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Abstract. Polar mesospheric clouds (PMCs), composed of ice particles, play a crucial role in mesospheric H2O redistribution,

yet their microphysical-formation mechanism—sparticearly—tcernueleation— remains incompletely understood. Using the

Aeronomy of Ice in the Mesosphere (AlM) satellite observations, we reveal a previously unreported hemispheric asymmetry:

southern hemisphere{SH) PMCs show a significant latitudinal decrease in column ice particle concentration, while their
northern hemisphere-(NH) counterparts exhibit zero trend. Our further analysis demonstrates that the column-averaged ice
particle concentration (Nc) and radius (r¢) are primarily governed by PMC height (h), rather than environmental temperature
(Tenv). To explain these observations, we propose the charged meteoric smoke particle (MSP) nucleation (CMN) scheme, an
altitude-dependent framework based on two key postulates: (1) charged-MSPs serve as ubiquitous ice nuclei throughout the
PMC layer, and (2) ice particles grow predominantly in situ with negligible sedimentation. The CMN scheme naturally
accounts for the observed vertical gradients in ice particle concentration (increasing with altitude due to charged-MSPs
distribution) and size (decreasing with altitude due to H.O competition among ice particles). By eliminating sedimentation,
the CMN scheme introduces a novel bottom-up H»O redistribution mechanism we term the cold-trap effect. This mechanism
is driven by summer polar upwelling dynamics: upward H,O transport induces hydration, while simultaneous ice particle
formation (facilitated by upwelling-induced cooling) blocks further H,O transport, ultimately causing dehydration above
PMCs. While the traditional growth-sedimentation (GS) scheme and freeze-drying effect are well-validated, our CMN
scheme and cold-trap effect provide an alternative paradigm particularly for understanding zonal and daily-scale PMC

variability and associated HO redistribution processes.

1 Introduction

Polar mesospheric clouds (PMCs), the highest ice clouds in the Earth’s atmosphere, form in summer high latitudes above 80
km where temperatures typically fall below 150 K, serving as important tracers of mesospheric physics and dynamics (Plane
et al., 2023; Rapp and Thomas, 2006). Their formation and variability are influenced by complex atmospheric dynamics

including gravity waves (Chandran et al., 2012; Gao et al., 2018), planetary waves (France et al., 2018; Liu et al., 2015),
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tides (Fiedler and Baumgarten, 2018; Liu et al., 2016), and inter-hemispheric coupling (Gumbel and Karlsson, 2011;
Karlsson et al., 2009). Solar ultraviolet (UV) radiation additionally modulates PMCs through radiative heating and H,O
photolysis (Beig et al., 2008; Shapiro et al., 2012). However, the 27-day solar cycle signature is ambiguous (Dalin et al.,
2018; Robert et al., 2010; Thurairajah et al., 2017), and the previously observed 11-year solar cycle influence has notably
diminished over recent two decades (Hervig et al., 2019; Vellalassery et al., 2023).

The climate sensitivity of PMCs has generated considerable scientific interest. While—Climate models predict PMC
enhancement threugh-dual-pathways—due to mesospheric cooling from increasing CO; emission and elevated H,O from
CH4 oxidation (Libken et al., 2018)—eobservational-evidence—forsuch-trends—remains-inconclusive, DeLand and Thomas

(2019)_reported significant increasing PMC trend in the northern hemisphere (NH). However, the trend in the southern

hemisphere (SH) is significant during 1978-1997 but become insignificant during 1998-2018, highlighting interhemispheric

differences and complexities in long-term PMC response to climate change.—Fhis—discrepancy—highlights—gaps—in—our
. : ) . . . ith-HLO.

The prevailing growth-sedimentation (GS) framework describes PMC formation and evolution through a sequence of

microphysical processes: ice nucleation at cloud top with meteoric smoke particles (-MSPs) > 1 nm (critical radius) acting as

ice nuclei (Duft et al., 2019), ice particles growth via water vapor deposition, sedimentation under gravity, and eventual
sublimation below the supersaturated zone (Hultgren and Gumbel, 2014; Rapp and Thomas, 2006). Implemented in leading
PMC models like WACCM-CARMA and LIMA-MIMAS, the GS scheme successfully explains many aspects of observed
PMC variability (Bardeen et al., 2010; Kuilman et al., 2017; Libken et al., 2018).

However, critical uncertainties remain regarding ice nuclei availability. MSPs form through meteor ablation and
recondensation, their size distribution follows a power law resulting in abundant small particles but scarce large particles
(Plane, 2012; Scales and Mahmoudian, 2016). However, meridional circulation transports larger MSPs to winter hemisphere,
potentially causing an ice nuclei deficit (Megner et al., 2008a; Megner et al., 2008b). To address this limitation, charged
MSPs have been proposed as alternative ice nuclei, which are abundant in the mesosphere and the charges reduce their
critical radius by electric forces (Gumbel and Megner, 2009; Megner and Gumbel, 2009). Supporting evidence includes
observed correlations between ice particle size and solar wind magnetic field (Zhang et al., 2022). Nevertheless, fundamental
questions remain regarding MSP charging process and their spatiotemporal distribution. (Antonsen et al., 2017; Dawkins et
al., 2023; Hervig et al., 2022; Knappmiller et al., 2011).

PMCs are suggested to affect upper mesospheric ozone chemistry and climate through H.O modulation (Siskind et al.,
2008; Siskind et al., 2018). The widely recognized freeze-drying effect derived from GS scheme describes a top-down H,O
redistribution process: ice particle sedimentation dehydrates air above PMCs, while subsequent sublimation hydrates regions
below (Hervig et al., 2015; Libken et al., 2009; Vellalassery et al., 2023). Although conceptually robust, models
implementing freeze-drying effect tend to overestimate dehydration/hydration magnitudes (Bardeen et al., 2010; Libken et

al., 2009), indicating incomplete physical understanding.
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This study presents new insights into PMC formation through analysis of AIM satellite observations. Section 2 describes
the dataset and methods. Section 3 examines the PMC variability with latitude, altitude, temperatures. Section 4 introduces
an innovative altitude-dependent PMC formation scheme and proposes a novel bottom-up H,O redistribution mechanism.

Section 5 presents our concluding remarks and implications.

2 Data and method

The PMC data used in this study were observed by the Solar Occultation for Ice Experiment (SOFIE) and Cloud Imaging
and Particle Size (CIPS) instruments aboard the Aeronomy of Ice in the Mesosphere (AIM) satellite. Launched on 25 April
2007, the AIM satellite operates in a sun-synchronous polar orbit, providing approximately 15 daily observations of the
PMC region (Russell 111 et al., 2009). The contact with AIM was lost due to battery fail in 2023, and the satellite re-entered

the Earth’s atmosphere in 2024.

The SOFIE instrument employs solar occultation techniques to measure vertical profiles of PMC properties (ice particle
concentration and radius), atmospheric temperature, and H.O mixing ratio (Gordley et al., 2009; Hervig et al., 2009a). The
latitude coverage of SOFIE/AIM shifts from approximately 65 ®toward 74<during the core PMC season (from -10 to +50
days relative to solstice), with a mean observational latitude near 70<in both hemispheres. Operating-primarily-between65°

QN o o

822latitudewith-afoeus-6 0latitudeduringPMGC seasons—The latitude coverage of SOFIE shifts equatorward each

season and moved to mid-latitudes (~55N/S) by 2015, where PMC occurrence frequency is very low (Hervig et al., 2016).
Consequently, SOFIE has-collected usable data for 8 PMC seasons (2007-2014) in the NH and 7 PMC seasons (2007/2008-
2013/2014) in the SH. The CIPS instrument is a UV nadir imager that captures PMC characteristics including ice particle

radius, albedo, and ice waterwate content (IWC) with a high spatial resolution of 5>5 km across 4085 “latitude (Carstens et
al., 2013; Lumpe et al., 2013), with data available for 10 PMC seasons in both hemispheres (NH: 2007-2016; SH:
2007/2008-2016/2017). Ice particle column concentration Ncips was derived from the relationship Ncips = IWC/Mice, Where
Mice represents the mass of ice particles calculated as Mice = 4zr3pice/3, With an assumed ice density pice ~ 0.92 g cm3.
SOFIE/AIM provides measurements for altitude of the top (Ztwp), maximum (Zmax) and bottom (Zne) of PMC layers. The
daily mean PMC height h (approximately equal to Znax) Was calculated as (Ziwp + Znot)/2, Serving as a forcing variable in this
paper, and the daily mean PMC thickness (AZ) was defined as Zwp — Zoo. Column-averaged ice particle radius (r¢) and
concentration (N¢) were obtained by averaging values between daily mean Zy: and Ziop for each profile. As summarized in
Table 1, the SH exhibits a ~1 km higher mean PMC height (84.5 km) compared to the NH (83.7 km), consistent with
simulations and ground observations (Chu et al., 2006; Libken and Berger, 2007). Notably, all measured parameters show
greater seasonal variability (quantified by standard deviations) in the SH than that in the NH, likely reflecting stronger

dynamical influences in southern polar regions compared to their northern counterparts.



Table 1. Mean values and variability of PMC properties observed by SOFIE/AIM at ~70N/S during PMC seasons (2007-
2014). Column-averaged ice particle radius (r¢) and concentration (Nc) were averaged between daily mean Zyot and Zop.

95 Standard deviations (8) represent the seasonal variability after removing 35-day running means. All data correspond to the
core PMC season (—10 to +50 days relative to solstice).

Ziop Zmax Zyot h AZ Fe N Iwc
SH 86.6 km 84.5 km 82.5 km 84.5 km 4.2 km 25.2 nm 296 cm™  28.5 pg/m?
NH 86.5 km 83.5 km 80.8 km 83.7 km 5.7 km 27.0 nm 317em™  57.5 pg/m?

8Zop 0Z max 0Zvot oh SAZ or. ON. sIwcC
SH 0.89 km 0.81 km 1.0 km 0.84 km 0.95 km 5.6 nm 242 cm®  12.8 pg/m?
NH 0.65 km 0.54 km 0.82 km 0.59 km 0.89 km 3.6 nm 182cm®  17.8 ug/m?

3 Results
3.1 Latitude variability of PMC properties

Analysis of CIPS/AIM observations reveals distinct latitudinal gradients in PMC properties from 60<to 85<in both

100 hemispheres (Figure 1). Consistent with theoretical expectations, IWC and ice particle radius exhibit positive latitudinal
gradients in both hemispheres (Fig. 1a-b), reflecting enhanced cloud formation under the colder temperatures and elevated
H>0O mixing ratios at higher latitudes. However, the SH displays a surprising negative gradient in column ice particle
concentration (Ncips), directly contradicting predictions from the conventional GS framework (Fig. 1c). While the GS
mechanism predicts increasing Ncips with latitude due to extended particle residence times in thicker cloud layers, the

105 observed SH trend challenges this paradigm and suggests limitations in current microphysical understanding. Notably, this

anomalous pattern exhibits strong hemispheric asymmetry, as NH Ncips values remain essentially latitude-independent.

3.2 Hemispheric differences in seasonal trends

SOFIE observations at ~70<=N/S reveal pronounced interhemispheric contrasts in PMC seasonal evolution (Figure 2). The

SH exhibits a coherent ~0.04 km/day descent in both cloud top (Ziwp) and bottom (Zner), while NH -heights remain stable - a
110 pattern corroborated by ground-based lidar observations in the NH (L{bken et al., 2008) and SH (Chu et al., 2006). The limb

satellite measurements of both the SNOE and OMPS LP data also confirm the decreasing PMC altitudes in the SH during

core PMC season (Bailey et al., 2005; DeLand and Gorkavyi, 2021). More strikingly, column-averaged ice particle

concentration (N¢) decreases substantially in the SH (4.2 cm®/day) while remaining nearly constant in the NH, whereas
column-averaged ice particle radius (rc) increases in both hemispheres (SH: 0.19 nm/day; NH: 0.09 nm/day). The tight
115 coupling between N and h variations strongly suggests that PMC height h actively governs microphysical processes rather

than simply reflecting geometric cloud properties.
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3.3 Vertical profiles between December (June) and January (July)

Comparative analysis of December-January profiles (Figure 3) demonstrates significant monthly variations in SH PMC
characteristics fundamentally controlled by upwelling. Enhanced summer polar upwelling in January drives more
pronounced adiabatic cooling (reducing by ~4 K near 80 km) and stronger vertical H,O transport (increasing by 0.5 ppmv
near 80 km), creating more favorable conditions for ice growth that yield higher IWC values compared to December (33.6 vs.
21.6 ugm2). Remarkably, despite these environmental changes, vertical profiles of ice particle concentration and radius
remain stable between the two months, suggesting nucleation processes are largely decoupled from local temperature and
H>O variations. The observed 1.3 km depression in PMC height h during January (Zp: 86.2 km vs. December’s 87.4 km;
Zoot: 82.1 km vs. 83.4 km) coincides with a 26% reduction in column-averaged ice particle concentration N (285 cm vs.
384 cm™) but a 4.8 nm increase in ice particle radius (31.9 nm vs 27.1 nm), consistent with our height-dependent nucleation

hypothesis. More detailed discussion for results in Fig. 3 will be provided later in Section 4.4.

Parallel analysis of NH profiles (Figure 4) between June and July reveals similar h-N. relationships, with stable
PMC altitudes (July: 83.5 km vs. June: 83.9 km) and nearly constant column-averaged ice particle concentrations (313 cm-
vs. 334 cm™3). The observed 4 nm radius increase (34.7 nm vs. 30.7 nm) appears driven primarily by enhanced H,O
availability rather than height or concentration variations. These intermonth comparisons collectively demonstrate that PMC
altitude predominantly regulates ice particle concentration, while particle size responds to both PMC height (via
concentration) and H,O abundance.

In addition, the differences in the monthly-mean sampling latitude of SOFIE between compared months are small

(e.q., December vs. January in the SH: 3.1< June vs. July in the NH: 2.09. The pronounced contrasts in temperature, H,0,

and PMC properties between these months, as shown in Figs. 3-4, are therefore attributable to intra-seasonal atmospheric

dynamics rather than to minor latitudinal differences.
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140 Figure 1. Latitudinal variations of (a) ice water content (IWC), (b) ice particle column radius (r), and (c) ice particle column
concentration (Ncips) in both hemispheres (60<285<latitude). Data from CIPS/AIM observations during 10 PMC seasons
(2007-2017), with the PMC season defined as -10 to 508-40 days after solstice. Error bars represent +1c (standard deviation
of the mean) interannual variability.
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3.4 Height-dependent control of PMC microphysics

Our analysis of PMC height (h) relationships with ice particle characteristics reveals fundamental patterns that challenge
conventional understanding (Figures 5-7). A robust anti-phase relationship emerges between h and column-averaged ice
particle radius (rc), with consistent negative correlations across all PMC seasons (R = —0.46 in SH, —0.51 in NH) in both
hemispheres (Figs. 5-6). —Complementary positive correlations exist between h and column-averaged ice particle
concentration (N¢) (R = 0.27 in SH, 0.26 in NH) in both hemispheres (the real-time relationships are not shown). Notably,
PMC thickness (AZ) shows no significant correlation with either microphysical parameter (Fig. 7), directly contradicting GS
framework predictions. The GS scheme anticipates that thicker PMC layers (larger AZ) should promote particle growth
through extended residence times, while it considers cloud height (h) merely as a passive indicator of environmental
conditions rather than an active control parameter. Our findings reveal the opposite, with h exerting dominant control over
both N¢ and r¢, while AZ showing negligible influence.

It is noteworthy that the latitude coverage of SOFIE/AIM drifts by ~9<over the core PMC season (from -10 to 50 days

relative to solstice). To assess the potential influence of this drift, we conducted a sensitivity test using narrower PMC season

definition (from -10 to 30 days relative to solstice), within which the latitudinal shift is reduced to ~4< The key relationships

in Figs. 5-7 remain consistent under this reduced window (not shown), confirming that the reported correlations are robust

and unaffected by latitudinal drift. Moreover, the 35-day running mean applied to all data in Figs. 5-7 effectively removes

longer-term trends, including those related to orbital drift, thereby further minimizing potential influence from gradual

latitudinal changes on the daily anomalies under study.

3.5 Decoupled environmental temperature and microphysics relationships

Temperature plays an important role in the formation of ice particles, and controls the PMC seasonal onset and termination
(Lee et al., 2024; Rong et al., 2012). Figures 8-9 reveal that the environmental temperature (Teny, averaged between 8078-88
km) shows expected control over PMC macroscopic properties, by driving both increased cloud thickness (4Z2) and ice water
content (IWC). However, the influence of Teny On microphysical parameters is contrary to traditional GS scheme predictions,
with PMC height (h), ice particle concentration (N¢), and radius (rc) all exhibiting statistically insignificant correlations with
Tenv and IWC (Figs. 8-9). This decoupling stems from compensatory vertical shifts in cloud boundary adjustments: colder
Tenv Simultaneously elevates Zy,, and lowers Zyo via the expansion of supersaturated zone, maintaining stable mean heights
(Figure 10). Results in Figs. 7-9 identifies two distinct parameter clusters of microphysical group (h, N, r¢) and
thermodynamic group (Ten, 4Z, IWC), which are internally correlated but mutually independent. Nevertheless, in the GS

scenario, lower environmental temperatures should enhance nucleation and growth, leading to larger column-averaged ice

particles-and-higher concentration_and radius, thus the observed absence of correlation between Ten and re/N¢ contradicts this

expectation, suggesting that the GS scheme does not fully capture the microphysical processes governing PMC formation.
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8078 km and 88 km. Similar to Fig. 7, the SOFIE/AIM data at ~70N/S from 2007 to 2014 during core PMC season (-10 to
+50 days relative to solstice) were applied, with the 35-day running mean removed. The error bars represent the standard
deviation of the mean across PMC seasons (2007-2014), and the dashed lines mark the 0.95 significant level.
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Figure 10. Cloud-top (Zwp) and cloud-bottom (Zye) temperature sensitivity profiles for both hemispheres (SH: red; NH:
blue). Zuoe (solid lines) is positively correlated with temperatures below PMCs, and Zyp (dashed lines) is negatively
correlated to temperatures above PMCs, possibly due to changes in supersaturated zone. The SOFIE/AIM data at ~70N/S
from 2007 to 2014 during core PMC seasons (—10 to +50 days relative to solstice) were applied, with the 35-day running
means removed._The error bars represent the standard deviation of the mean across PMC seasons (2007-2014), and the
dashed lines mark the 0.95 significant level.
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4 Discussion

4.1 The charged-MSPs nucleation scheme for PMC formation

Building upon the demonstrated control of PMC height h over ice particle microphysics, we propose a novel altitude-
dependent framework for PMC formation, termed as the charged-MSPs nucleation scheme. In contrast to the well-
established GS scheme, which has been validated for individual PMC, the charged-MSP nucleation (CMN) scheme is a

statisticalstatistic model designed to explain zonal and daily-mean scale PMC properties. The CMN scheme rests on two
foundational premises illustrated in Figure 11: (1) Ubiquitous ice nucleation by charged-MSPs throughout the supersaturated
zone. The charged-MSPs, though small, are abundant in upper mesosphere, whose concentration increases rapidly with
altitude due to the distribution of electrons produced by solar UV ionization. Their electric charges enhance water molecule
attraction, effectively lowering the energy barrier for ice nucleation (Gumbel and Megner, 2009; Megner and Gumbel, 2009).
It is important to note that although charged-MSPs are proposed as the most plausible ice nuclei in this study, the CMN
framework can be generalized to other potential candidates—such as neutral MSPs or ion clusters—provided that their
concentrations are abundant and increase sharply with altitude. (2) Dominantly in situ ice growth with negligible
sedimentation effects. Ice particles grow continuously within their formation layer until the environment transitions from
supersaturated to unsaturated, at which point the PMC reaches equilibrium with the surrounding environment (Christensen et

al., 2016; Hervig et al., 2009b). The cloud dissipation is not driven by particle fallout but by a rapid large-scale

thermodynamic_disruption, which raises local temperatures above the saturation threshold and leads to instantaneous

sublimation throughout the cloud layer.

In the CMN scenario, the vertical profile of ice particle concentration (increasing with altitude due to the vertical
distribution of charged-MSPs) and radius (decreasing with altitude due to the competition for H,O among ice particles)
inside the PMC emerge naturally, in which sedimentation is unnecessary. The profiles of ice particle concentration between
high PMC and low PMC are overlapped, and the column-averaged ice particle concentration (N¢) is larger for high PMC
simply because its higher boundary, as previously illustrated in Fig. 3.

The competition for limited H2O results in a negative relationship between ice particle radius and ice particle
concentration. At the top of PMCs, there are more charged-MSPs but less H,O, resulting in smaller ice particles; Similarly,
ice particles at the bottom of PMCs are larger due to the fewer charged-MSPs but abundant H,O. Figure 12 illustrates intense
competition for H-O throughout the saturation zone via the negative correlation between ice particle radius and concentration
at each altitude, demonstrating that there is an excess of ice nuclei throughout the PMC altitude range. Considering the
scarcity of large MSPs (Megner et al., 2008a; Megner et al., 2008b), Fig. 12 in turn supports the small but abundant charged-

MSPs to act as ice nuclei.
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4.2 Key observations explained by CMN framework
4.2.1 Decoupling between ice particle concentration and IWC

Figs. 7-9 demonstrate two statistically independent clusters (h, N, rc) and (Ten, 4Z, IWC), in the zonal and daily-mean scale
observations. Section 4.1 has discussed that in the CMN scenario the microphysical group (h, N, rc) are governed by
charged-MSP distribution and H,O competition. On the other hand, the near equilibrium between PMCs and environment
(derived from the in-situ growth assumption) in CMN scheme builds a direct link between IWC and Ten, with colder
conditions expand the supersaturated zone (increasing 4Z) and enhance the available H,O. In other words, the macrophysical
group (Ten, 4Z, IWC) are controlled by thermal conditions and saturation dynamics. Meanwhile, the mean PMC height h is
independent with Ten and IWC through compensating boundary adjustments, with Z, ascent and Zyo descent for expanding
supersaturated zone under colder conditions. In conclusion, the CMN scheme provides a compelling framework to interpret
the observed decoupling between (h, N, rc) and (Tenw, 4Z, IWC) shown in Figs. 7-9.

Previous observations have shown that IWC is surprisingly insensitive to ice particle concentration (Megner, 2011;
Megner, 2019), but simulations based on the GS scheme identified a sensitivity and attributed it to diffusion or vertical wind
transport (Wilms et al., 2016; Wilms et al., 2019). The CMN scheme provides an alternative explanation for this observed

insensitivity: the two groups of (h, Ne, rc) and (Ten, AZ, IWC) are decoupled on zonal and daily scales.

4.2.2 Latitude dependence of PMC microphysics

Fig. 1c demonstrates a hemispheric asymmetry in ice particle column concentration (Ncies) observed by CIPS/AIM, which
unexpectedly decreases with latitude in the SH while remaining stable in the NH. One possible explanation is the horizontal
transport of ice nuclei by meridional winds (Berger and von Zahn, 2007), which could theoretically enhance concentrations
at lower latitudes. However, meridional circulations are stronger in the NH, and this mechanism fails to explain the NH’s
stable Ncips in Fig. 1c.

The CMN scheme explains results in Fig. 1c via PMC height: the SH’s distinct Ncips reduction results from
decreasing h with latitude that limits access to charged-MSPs, while NH’s stable Ncips stems from minimal h variation with
latitude. NH’s stable h with latitude is supported by ground observations (Libken et al., 2008). The assumed SH’s
decreasing trend of h with latitude can preliminary be explained by the inverse relationship between upwelling intensity and
h in the SH, as demonstrated in Figs. 2-3. Moreover, Thurairajah et al. (2017) showed that PMC height is positively

correlated with environmental temperatures in the SH but insensitive in the NH (Fig. 13 therein). A more complete

interpretation of PMC height variability in the CMN framework will be presented in Section 4.4.
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Altitude-Dependent CMN Scheme for PMC Formation
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Figure 12. Altitude-resolved anti-correlation between daily mean ice particle radius (r) and concentration (N) derived from
SOFIE/AIM data at ~70N/S (2007-2014). The negative relationships across all altitude during core PMC season (—10 to
+50 days relative to solstice) presumably support the CMN scheme’s assumption of growth competition for limited H,O
throughout PMC range. The error bars represent the standard deviation of the mean across PMC seasons (2007-2014), and
the 35-day running means have been removed
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4.3 Bottom-up process for H20 redistribution

The GS scheme explains H,O redistribution through a top-down freeze-drying effect, where ice particle sedimentation
dehydrates air above PMCs while hydrates regions below through sublimation. In contrast, our CMN scheme introduces a
bottom-up cold-trap effect, where in site ice growth (with negligible sedimentation) couples H.O transport to upwelling
dynamics. This novel mechanism operates through two interconnected processes: Firstly, summer polar upwelling directly
elevates H,O, hydrating the upper mesosphere near 80 km. The hydrated air can be further transported towards winter
hemisphere by meridional circulation. Secondly, concurrent adiabatic cooling from this upwelling enhances ice particle
growth, creating a barrier that impedes further upward H,O transport and ultimately causes dehydration above PMCs. Key
distinctions between the two effects are summarized as follows.

(1) Direction and driver. While freeze-drying effect is sedimentation-driven and operates top-down, cold-trap effect
is upwelling-controlled and operates bottom-up. We quantify upwelling intensity using temperatures near 80 km at summer
polar region (T80s), where lower T80s indicate stronger upwelling due to enhanced adiabatic cooling. Figures 13 and 14
demonstrate the cold-trap effect through opposing H2O responses at different altitudes: negative T80s-H-O correlations at 80
km (Fig. 13) reveal upwelling-driven hydration, while positive correlations at 87 km (Fig. 14) show ice-mediated
dehydration as growing particles block upward H,O flux. The correlations between H,O at 87 km and temperatures at 87 km
are insignificant (not shown), and results in the NH are similar to that in Figs. 13-14 (not shown). In addition, Hervig et al.
(2015) showed that the temperature near 80 km (rather than above 84 km) controls strong hydration and dehydration events

(Fig. 3 therein), and their results can be naturally explained by thein cold-trap effect with the CMN framework throughby

viewing temperature near 80 km as an indicator of upwelling.

(2) Temporal characteristics. The freeze-drying effect in the GS scenario requires dehydration to precede hydration

due to the ice particle lifecycle. The cold-trap effect in the CMN scenario, however, allows either simultaneous or reversed

sequences. Notably, hydration can occur in the absence of dehydration when PMCs are very weak, as hydration is driven by
upwelling rather than PMCs. For example, while significant negative T80s-H2O correlations at 80 km (indicating hydration)
persist in November when PMCs are weak (left panels in Fig. 13), the corresponding positive correlations at 87 km
(reflecting dehydration) vanish in November (Fig. 14), demonstrating the decoupling between hydration and dehydration.

(3) Spatial and temporal scales. Freeze-drying effect has been well-validated for individual PMCs by observations
simulations. The individual PMCs are stronger, in which the sedimentation may be significant. In contrast, cold-trap effect
primarily governs zonal and daily-mean scale H.O redistribution, where the averaged PMCs are weaker and sedimentation
effects become negligible. Rather than contradicting the well-established freeze-drying paradigm, our cold-trap framework
provides a complementary explanation for larger-scale phenomena. In addition, this distinction is further explored in our

companion study s

investigates the cold-trap effect on global and interannual scales.
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4.4 Variability of PMC height

As a key forcing variable in the CMN scheme, PMC height variability requires careful examination. Previous studies have
identified multiple controlling factors, including mesopause altitude and temperature (Li et al., 2024; Russell 111 et al., 2010),
the 145 K isotherm position (LUbken et al., 2008), the freeze-drying effect (LUbken et al., 2009), solar activity (K&hnke et
al., 2018; Thurairajah et al., 2017), and CO2-induced atmospheric contraction (L{bken et al., 2018).

The controlling mechanisms of PMC height variability exhibit a strong dependence on the timescale of analysis. On

seasonal timescales (as shown in Fig. 2), the cold-trap effect driven by persistent upwelling dominates, resulting in a

coherent descent of both Z,y and Zi, and a significant reduction in h. In contrast, on daily timescales (after removing the 35-

day running mean in Figs. 8-10), PMC height becomes uncorrelated with environment temperatures. This decoupling occurs

because daily-scale temperature fluctuations can arise from different vertical structures: cooling near 80 km lowers Zyot,

while cooling near 86 km raises Zip,. The mean PMC height remains stable due to these compensating vertical adjustments.

Our CMN framework introduces an additional upwelling-driven mechanism through the cold-trap effect, which explains
the PMC height variability in the SH: (1) Enhanced upwelling simultaneously lowers temperatures and increases H,O
availability near 80 km, expanding the saturated zone and depressing cloud base (Znot); (2). Intensified ice growth under
these conditions blocks upward H,O transport, dehydrating upper layers and thereby lowering cloud top (Zwp). As shown in
Fig. 3, the stronger upwelling in January reduces the PMC height h {the-mean-of-Ziyand-Zwep)-by ~1.3 km in-comparisen
with-compared to December through this cold-trap effect.

The cold-trap effect operates differently in the NH-differs-markedhy, as shown in Fig. 4. In July, smaller temperature
decreases are coupled with greater H,O increases near 80 km, preventing effective ice-mediated blocking of upward H,O
transport. This suggests that NH t—ether—weords—the—upwelling—n—the—NH (possibly characterized byinducing weaker
adiabatic cooling but stronger H,O flux) can transport H,O to higher altitudeseleud-tep, resulting in stable Z, values and

consequently minimal height changes between June and July.

Thise-abeve bottom-up explanation ferPMC-height-variabitity-byvia cold-trap effect leads toeauses coherent variations
inthe Znot and Zyp-to-change-coherenthy. Figure 15 further illustrates the hemispheric asymmetry for the positive correlations
between Zyn (reducedmodulated by hydration) and Zy, (reducedmodulated by dehydration). The weaker correlations are
weaker-in the NH;-due-te-the reflect less efficient dehydration in the cold-trap effect.

The freeze-drying effect of the GS scheme can also reduce both cloud top and base altitudes bythrough sedimentation-
driven H,O transport, potentially producing similarleading-te-the positive eerrelations-betweenZpor—-ane-Ziop-_correlations.
However, the entire life cycle of ice particles in the freeze-drying effect, including nucleation, growth, sedimentation, and

sublimation, takes up to ~2 days (Rapp and Thomas, 2006; Rusch et al., 2017; Wilms et al., 2016). ConsequentlyFherefore,
Znoe would beis expected to lag after-Ziop by ~2 days, contradictingeenflictwith the instantaneous Zyo-Ziop coupling observed

in Fig. 15. In contrast, the CMN scheme enable rapidsattews ice particlesnucleation at all altitudes and predominantly in-situ
(rowth,—e—emm—ranidy—throuah e puelention—cecurrpeob ol alitades ond oo porticlos orowring I ol
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supportingpermitting simultaneous hydration and dehydration responses that maintain phase coherence (zero-day lags)

between cloud boundaries.
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Figure 13. Hydration at 80 km driven by upwelling. (Left) Negative correlation between temperatures at 79 km (T80s, proxy

for summer polar upwelling) and H2O at 80 km in the SH from 2007/2008 to 2013/2014. (Right) Corresponding correlation

coefficients for the core PMC seasons (time span of —10 to +50 days relative to solstice). SOFIE/AIM data at ~70<S with 35-

day running mean removed. Notably, the negative correlations in left panels persist even outside core PMC seasons,
375 demonstrating that hydration is fundamentally driven by upwelling rather than PMCs.
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Figure 14. Dehydration at 87 km induced by ice-mediated H2O blocking. (Left) Positive correlation between T80s at 79 km
(proxy of summer polar upwelling) and H,O at 87 km in the SH from 2007/2008 to 2013/2014. (Right) Corresponding
correlation coefficients for the time span of —10 to +50 days relative to solstice. SOFIE/AIM data at ~70<S with 35-day

380 running mean removed. Note the inverted y-axis ranges for H.O concentration between Fig. 13 and Fig. 14.
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Figure 15. Lagged correlation between the PMC top (Ziwp) and base (Znot) altitudes in the SH and NH. The SOFIE/AIM data

at ~70N/S from 2007 to 2014 during core PMC seasons (—10 to +50 days relative to solstice) were applied, with the 35-day

running means removed. The error bars represent the standard deviation of the mean across PMC seasons (2007-2014), and
385 the dashed lines mark the 0.95 significant level.

26



390

395

400

405

410

5 Conclusion

Our study reveals new insights into PMC microphysics through analysis of CIPS/AIM and SOFIE/AIM. We identify a
previously undocumented hemispheric asymmetry characterized by a distinct latitudinal decrease in ice particle column
concentration Ncies in the SH, while the NH maintains a stable pattern. Further analysis demonstrates that column-averaged
ice particles concentration N and radius rc at ~70<N/S exhibit strong dependence on PMC height h rather than environmental
temperatures Ten. These findings are explained by a novel charged-MSPs nucleation scheme, which proposes an altitude-
dependent formation mechanism where (1) charged-MSPs act as ubiquitous ice nuclei throughout the supersaturated zone
and (2) ice particles grow predominantly in situ. This framework naturally accounts for the observed vertical profiles, with
ice particle concentration increasing with altitude (due to charged-MSPs distribution) while ice particle radius decreasing
(due to H.O competition among ice particles). Moreover, the CMN scheme reveals two decoupled parameter groups:
microphysical properties (h, N, rc) controlled by nucleation processes and macrophysical variables (Ten, 4Z, IWC) governed

by thermal conditions.

By minimizing sedimentation effects, the CMN scheme enables a bottom-up cold-trap effect for H,O redistribution. The
cold-trap effect is fundamentally driven by upwelling, which simultaneously produces hydration near 80 km (via vertical
transport) and dehydration (via ice-mediated blocking). Hemispheric differences in_the efficacy of the cold-trap effect and

PMCheight—variations—emerge—clearhyare clear: SH upwelling simultaneously produces hydration (lowering Zy,) and
dehydration (lowering Zssuop), collectively leweringreducing PMC height. In contrast, white—NH upwelling generates

substantial hydration but only minimal dehydration, resulting in stable PMC heights and consistent column-averaged ice
particle concentrations.

Rather than contradicting the conventional GS scheme and freeze-drying effect which well explain individual PMC
evolution, the CMN scheme and cold-trap effect are built to elucidate PMC variability on zonal and daily scales. Key
uncertainties remain regarding charged-MSPs characteristics and interhemispheric differences. Future work should focus on
developing comprehensive CMN-based PMC models to quantify ice nucleation and growth processes, and investigate the

interactions between PMCs and mesospheric H,O.
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