMBG6_ICE restricts activation to 7 < —8 °C.

The prognostic formulation calculates cloud ice number
and mass increments as:

Nind — Ni

Ninud [m_3 s—l] - %, (when Ngg > Ni)  (A9)
M.

Pinud [kgkg*‘ s*‘] — Ninud x p—‘“d, (A10)
a

Where Minq is the initial mass of the nucleated cloud ice, cal-
culated as Ming = 52 x (Ring)® With Ring (10 um) being ini-
tial radius of the nucleated cloud ice. This approach directly
updates prognostic Nj, which then affects size distribution
parameters and subsequent microphysical processes.

This differs from WDMG6_IN (Appendix A2.2), which
converts Njyq directly to ice mass (Pigen) and diagnoses Nj
from g; at each time step. Between 0 and —8 °C, WDMG6_ICE
does not nucleate new cloud ice through vapor deposition,
but existing ice particles continue to grow via vapor depo-
sition (Pidep, active at T <0 °C), immersion freezing, and
contact freezing (T < —2°C).

Code and data availability. The WRF model version 4.3.1
is described in Skamarock et al. (2021) and available at
https://doi.org/10.5065/1dfh-6p97.

Initial and  boundary  conditions  were  obtained
from the ERAS reanalysis: ERAS  pressure level
data (https://doi.org/10.24381/cds.bd0915¢6, Hers-
bach et al, 2023a) and ERAS single level data

(https://doi.org/10.24381/cds.adbb2d47, Hersbach et al., 2023b).
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Observation data can be accessed through the Atmospheric
Radiation Measurement (ARM) User Facility. Aircraft in-situ
microphysics data from the M-PACE campaign (McFarquhar,
2008) are available from the ARM Data Center at https:
/ladc.arm.gov/discovery/results/iopShortName::nsa2004arcticcld
(last access: 20 July 2026). Access requires free registration
at https://adc.arm.gov (last access: 20 July 2026). Surface
station data are available from the ARM Data Center: ARM-
BEATM (https://doi.org/10.5439/1333748, Chen and Xie, 2001),
ACRED (https://doi.org/10.5439/1995948, Xie, 1999), MWR-
RET (https://doi.org/10.5439/1027369, Zhang, 2001), QCRAD
(https://doi.org/10.5439/1027372, Zhang, 1998), and radiosonde
(https://doi.org/10.5439/1595321, Keeler et al., 2002).

The bathymetry and land elevation shown in Fig. 1b are
from the GEBCO_2023 Grid (GEBCO Compilation Group, 2023;
https://doi.org/10.5285/f98b053b-0cbc-6¢23-e053-6¢86abcOaf7b).

The model code for WDMG6_ICE is publicly available at
Zenodo (https://doi.org/10.5281/zenodo.7395819, Park, 2023).
The model codes for WDM6_SP and WDMG6_SP_IN exper-
iments, along with figure generation scripts, are archived at
Zenodo (https://doi.org/10.5281/zenodo.19049015, Sung, 2026).
Model outputs are available upon request (Hyun-Joon Sung via
seren02359 @ gmail.com).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/gmd-19-7069-2026-supplement.
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