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Eugenia Maŕıa Garbarini1, Fernando Nollas1,
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Abstract

Moisture intrusions, including Antarctic atmospheric rivers (AARs) and cycloni-
cally driven transport, are major drivers of cloud-layer development and thermo-
dynamic variability over the Antarctic Peninsula, yet their influence on stability,
overturning, and vertical mixing remains poorly constrained. Here we analyze 32
high-resolution radiosonde soundings collected during the Turbulence and Super-
cooled Clouds in Antarctica (T-SCAN) campaign at Marambio Base during the
2025 austral summer, complemented by a limited set of in situ supercooled liq-
uid water measurements from selected flights. Enhanced moisture conditions are
associated with deep saturated and ice-supersaturated layers extending up to 6–
8 km. Supersaturation with respect to ice accounts for ≈60% of saturated-layer
depth on average and up to ≈90% in individual cases, while supercooled liq-
uid water appears only intermittently in shallow layers. When phase-dependent
moist thermodynamics is included in the stability diagnosis, Thorpe-derived over-
turning becomes more vertically extensive: moist overturning fractions exceed
dry estimates in 31 of the 32 soundings, reach ≈60–70% in the strongest cases,
and exceed 40% in 72% of the profiles. Our results identify phase-dependent
stability as a missing link between large-scale Antarctic moisture transport and
small-scale overturning structure. They further show that dry-stability diagnos-
tics can systematically underestimate the vertical extent of resolved overturning
in ice-supersaturated polar air masses.

Keywords: Moisture intrusions, Antarctic Peninsula, overturning, ice supersaturation

1 Introduction

The Antarctic atmosphere plays a critical role in the global climate system, influencing
large-scale circulation, radiation balance, and cryospheric processes [1–4]. Despite its
generally cold and dry conditions, the Antarctic troposphere exhibits complex thermo-
dynamic and dynamical structures, particularly in coastal regions where interactions
between synoptic-scale systems and local processes lead to strong variability in cloud
properties and vertical transport [5]. Clouds in polar regions are known to exert a
strong influence on the surface energy balance and climate feedbacks, yet their micro-
physical structure and phase composition remain challenging to represent accurately
in models [5, 6].

In recent years, atmospheric rivers (ARs) have been identified as a key mecha-
nism for transporting moisture from lower latitudes into Antarctica [7]. These narrow,
filamentary structures can dramatically increase the total column water vapor and
are frequently associated with extreme precipitation events, surface melting, and
changes in cloud phase [8–14]. Observational and modeling studies have shown that
ARs play a disproportionate role in Antarctic hydrology and energy balance, partic-
ularly over the Antarctic Peninsula, where they can drive extreme warming events
and widespread surface melt [13]. In this study, AARs are treated as one subset of
polar moisture-intrusion regimes, distinguished by coherent and elongated corridors
of enhanced vertically integrated water-vapor transport, whereas cyclonically driven
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moisture transport refers more broadly to moisture enhancements associated with
nearby low-pressure systems or regional circulation anomalies that do not necessarily
satisfy the spatial coherence or persistence criteria of an AAR.

Observations from the Arctic have shown that mixed-phase clouds frequently
exhibit a layered structure, with supercooled liquid water often residing near cloud
top and ice particles extending below [6]. Field campaigns such as the Mixed-Phase
Arctic Cloud Experiment (M-PACE) have documented persistent liquid layers at
temperatures as low as −30◦C, even in otherwise ice-dominated clouds [15]. These
liquid-topped mixed-phase clouds play a central role in Arctic radiation and turbu-
lence, and can persist in both stable and weakly overturning environments [16]. In
contrast, Antarctic cloud systems have historically been less well observed, although
recent coordinated efforts such as the Year of Polar Prediction–Southern Hemisphere
(YOPP-SH) have significantly improved the availability of observations in this region.
Existing studies indicate that Antarctic clouds are generally more ice-dominated, par-
ticularly at higher altitudes, with mixed-phase conditions largely confined to the lower
troposphere [5, 17]. However, the extent to which liquid-topped structures compara-
ble to those observed in the Arctic occur in the Antarctic troposphere, particularly
under strongly ice-supersaturated conditions, remains less clear.

In the upper troposphere, ice-supersaturated regions (ISSRs) are frequently
observed and can persist over large spatial scales, providing a reservoir of water
vapor for cirrus formation [18]. In such environments, radiative cooling at the top
of supersaturated layers can reduce static stability and amplify small-scale perturba-
tions, leading to cloud formation through the interaction of large-scale and mesoscale
processes [18]. Furthermore, cirrus clouds are often far from thermodynamic equilib-
rium, with persistent ice supersaturation maintained by vertical motions, mixing, and
shallow convective processes [19]. In the Antarctic, cloud systems are predominantly
ice-phase at higher altitudes and remain strongly controlled by large-scale dynamics
and moisture variability, although their vertical structure and phase composition are
still not fully understood [5]. These findings highlight the inherently dynamical nature
of ice clouds and the importance of multiscale processes in their evolution.

While the thermodynamic impacts of ARs are increasingly well documented (see,
for instance [20]), their influence on turbulence, vertical mixing and radiosonde-
diagnosed overturning remains less understood. Recent direct observations from the
GODSILA campaign at Syowa Station have nevertheless documented vertically local-
ized turbulent layers and their dynamical sources in the Antarctic atmosphere [21]. In
polar environments, where temperatures are often well below freezing, phase changes
of water, especially deposition onto ice crystals, can significantly modify static stabil-
ity through latent heat release [5]. Previous studies have shown that accounting for
moist thermodynamics substantially modifies overturning detection and turbulence
diagnostics in saturated atmospheric layers, leading to larger overturning scales rela-
tive to dry stability estimates [22]. However, the role of these moist processes in AARs
and polar moisture-intrusion regimes remains poorly constrained.

In this study, we use observations from the Turbulence and Supercooled Clouds
in Antarctica (T-SCAN) field campaign to investigate how Antarctic moisture intru-
sions, including ARs and broader cyclonically driven moisture transport, modify the
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vertical thermodynamic structure of the northern Antarctic Peninsula troposphere.
The novelty of the analysis lies in examining moist Thorpe diagnostics in a cold,
predominantly ice-supersaturated environment, where ice-phase thermodynamics is
expected to play an important role. By combining high-resolution radiosonde obser-
vations, phase-dependent stability diagnostics, ERA5 synoptic context, and limited in
situ SLWC measurements, we examine how large-scale moisture transport is expressed
locally through saturation, ice supersaturation, changes in effective static stability,
and radiosonde-diagnosed overturning.

Saturated and ice-supersaturated layers are identified from radiosonde RH pro-
files using phase-dependent saturation criteria adapted from Zhang et al. [23] and
Wilson et al. [22], with height-dependent thresholds used to reduce sensitivity to
known radiosonde humidity uncertainties [24]. These diagnosed layers are used to
construct a composite potential temperature that accounts for dry and moist stabil-
ity, from which Thorpe sorting is applied to identify resolved overturning structures
and their characteristic vertical scales [25]. Comparison with the corresponding dry
calculation isolates the influence of moist and ice-phase thermodynamics on the diag-
nosed overturning. Throughout the manuscript, these quantities are interpreted as
radiosonde-based Thorpe-scale overturning diagnostics relevant to turbulence, rather
than as direct measurements of the full turbulent velocity field.

2 Data: the T-SCAN campaign

2.1 In situ data

This study uses data acquired during the Turbulence and Supercooled Clouds in
Antarctica (T-SCAN) field campaign, conducted at the Marambio Argentinian sta-
tion, located on Seymour Island, north of the Antarctic Peninsula (64.23◦S–56.63◦W),
between 12 January and 18 February 2025. The campaign was conducted during the
austral summer, when the probability of sampling liquid-containing or mixed-phase
cloud layers is greater than during the colder Antarctic season.

During T-SCAN, a total of 32 balloon-borne measurements were performed on
a near-daily basis. The observations consist of vertical profiles of temperature (T),
relative humidity (RH), pressure (P), wind speed (ws), wind direction (wd), and
geopotential height (z) obtained from Väisälä RS41-SGE radiosondes (RS), together
with vertical profiles of supercooled liquid water content (SLWC) obtained using Ana-
sphere SLWC probes. Due to unsuitable weather conditions, the SLWC sensors could
be launched on only 19 of the 32 flights (see below). The availability and screening of
SLWC-probe measurements are summarized in Table 1.

Because radiosonde data from Marambio are assimilated by several operational
numerical prediction systems, the nominal launch time was set to 12 UTC. In addition
to these nominal launches, the observing strategy included additional launches when
forecasts indicated conditions favorable for supercooled liquid water. This targeted
strategy was particularly important because direct in situ detection of SLWC in the
Antarctic atmosphere is challenging: liquid-containing layers can be shallow and inter-
mittent, while severe surface weather frequently limits balloon operations. Conversely,
severe weather occasionally restricted field operations. Strong or gusty winds, which
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can exceed 40-50 kt during Antarctic summer in the AP, as well as graupel, rain, or
heavy snowfall sometimes prevented radiosonde or cloud sensor deployments. As an
operational safety rule, no radiosonde launches were attempted when sustained winds
exceeded 23 kt, while the more restrictive wind limit for launching the Anasphere
SLWC probes was 17 kt. Radiosonde-only launches were conducted under clear sky
or when precipitation (rain, graupel, or snowfall) precluded launching the additional
SLWC instrumentation.

Table 1 Summary of RS launching and SLWC probe availability and screening during the
T-SCAN campaign. As a reference, note that three ranked AAR events took place during
the campaign.

Category Number of soundings
Total radiosonde soundings 32
Soundings with SLWC probe attached 19
Soundings with potentially usable SLWC signal 5
Soundings with plausible SLWC signatures shown in Fig. 9 3
Plausible SLWC cases shown: flights 1, 5, and 6
Launch times: 12 Jan 2025 17:23 UTC; 15 Jan 2025 12:00 UTC; 16 Jan 2025 12:00 UTC

2.2 Numerical data: ERA5

The synoptic and moisture-transport environment during T-SCAN was characterized
using the ERA5 reanalysis, which provides hourly atmospheric fields on a regular
latitude–longitude grid, with a horizontal resolution of approximately 0.25◦ [26]. In
this study, ERA5 was used to analyze the large-scale circulation affecting Marambio
and the northern Antarctic Peninsula during the campaign period.

The main variable used for the identification of Antarctic atmospheric river (AAR)
periods was the vertically integrated water vapor transport (IVT). ERA5 provides
the vertically integrated eastward and northward water-vapor flux components, from
which the IVT magnitude was computed as

IVT =
[

(ivtu)
2

+ (ivtv)
2
]1/2

,

where ivtu and ivtv are the eastward and northward components of the vertically
integrated water-vapor flux, respectively. The ERA5 IVT time series at the grid point
nearest to Marambio was used to identify moisture-transport episodes during the
campaign and to classify AAR periods following the polar AR scale of Zhang et al.
[27].

In addition to the IVT time series, ERA5 fields of IVT magnitude, IVT vec-
tors, mean sea-level pressure, and 2-m temperature were used to examine the spatial
structure of the main moisture-transport episodes. These fields were inspected to dis-
tinguish direct AAR landfall from moisture enhancements associated with nearby
cyclones, troughs, or mesoscale low-pressure systems. This distinction is important
because high IVT values at Marambio do not necessarily imply direct landfall of
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a coherent AAR corridor; local cyclonic circulation can also recirculate or redirect
moisture toward the Antarctic Peninsula.

For comparison with the reanalysis, IVT was also estimated independently from
the radiosonde profiles by vertically integrating the horizontal water-vapor flux
through the troposphere, as:

IVTRS =
1

g

[

(
∫ ps

pt

qu dp

)2

+

(
∫ ps

pt

qv dp

)2
]1/2

(1)

where q is the specific humidity, u and v are the horizontal wind components, ps is
surface pressure, and pt = 300 hPa is the upper integration limit. This upper limit
was chosen following the radiosonde-based Antarctic AR analysis of Gorodetskaya
et al. [12], who examined moisture transport profiles from the surface to 300 hPa at
Antarctic coastal stations. Because water-vapor mixing ratios and moisture transport
are concentrated mainly in the lower and middle troposphere during Antarctic AR
events, this limit captures the relevant tropospheric moisture transport while avoiding
sensitivity to dry upper-tropospheric and lower-stratospheric layers.

3 Results

The results presented below are derived from the radiosonde, SLWC-probe, and ERA5
datasets described above, using the processing and diagnostic procedures detailed
in Section 6 (and Section 2.2 for IVT calculations). Saturated layers are identified
from the radiosonde RH profiles using phase-dependent humidity criteria, including
correction of RH with respect to ice at subfreezing temperatures. These layers are
then used to construct the composite potential temperature θ∗, which accounts for
dry and moist stability regimes and is used, together with dry potential temperature
θ, in the Thorpe-sorting analysis.

We first establish the synoptic and mesoscale context of the campaign, and then
examine the vertical thermodynamic structure, phase-dependent saturation, Thorpe-
scale overturning diagnostics, and SLWC observations. The analysis proceeds from
representative profiles to campaign-wide statistics in order to connect large-scale
moisture transport with the local vertical structure sampled during T-SCAN.

3.1 Synoptic and mesoscale conditions

The synoptic environment over the northern Antarctic Peninsula during the T-SCAN
campaign was characterized by alternating periods of AAR-related moisture trans-
port, extra-tropical cyclone activity, mesoscale polar low-pressure systems, and stable
blocking patterns. This classification is relevant because previous Antarctic Peninsula
studies have shown that ARs can produce strong anomalies in moisture, temperature,
precipitation, cloudiness, and near-surface energy fluxes, and can interact with local
dynamical processes such as Foehn winds and turbulence [13]. The objective here,
however, is not to provide an AAR climatology, but to establish the synoptic context
needed to interpret radiosonde, SLWC, cloud-phase, and overturning measurements
collected during T-SCAN.
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Fig. 1 Temporal evolution of ERA5 IVT at Marambio during the T-SCAN campaign, with detected
AAR periods classified following the polar AR scale in [27]. Shading indicates the corresponding event
category. Points denote IVT obtained from RS data and computed according to Eq. (1).

Figure 1 shows the ERA5 IVT time series at Marambio, together with the detected
AAR periods and their corresponding AR categories according to [27]. IVT com-
puted from RS data following Eq. (1) are also shown. Two main AAR-related periods
were identified during the campaign, together with one weaker secondary moisture
pulse. The first AAR-related period occurred between 12 January 2025 at 21 UTC
and 13 January 2025 at 23 UTC, lasting 27 h and reaching a maximum IVT of
167.3 kg m−1s−1, corresponding to ARP2 category. A secondary moisture enhance-
ment occurred between 14 January 2025 at 20 UTC and 15 January 2025 at 08 UTC.
Although this event reached a maximum IVT of 181.4 kg m−1s−1 and formally satis-
fied ARP1 criteria from the Eulerian IVT time series, its spatial organization differed
substantially from the main AAR episodes. The clearest and most persistent AAR
event occurred between 27 January 2025 at 15 UTC and 29 January 2025 at 18 UTC,
lasting 52 h and reaching a maximum IVT of 235.2 kg m−1s−1. This event corresponds
to AR1 category, and represents the most coherent AAR structure observed during
the campaign.

Radiosonde-derived IVT values computed following Eq. (1) are shown as discrete
points in Fig. 1 to provide an in situ reference for the ERA5 time series. Although
the temporal variability is generally consistent between both datasets, ERA5 tends to
overestimate the radiosonde-derived IVT at Marambio, particularly during periods of
enhanced moisture transport. This difference is expected given the point-like nature
of the radiosonde estimate, the horizontal displacement of the balloon during ascent,
and the grid-box representation of moisture and wind fields in ERA5.

Figure 2 shows panels with ERA5 IVT magnitude, mean sea-level pressure, and
850 hPa temperature for the main January moisture-transport episodes identified in
Fig. 1 (i.e., 13, 15 and 28 of January 2025, from left to right, respectively). On 13 Jan-
uary (Fig. 2a), enhanced meridional moisture transport extended from mid-latitudes
toward the northern Antarctic Peninsula within the warm conveyor-belt sector of an
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Fig. 2 ERA5 synoptic conditions during the main January moisture-transport episodes affecting
Marambio. Shading indicates IVT magnitude, black contours denote mean sea-level pressure, and
red contours show 850 hPa temperature. Zero degrees isotherm is highlighted in bold red. Panels
correspond to (a) 00 UTC 13 January 2025, associated with enhanced moisture transport east of
Marambio; (b) 00 UTC 15 January 2025, showing a secondary cyclonically driven moisture enhance-
ment; and (c) 00 UTC 28 January 2025, corresponding to the most coherent AAR structure during
the campaign. The red dot indicates the Marambio Base.

extratropical cyclone. However, the main IVT axis remained displaced east of Maram-
bio, indicating that the moisture increase observed at the station was likely favored
by the surrounding cyclonic circulation rather than by direct landfall of the strongest
AAR core.

The secondary IVT enhancement on 15 January (Fig. 2b) exhibited a different
spatial organization. Rather than forming a coherent and elongated AR corridor,
the moisture transport was embedded within a cyclonic circulation over the Belling-
shausen Sea–Antarctic Peninsula sector. This pattern suggests that part of the
moisture associated with the earlier AAR was subsequently recirculated and redi-
rected to the Peninsula by evolving low-pressure systems. Therefore, this episode is
interpreted as a cyclonically driven moisture enhancement rather than as an indepen-
dent major AAR landfall. The evolution of this secondary moisture enhancement is
illustrated in Supplementary Animation S1. The animation also provides context for
the transition from direct AAR influence to cyclonically driven moisture transport
during the campaign.

In contrast, the late-January event showed a substantially more coherent and elon-
gated IVT corridor directly oriented toward the Antarctic Peninsula and Marambio
(Fig. 2c). This event was associated with a deep extratropical cyclone, which improved
meridional moisture transport and produced strong winds over the northern Antarc-
tic Peninsula. Unlike the earlier episodes, the IVT structure exhibited the narrow,
persistent geometry characteristic of direct Antarctic atmospheric river landfall. At
the surface, this event coincided with significant snowfall and a marked temperature
decrease at Marambio.

Outside the main AAR events, the synoptic environment over the Antarctic Penin-
sula was dominated by frequent passages of synoptic-scale extratropical cyclones and
mesoscale low-pressure systems embedded within the circumpolar flow. These systems
favored cloudy conditions, snowfall, drizzle, intermittent lower-tropospheric moisture
enhancements, and periods of strong winds, particularly through moisture advec-
tion from the Weddell and Bellingshausen Sea sectors. Nevertheless, most of these
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Fig. 3 Representative non-AAR synoptic regimes during the T-SCAN campaign. Shading indicates
IVT magnitude, black contours denote mean sea-level pressure, and red contours show 850 hPa tem-
perature. Zero degrees isotherm is highlighted in bold red. Panels correspond to (a) 00 UTC 19
January 2025; (b) 12 UTC 23 January 2025; and (c) 00 UTC 04 February 2025. The red dot denotes
the Marambio Base.

episodes lacked the duration, spatial coherence, and elongated IVT geometry char-
acteristic of direct AAR landfall. After the first moist period (i.e., from 12 to 15
of January), several cyclonic systems affected the region during mid-January. Mois-
ture transport during these episodes, characterized by moderate peaks of IVT values
between ∼100-135 kgm−1s−1 (see gray shaded events in Fig. 1), was mainly associated
with local cyclonic circulation rather than with organized and persistent atmospheric
river structures.

Figure 3 shows panels with ERA5 IVT magnitude, mean sea-level pressure, and
850 hPa temperature for the three representative non-AAR synoptic configurations
during the T-SCAN campaign. On 19 January (Fig. 3a) the IVT field shows mod-
erate values east of the Antarctic Peninsula, while the main moisture-transport axis
remains displaced from Marambio. Mean sea-level pressure contours indicate broad
anticyclonic or weak-gradient conditions over the Bellingshausen Sea–Antarctic Penin-
sula sector, with no narrow IVT corridor directed toward the station. On 23 January
(Fig. 3b), IVT values near Marambio remain weak to moderate, and the pressure
field again lacks a deep cyclone or elongated moisture plume intersecting the northern
Antarctic Peninsula. A clear warm anomaly is also evident in the 850 hPa tempera-
ture field, where the 0◦C isotherm shows a pronounced southward excursion toward
the Antarctic Peninsula. These two cases correspond to the relatively stable and warm
period identified during 19–25 January, when clearer conditions and unusually warm
surface temperatures were observed at Marambio.

On 4 February (Fig. 3c), the pressure field shows a cyclonic system affecting the
Drake Passage–Weddell Sea sector. In this case, localized IVT enhancements occur
around the Antarctic Peninsula, but the moisture transport is organized around the
cyclonic circulation rather than as a persistent, elongated AAR corridor. This pattern
is consistent with the strong winds and localized moisture enhancements observed
during the fourth week of measurements. During the final part of the campaign, from
9 to 18 February (fifth and sixth weeks), fewer measurements were possible due to
prolonged strong winds and more stable synoptic conditions. This period was domi-
nated by persistent southerly flow and the advection of polar air masses, which limited
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the transport of moisture from lower latitudes toward Marambio. Consequently, no
relevant AAR event was identified during this final stage of the campaign.

Overall, the synoptic analysis demonstrates that not all moisture enhancements
observed at Marambio corresponded to direct Antarctic atmospheric river landfall.
Enhanced saturation, ice supersaturation, cloud-layer development, and overturning
occurred both during direct AAR influence and during cyclonically driven moisture
advection associated with extratropical cyclones and mesoscale low-pressure systems.
Therefore, this synoptic classification provides a physical framework for distinguishing
radiosonde observations collected under direct AAR conditions from those associated
with weaker cyclonic moisture transport or non-AAR polar regimes.

3.2 Vertical profiles and thermal structure

The radiosonde observations presented in this section reflect the variety of synoptic
environments identified during the T-SCAN campaign, including direct AAR influ-
ence, cyclonically driven moisture transport, and more stable polar regimes. Several
profiles associated with enhanced moisture and saturation conditions occurred dur-
ing periods dominated by extratropical cyclones and mesoscale low-pressure systems
rather than during direct AAR landfall. This distinction is important because similar
thermodynamic signatures were observed under both coherent AAR conditions and
localized cyclonic moisture advection.

Figure 4 shows the weekly temperature profiles during the campaign, compared
against an above sea level (ASL) climatology computed from the 1987-2024 period.
Colored lines represent individual profiles for each week, the dashed black line denotes
the ASL climatological mean, and the shaded gray area indicates the 10%–90% clima-
tological percentiles. The different number of profiles in each panel reflects the launch
opportunities described in Section 2, with weeks 1 (from 12 to 18 January) and 3
(from 26 January to 1 February) containing the largest number of soundings.

The profiles show substantial variability in the lower and middle troposphere,
consistent with the sequence of synoptic regimes described in Sec. 3.1. During the first
week, when the campaign sampled the initial AAR-related moisture intrusion and
the subsequent cyclonically driven moisture enhancement, the profiles exhibit marked
thermal variability through much of the troposphere. This variability provides the
thermal background against which the humidity, saturation, and stability structure are
examined in the following sections. During the second week, profiles are comparatively
warmer in the lower troposphere, consistent with the more stable and warm conditions
associated with weak-gradient or blocking-like circulation over the Bellingshausen Sea
sector, also in agreement with the southward displacement of the 0◦C isotherm in
the non-AAR synoptic examples shown in Fig. 3a, 3b. In contrast, the late-January
and early-February profiles show stronger vertical variability, reflecting the transition
toward the most coherent AAR event and subsequent cyclonic disturbances.

Figure 4 also shows that subfreezing conditions extend through much of the tro-
posphere during the campaign, with temperatures generally remaining above the
homogeneous-freezing threshold (−38◦C, see Section 6). The depth and altitude of
this layer vary between weeks, reflecting the changing thermal structure associated
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Fig. 4 Vertical profiles of the temperature obtained from RS launching during the T-SCAN cam-
paign, ordered by week. Color lines represent individual profiles for each week, the dashed black line
denotes the above sea level (ASL) climatological mean (1987–2024), and the shaded gray area indi-
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with the different synoptic regimes. This provides the temperature context for the
humidity, cloud-phase, and stability diagnostics examined below.

A recurrent tropopause-level inversion is also evident in most profiles, generally
between 8 to 12 km. This feature indicates substantial UTLS variability during the
campaign and may reflect frequent upper-level dynamical disturbances affecting the
northern Antarctic Peninsula. However, the analysis below focuses primarily on the
tropospheric cloud-bearing layers, where saturation, ice supersaturation, and phase-
dependent stability corrections are most relevant.

The following section examines representative case studies of the campaign, com-
bining temperature, dew-point temperature, RH, RHice, and dry and moist stability
diagnostics to show how the thermal background in Fig. 4 can be used to study
cloud-layer structure and overturning.
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3.3 Representative profiles and Thorpe-scale diagnostics

Figure 5 shows the vertical profiles of the temperature (dry-bulb, T, and dew point
Td, left panels), relative humidity over liquid and ice (RH and RHice, middle panels),
and dry and moist potential temperatures θ and θ∗ (right panels). Ice and moist
corrections (i.e, RHice and θ∗) were computed following the methods described in
Sections 6.2 and 6.3, respectively. From top to bottom, the profiles in Fig. 5 correspond
to flights 2, 14 and 19 (launched on 13 Jan 2025 00:00 UTC, 24 Jan 2025 12:00 UTC,
and 31 Jan 2025 00:00 UTC). These selected profiles represent contrasting synoptic
environments, including direct Antarctic atmospheric river influence and cyclonically
driven moisture transport, mediated by comparatively stable conditions. Flights close
to the dates of atmospheric-rivers (AR) crossing the north of the AP show the deepest
cloud layers (notably flights 2 and 19). As we shall see later, these conditions of
enhanced saturation and moisture prevail over the rest of the flights made during the
campaign.

As mentioned in Sec. 3.2, temperature profiles exhibit sharp inversions with
tropopause heights of 8.8, 10.7 and 8.64 km for flights 2, 14 and 19, respectively, which
are mirrored by sharp drops in RH above those levels. Cloud layers (where T ≈ Td)
occupy much of the troposphere in flights 2 and 19, whereas flight 14 contains thinner
cloud layers that are less obvious from inspecting T vs. Td alone. The RH and RHice

profiles make the cloud base and top, as well as the magnitude of ice supersaturation,
explicit. The height-dependent RHmin and RHmax thresholds used to identify satu-
rated layers are also shown in the middle panels, following the criteria described in
Sec. 6.2; cyan shading denotes the resulting diagnosed saturated regions. In all three
cases the supersaturated layers agree well with regions where T and Td are nearly
equal.

Above ≈2–3 km the profiles indicate ice-dominated conditions (RHice >100%),
while below the boundary layer mixed phase conditions (coexisting liquid and ice) are
likely to occur, as expected from coastal Antarctic observations (see, for instance, e.g.,
Bromwich et al. [5], Listowski et al. [17]). In the right panels of Fig. 5 it can be seen
how incorporating supersaturation with respect to ice in the RH profiles steepens the
gradient of the potential temperature θ∗ relative to dry θ, particularly where thick
saturated/supersaturated layers are present (flights 2 and 19). This is an indicator
that phase changes and ice supersaturation substantially modify vertical stability. It
is important to note that, above the tropopause, where dry atmospheric conditions
prevail, both dry and moist potential temperature have similar gradients.

Figure 6 presents the vertical distribution of the Thorpe length (LT, see
equation (12) of Section 6.4) obtained from dry (θ) and moist (θ∗) potential temper-
ature profiles of the three selected flights. The lower panels show the corresponding
squared vertical wind-shear magnitude, S2 = (∂u/∂z)2 + (∂v/∂z)2, computed from
smoothed radiosonde wind profiles. In all cases, (LT) values derived from θ∗ (white
bars) are systematically larger and more vertically extensive than those based on θ
(gray bars), particularly within the cloud-bearing and supersaturated layers identified
for each flight (see cyan regions in the mid panels of Fig. 5). This reflects the enhanced
instability produced when latent heat release from ice-phase processes is included in
the buoyancy correction. The strongest differences appear between 2 km and 8 km,
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coinciding with regions of mixed-phase or ice-supersaturated conditions, whereas in
the dry upper troposphere the two estimates converge. Several enhanced L∗

T layers
occur close to localized maxima in S2, particularly in flights 2 and 19. Although the
radiosondes do not provide direct velocity-based verification of turbulence, the selected
profiles show layers where moist static stability is strongly reduced, resolved Thorpe
displacements are present, and vertical wind shear is locally enhanced. This combi-
nation indicates overturning in a dynamically favorable environment for turbulence
generation or maintenance, rather than a purely thermodynamic diagnosis of poten-
tial instability. In these profiles it can be directly seen that neglecting moist effects can
lead to a substantial underestimation of overturning depth within cloudy layers. The
enhancement of LT under moist conditions is therefore consistent with a weakening of
static stability and an increased susceptibility to overturning driven by phase changes
of water. Because ice-saturated conditions prevail in these profiles, deposition-related
latent heating is likely to contribute more strongly than liquid-water condensation
to the moist stability correction. As will be shown in Sec. 3.4, these conditions are
observed in all the profiles obtained throughout the campaign.

Finally, since LT represents the vertical displacement required for an air parcel to
recover static stability, it can also provide an estimate of the size of resolved over-
turning structures. Under the assumption of local isotropy, LT is commonly related to
the Ozmidov scale LO (the scale at which overturning motions become comparable to
buoyancy-dominated motions) through LT = KLO, with LO = (ε/N3)1/2. This rela-
tion allows an indirect, order-of-magnitude estimate of the turbulence kinetic energy
dissipation rate ε from the observed overturning scale, provided that the assumptions
linking LT and LO are applicable.

Taking typical values for the dimensionless constant K (0.8–1, see, for instance,
[28, 29]), the typical overturning scales obtained in this study (LT ≈ 50–200 m),
together with a representative weakly stratified value N ≈ 5 × 10−3 s−1, yield dissi-
pation rates in the range ε ≈ 2 × 10−4–8 × 10−3 m2 s−3. The corresponding eddy
dissipation rate (EDR), defined as EDR = ε1/3 and commonly used as a flag param-
eter to describe the severity of turbulence in aviation (see, for instance, [30–33]),
is approximately 0.06–0.20 m2/3 s−1, suggesting dynamically significant overturning
scales where the assumptions relating LT to LO are applicable, particularly within
moist and supersaturated layers.
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Fig. 5 Vertical profiles of temperature (T), dew-point temperature (Td), relative humidity with
respect to liquid water (RH), relative humidity with respect to ice (RHice), dry potential temperature
(θ), and moist potential temperature (θ∗) for flights 2, 14, and 19 (13 January 2025 00:00 UTC, 24
January 2025 12:00 UTC, and 31 January 2025 00:00 UTC, respectively) during the T-SCAN cam-
paign. In the RH panels, the dotted and dashed reference curves indicate the height-dependent RHmin

and RHmax thresholds used to diagnose saturated layers, and cyan shading denotes the identified
saturated regions (see Sec. 6.2).
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Fig. 6 Vertical distribution of the Thorpe length (LT) estimated from dry (θ; gray bars) and moist
(θ∗; white bars) potential temperature profiles for the same flights of Fig. 5 (2, 14, and 19, from
left to right). The corresponding moist potential temperature profiles are displayed as a reference
on each panel (dotted lines). The lower panels show the squared vertical wind-shear magnitude, S2,
computed from smoothed radiosonde wind profiles. Enhanced overturning depths derived from θ∗

occur primarily within cloud-bearing and ice-supersaturated layers (see Fig. 5), indicating that moist
processes substantially increase the diagnosed overturning depth relative to dry stability estimates.
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3.4 Campaign-wide saturation and overturning statistics

Figure 7 shows the fractions of saturated and supersaturated layers for the 32
radiosonde soundings, computed both over the full tropospheric column and below 3
km. This figure provides a statistical view of the cloud-phase environment sampled
during T-SCAN. Saturation with respect to ice dominates the full tropospheric col-
umn, whereas saturation with respect to liquid water is mostly confined to the lowest
levels. Below 3 km, liquid-water saturation becomes more frequent but remains verti-
cally limited, with the largest fractions corresponding to shallow portions of the lower
troposphere (≈1 km). This indicates that mixed-phase or liquid-containing conditions
were mostly shallow and boundary-layer-confined.

In contrast, supersaturation is overwhelmingly associated with RHice, both in the
full column and below 3 km. This result indicates that the moist layers sampled during
the campaign were not simply near-saturated with respect to liquid water, but fre-
quently ice-supersaturated. On average, approximately 60% of saturated layers were
supersaturated with respect to ice, reaching up to ≈90% in individual soundings (e.g.,
flights 2, 3, 5, and 24). This vertical phase structure is important because it implies
that the moist correction to static stability is primarily controlled by ice-phase pro-
cesses, especially deposition-related latent heating, rather than by condensation alone.
The saturated-layer statistics provide the thermodynamic basis for interpreting the
subsequent overturning analysis.

Figure 8 shows the total Thorpe-diagnosed overturning fraction estimated from
the dry and moist stability criteria (labeled as LT and L∗

T, respectively) for the 32
soundings. These fractions were computed as the total depth of the identified over-
turns (such as those shown in Fig. 6) normalized by the tropopause height for each
flight. This quantity represents the fraction of the tropospheric column occupied by
resolved and accepted overturning structures, rather than a direct measurement of
theoverturning fraction at all scales. The overturning fraction is underestimated by
the dry diagnostic in 31 of the 32 flights (97%), and in 3% of the cases this under-
estimation exceeds 50%. While the dry fraction generally remains below 40% of the
tropospheric depth, reaching a maximum of ≈41%, the moist fraction reaches values
of ≈60–70% in extreme cases, and exceeds 40% in 72% of the soundings. This system-
atic increase reflects the sensitivity of Thorpe-diagnosed overturning to the treatment
of moist stability, particularly within cloud-bearing and supersaturated layers. The
phase structure quantified in Fig. 7 indicates that many of these layers were supersat-
urated with respect to ice; therefore, the larger overturning fractions obtained from
L∗

T are mainly associated with the reduction of effective static stability by ice-phase
thermodynamics, rather than with liquid-water condensation alone.

Although several of the largest moist overturning fractions occur during or near
moisture-enhanced periods, the relationship with IVT is not monotonic. For exam-
ple, flight 32 occurred under relatively elevated IVT but shows only a modest moist
correction, indicating that the impact of moist thermodynamics depends not only on
the column-integrated moisture transport but also on the vertical distribution of sat-
uration, cloud phase, and static stability. Thus, IVT provides useful synoptic context
for moisture availability, but the diagnosed overturning enhancement is controlled by
the local thermodynamic structure sampled by each radiosonde.
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Fig. 7 Fraction of saturated (left panels) and supersaturated (right panels) layers for the 32
radiosonde flights during the T-SCAN campaign. Top panels show the fractions computed over the
full tropospheric column, while bottom panels show only the portion below 3 km altitude. Saturation
and supersaturation with respect to ice (cyan) and liquid water (blue) were derived from RHice and
RH, respectively.

3.5 Supercooled liquid water signatures

The occurrence of supercooled liquid water was assessed using the Anasphere
vibrating-wire probes, which were launched in 19 of the 32 radiosonde soundings.
Of the 19 soundings with SLWC probes, only 5 showed potentially usable sig-
nals, and 3 exhibited plausible SLWC signatures, as summarized in Table 1. The
SLWC observations are therefore used here as qualitative evidence of localized liquid-
containing layers rather than as a campaign-wide statistical characterization. One
example of a usable SLWC-probe profile without a plausible non-zero SLWC signature
is shown in Supplementary Figure S2. This profile illustrates the screening distinc-
tion between technically usable vibrating-wire data and thermodynamically consistent
SLWC detections.

Figure 9 shows the vibration frequency of the wire as a function of altitude for
the plausible SLWC signature cases (namely flights 1, 5, and 6). The shaded areas
represent the permitted SLWC zone, defined by favorable thermodynamic conditions
for the persistence of supercooled liquid droplets (relative humidity greater than
80% and temperatures warmer than −39◦C). Within this region, variations in the
vibrating-wire frequency are consistent with intermittent liquid-water accretion.

For the three flights, observed wire frequencies fluctuate around the natural fre-
quency of ≈22 Hz, with values typically ranging between approximately 15 and
25 Hz. Localized deviations of several Hz from this baseline occur within relatively
narrow vertical intervals, exceeding the typical background variations reported in pre-
vious studies for mid-latitudes (on the order of 2–4 Hz, see, for instance [34]). These
enhanced fluctuations suggest intermittent but detectable liquid water accretion onto
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Fig. 8 Total overturning fraction estimated from dry and moist instability diagnostics for the 32
radiosonde soundings. Fractions were computed as the total depth of identified overturning regions
normalized by the tropopause height for each flight. Gray bars represent overturning fractions esti-
mated using the dry potential temperature (resulting in LT), while white bars use the moist potential
temperature (or L∗

T
). ERA5 IVT is sampled at the radiosonde launch times, and shown to indicate

the moisture-transport environment associated with each sounding. The full ERA5 IVT evolution,
including periods without radiosonde launches, was shown in Fig. 1.

the probe. Notably, such frequency perturbations are confined to shallow layers, often
less than a few hundred meters thick, embedded within broader cloud structures.
In several portions of the profiles, enhanced frequencies occur within the permitted
thermodynamic region, consistent with the presence of supercooled liquid droplets
embedded within predominantly ice-phase cloud layers. However, below approximately
2 km, the presence of droplets cannot be interpreted unambiguously as in-situ SLWC
formation, since small droplets may originate from drizzle or sedimentation from
higher cloud layers.

In flight 1 (left panel of Fig. 9), the largest wire-frequency perturbation occurs near
≈6 km, within the thermodynamically permitted SLWC zone, while smaller oscilla-
tions are also present at lower levels. In flight 5 (mid panel of Fig. 9), the wire frequency
exhibits several sharp excursions between approximately 6 and 8 km, together with
weaker fluctuations in the lower troposphere. In flight 6 (right panel of Fig. 9), the
strongest perturbations are concentrated mostly below ≈4 km, with additional narrow
excursions near 6-7 km. In all three cases, the frequency perturbations are vertically
localized rather than distributed continuously throughout the permitted SLWC zones.

The timing of the plausible SLWC signatures also shows that the connection
between large-scale moisture transport and liquid-water occurrence is not direct.
Flight 1 was launched during the initial AAR-related moisture period, and flight 5
occurred during the subsequent secondary moisture enhancement. In contrast, flight
6 is not related with any clear AAR maximum in the time series of IVT (see Fig. 1,
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Fig. 9 Vertical profiles of vibrating-wire frequency for flights 1, 5, and 6. Shaded regions indicate the
thermodynamically permitted supercooled liquid water cloud (SLWC) zone, defined by temperatures
warmer than −39◦C and relative humidity greater than 80%. The selected flights correspond to the
clearest plausible SLWC signatures among the usable SLWC-probe launches.

on January 16). This indicates that AARs and cyclonically driven moisture intru-
sions provide favorable large-scale moisture conditions, but the presence of plausible
SLWC signatures depends on the local vertical thermodynamic structure, cloud phase,
and cloud microphysical evolution sampled by each radiosonde. Therefore, the SLWC
observations are interpreted as localized evidence of liquid-containing layers within
the broader moisture-intrusion environment, rather than a direct indication of AAR
signatures.

The interpretation of these perturbations depends on their thermodynamic con-
text. For flight 1, the upper-level perturbation occurs in a layer where the saturation
analysis indicates ice-dominated conditions, making an extended liquid-water layer
unlikely but allowing the possibility of a thin and intermittent SLWC pocket embed-
ded within an ice-phase cloud. In contrast, the lower-level oscillations in this flight
occur outside layers identified as saturated in Fig. 7; they are therefore not inter-
preted as local SLWC detections, except possibly as signatures of droplets sedimenting
from liquid-containing layers aloft. For flights 5 and 6, the strongest perturbations
occur within or near altitude ranges where liquid-water saturation is more thermody-
namically plausible (see right panels of Fig. 7), particularly in the lower troposphere,
and can be therefore interpreted as the clearest qualitative evidence of shallow
liquid-containing layers during the campaign.

To estimate the potential magnitude of the liquid water content, the vibrating-
wire response was interpreted using the droplet collection efficiency shown in Fig. 10,
which depends on the assumed droplet diameter. The selected droplet size range is
representative of supercooled liquid droplets typically observed in polar and stratiform
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Fig. 10 On the left axis, the droplet collection efficiency of the vibrating-wire probe is shown as
a function of the droplet diameter, which is used to estimate the response of the instrument to
supercooled liquid droplets. On the right axis, the maximum estimated supercooled liquid water
content (SLWC) is shown, as derived for selected flights using the measured vibrating-wire response
and the corresponding collection efficiencies.

cloud environments, where droplet diameters are generally on the order of a few to
several tens of micrometers (see, for instance [5]). In the present case, the relatively
low liquid water content, the shallow vertical extent of the detected layers, and the
absence of strong convective signatures suggest that droplet growth is limited, favoring
small to intermediate droplet sizes rather than large precipitation-sized particles.

Overall, SLWC signatures are shallow, intermittent, and locally collocated with
saturated layers and enhanced moist overturning. Although these observations do not
establish a causal relationship, they are consistent with the presence of localized liquid-
containing layers embedded within otherwise ice-dominated cloud environments.
Because no independent collocated cloud-water instrument was available during T-
SCAN, these SLWC estimates are interpreted qualitatively rather than as definitive
quantitative retrievals.

4 Discussion

During the T-SCAN campaign (12 January-18 February 2025), the radiosonde
soundings captured moisture-intrusion regimes with different degrees of synoptic orga-
nization, including direct AAR influence and cyclonically driven moisture advection.
This distinction is important because the strongest moisture transport, as measured
by IVT, did not map uniquely onto the largest moist overturning corrections. Instead,
IVT provided the large-scale context for moisture availability, while the response of
the Thorpe-scale overturning diagnostics depended on the vertical thermodynamic
structure sampled by each radiosonde.
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The representative case studies and campaign-wide statistics (Sec. 3.3 and
Sect. 3.4, respectively) show that moisture-enhanced periods were characterized by
deep layers where temperature and dew-point temperature nearly coincided, indi-
cating widespread saturation. In many of these layers, particularly above ≈2–3 km,
saturation occurred with respect to ice rather than liquid water. Thus, the rele-
vant thermodynamic environment was not simply a moist troposphere, but a cold,
cloud-bearing column in which ice supersaturation occupied a substantial fraction
of the saturated layer depth. This vertical phase structure explains why the rela-
tionship between IVT magnitude and overturning fraction is not monotonic: bulk
moisture transport is necessary to provide moisture, but the moist correction becomes
important only where that moisture is vertically organized into saturated or ice-
supersaturated layers with reduced effective stability. The radiosonde-derived shear
profiles shown for the representative cases further indicate that several enhanced moist
overturning layers occur in dynamically active parts of the wind profile.

The three plausible SLWC signatures likewise do not map uniquely onto the
strongest IVT periods, reinforcing the interpretation that large-scale moisture trans-
port provides the environmental context, whereas the occurrence of liquid-containing
layers depends on the local vertical distribution of temperature, humidity, sat-
uration phase, and cloud microphysical conditions. Their occasional coincidence
with saturated layers and enhanced moist overturning is consistent with localized
liquid-containing pockets embedded within an otherwise ice-dominated environment.
Turbulent mixing may contribute to their persistence by redistributing heat and water
vapor across sharp vertical gradients, although the limited number of robust SLWC
cases prevents a quantitative assessment of this pathway. Overall, the moist overturn-
ing correction is controlled primarily by the local distribution of saturation, cloud
phase, and static stability, with IVT acting as synoptic context rather than as a direct
predictor.

The reported Thorpe-scale statistics are therefore interpreted as radiosonde-
diagnosed overturning structures relevant to turbulence, rather than as direct
measurements of the full turbulent velocity field.

This phase structure also distinguishes the Antarctic Peninsula environment sam-
pled here from liquid-topped mixed-phase cloud structures commonly reported in
the Arctic. Arctic mixed-phase clouds often contain persistent supercooled liquid
layers near cloud top [6, 15, 35]. In contrast, the T-SCAN profiles show a tran-
sition toward ice-dominated conditions with altitude, while liquid-water saturation
and plausible SLWC signatures remain shallow, intermittent, and largely confined to
localized layers. The SLWC observations therefore provide secondary, qualitative sup-
port for the presence of liquid-containing pockets, but they do not indicate vertically
extensive liquid-water cloud layers. This behavior is also consistent with Antarctic
cloud-phase studies showing that supercooled-liquid and mixed-phase conditions occur
in Antarctica but are often shallower and less vertically extensive than in the Arctic
[5, 17].
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5 Conclusions

This study used 32 high-resolution radiosonde soundings collected during the T-SCAN
campaign at Marambio Base during the 2025 austral summer to examine how moisture
intrusions, including AAR conditions, modify tropospheric stability and radiosonde-
diagnosed overturning over the northern Antarctic Peninsula. By applying Thorpe
sorting to both dry potential temperature (θ) and a phase-dependent composite poten-
tial temperature (θ∗), we quantified the influence of moist thermodynamics on resolved
overturning structures. The moist diagnostic produced more vertically extensive over-
turning than the dry diagnostic in 31 of the 32 soundings, with the largest overturning
fractions reaching approximately 60–70%.

A central result is that these moisture-enhanced periods were characterized by
a predominantly ice-supersaturated thermodynamic structure. Supersaturation with
respect to ice accounted for approximately 60% of saturated-layer depth on average
and up to ≈90% in individual cases, whereas liquid-water saturation was largely con-
fined to the lowest ≈1 km. The moist correction therefore acted primarily within cold,
ice-supersaturated layers, showing that the phase-dependent structure of the Antarc-
tic troposphere is important for radiosonde-based overturning diagnostics and that
dry stability estimates systematically underestimate the vertical extent of resolved
overturning in these conditions.

These effects can be diagnosed using standard high-resolution radiosonde observa-
tions, providing an observationally accessible framework for assessing moist stability
and overturning in data-sparse polar environments and for evaluating their repre-
sentation in numerical weather prediction and climate models. The limited SLWC
measurements provide qualitative support for shallow, localized liquid-containing lay-
ers embedded within an otherwise predominantly ice-supersaturated environment, but
they are not used as the basis for the campaign-wide overturning statistics.

6 Methods

6.1 Radiosonde data and preprocessing

Raw data were processed at 1 Hz to preserve the maximum vertical resolution (≈3–
5 m), following the procedures described by Wilson et al. [28]. Temperature noise
levels are typically ≈ 3 × 10−2 K. Geopotential altitude was derived from pressure,
and thermodynamic variables were recomputed from the raw measurements. Because
Antarctic profiles frequently remain below 0◦C, we expect predominantly ice-phase
clouds and possible supersaturation with respect to ice. In this context, an accurate
interpretation of humidity is essential, and therefore raw RH profiles were corrected
following the method described below.

As mentioned earlier, data were obtained nearly on a daily basis between 12 Jan-
uary and 18 February 2025. Vertical profiles obtained during this period (32 in total)
are grouped in weeks for more clarity, and described in Section 3.2.
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6.2 Identification of saturated layers

In standard radiosondes, relative humidity (RH) is reported with respect to liquid
water. For temperatures T < 0◦C, RH was converted to an ice reference, considering
the saturation vapor pressure over ice, ei(T ), computed following Murphy and Koop
[36] as,

ei(T) = exp

(

28.9074 −
6143.7

T

)

, (2)

where T is in Kelvin and ei is in Pascals. Saturation over liquid water, ew(T ), was
obtained using the Goff–Gratch formulation [37]. Then, RH was corrected as:

RHice = RHliq

(

ew(T)

ei(T)

)

. (3)

To identify cloud layers, we applied the empirical method of [23]. A layer was classified
as saturated when

min(RH) ≥ RHmin(z), (4)

max(RH) ≥ RHmax(z), (5)

where the thresholds decrease with altitude (approximately from 95%→80% for RHmin

and 92%→75% for RHmax). For T< 0◦C, RH was evaluated with respect to ice also
considering the above thresholds, in both cases intended to reduce the impact of
cold-environment humidity biases reported in radiosonde sensors [24]. As a result,
subsaturation, saturation and supersaturation with respect to liquid water (from RH
profiles) or ice (with respect to RHice) can be studied separately, and will be also
applied to the stability criteria.

6.3 Dry and moist stability

Since the formulation of atmospheric stability depends on the thermodynamic regime,
dry (subsaturated) and moist (saturated) conditions need to be identified before
applying the Thorpe method. In the atmosphere, the dry potential temperature θ is
commonly used to describe stability under subsaturated conditions, obtained as:

θ = T

(

P0

P

)R/cpd

. (6)

From this, the associated dry Brunt-Väisälä frequency is

N2
d =

g

θ

∂θ

∂z
. (7)
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To account for latent-heat release in saturated regions, we computed the moist
Brunt-Väisälä frequency N2

m following Lalas and Einaudi [38]:

N2
m ≈

g

T

[(

∂T

∂z

)

+ Γm

] (

1 +
Lvqs

RT

)

−
g

1 + qw

∂qw

∂z
, (8)

where qs is the saturation mixing ratio, qw ≈ qs in clouds, and Γm is the moist adi-
abatic lapse rate. Following Durran and Klemp [39], ∂qw/∂z was replaced by ∂qs/∂z
due to unavailable condensate profiles. For layers identified as saturated with respect
to ice, qs and the latent-heat term in Eq. (8) were evaluated using the ice saturation
vapor pressure and the latent heat of deposition, respectively. Liquid-water saturation
and the latent heat of vaporization were retained only where the RH-based criteria
indicated liquid-saturated conditions. Because no independent vertical profile of con-
densate mass was available, condensate loading was not included as an observed term
in the stability calculation. The resulting moist correction is therefore interpreted as a
phase-dependent thermodynamic stability correction based on diagnosed saturation,
rather than as a full microphysical representation of cloud condensate.

From all this, we constructed a composite potential temperature θ∗ by integrating

θ∗(z + ∆z) = θ∗(z)

(

1 +
N2(z) ∆z

g

)

, (9)

using N2
d in subsaturated layers and N2

m in saturated layers. This provides a continuous
variable suitable for Thorpe sorting in Antarctic conditions, where deep ice saturated
layers are common. From here, modifications to stability given by the extra release
of latent heat in moist dynamics will be accounted by θ∗, where dry dynamics is also
included by default.

6.4 Thorpe sorting and overturning diagnostics

Once dry and moist conditions were established, the Thorpe method [25] was applied
to both θ and θ∗. The moist Thorpe analysis follows the framework proposed by Wil-
son et al. [22], in which moist-conservative thermodynamic variables are used to better
identify overturning structures within saturated atmospheric layers. This method diag-
noses overturning by comparing an observed vertical profile of a quasi-conservative
variable with a statically stable reference profile obtained through vertical reorder-
ing. The resulting vertical displacements quantify overturning structures associated
with overturning mixing. In this study, the quasi-conservative variable is the compos-
ite potential temperature θ∗, which accounts for both dry and moist stability regimes
depending on the presence of saturation.

Let θ∗(zi) denote the measured composite potential temperature at level zi. A
reordered profile θ∗

sorted is constructed by sorting θ∗ into a monotonic increasing
sequence such that

θ∗

sorted(zsorted
i ) ≤ θ∗

sorted(zsorted
i+1 ), (10)

ensuring static stability throughout the column.
The Thorpe displacement at each level is then defined as
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di = zi − zsorted
i , (11)

i.e., the vertical distance an air parcel must be displaced to recover static stability.
Positive and negative displacements correspond to air elements that, respectively, lie
above or below their displaced positions in the sorted profile. A contiguous sequence of
non-zero displacements with alternating signs indicates an overturning region. Since
noise can produce spurious small-scale reversals, candidate overturns were classified
as valid only when their vertical extent exceeded 30 m and their Thorpe displacement
signal exceeded the noise-based selection threshold, following Wilson et al. [28]. This
procedure rejects small inversions that cannot be distinguished from instrumental-
noise-induced reversals. This is essential in polar conditions, where weak but real
overturns may coexist with low signal-to-noise ratios.

For each detected overturn, the Thorpe scale LT is defined as the root-mean-square
(RMS) of the displacements on overturns:

LT =

⌜

⃓

⃓

⎷

1

N

N
∑

i=1

d2
i , (12)

where N is the number of samples within the overturning patch. The overturning frac-
tion for a radiosonde was then computed from the summed vertical extent of accepted
overturns located below the independently diagnosed tropopause, and normalized by
the tropopause height of each sounding. Given the 3-5 m vertical sampling of the RS41
profiles and the minimum overturn-selection threshold used here, the effective lower
detection limit is approximately 30-50 m. Smaller overturns may be missed or rejected
as indistinguishable from noise-induced inversions. Therefore, the overturning frac-
tions reported below represent the fraction of the tropospheric column occupied by
resolved and accepted overturning structures, not the total overturning fraction at all
scales. In Antarctic soundings, this fraction is particularly sensitive to the treatment
of saturated layers, where the use of θ∗ (rather than dry θ alone) can reveal overturns
that would otherwise remain undetected due to the reduction of static stability by
latent heat release.

6.5 Detection of supercooled liquid water

Supercooled liquid water content (SLWC) can be obtained by means of Anasphere
probes [34], which were directly attached to the Väisälä RS system, intended to rise
at the same velocities (3–5 m/s). As mentioned previously, only 19 of the 32 flights
included Anasphere probes, because their deployment was restricted to suitable con-
ditions, including surface winds below 17 kt and the absence of precipitation likely to
compromise the instrument.

Of the 19 SLWC-probe launches, five were retained as potentially usable after
visual and instrumental screening of the vibrating-wire signal. The remaining profiles
were discarded because the signal was either incomplete, strongly affected by instru-
mental artifacts, or did not show a stable baseline suitable for interpretation. Among
the five retained profiles, only three flights (1, 5, and 6) showed localized frequency
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perturbations occurring within, or close to, thermodynamically permitted SLWC lay-
ers. These three cases are therefore treated as plausible SLWC detections, whereas
the SLWC dataset as a whole is used only qualitatively.

Anasphere probes operate by measuring the buildup of ice on a thin vibrating
wire, and recording the frequency of the wire as the sensor ascends. This vibrating
wire technology has been used in aircraft and balloon borne measurements for in situ
detection of supercooled water droplets in the atmosphere [34, 40]. Since the mass of
the ice changes the vibration frequency of the wire, the rate of change of vibration
frequency can be used to quantitatively determine the supercooled liquid water content
of the cloud, via the following expression

SLWC = −
2b0f2

0

ϵDVfş

∂f

∂t
, (13)

where b0 is the steel wire weight per unit length, f0 is the base “un-iced” wire fre-
quency, D is the wire diameter, V is the air velocity relative to the wire, f is the wire
frequency at a given time during flight, ∂f/∂t is the time rate of change in frequency,
and ϵ is the drop collection efficiency. Corresponding values of the parameters for the
Anasphere probe used here are f0 = 22 Hz, D = 0.75 mm and b0 = 0.0224 g cm−1. The
drop collection efficiency was computed for a mean air ascent speed of 5 m s−1 fol-
lowing the approach in [41], for a range of relevant water droplet diameters (between
5 and 60 µm). More details on the calibration and setup can be found in [34].

Data availability. ERA5 data are available via ECMWF Copernicus Climate
Change Service (C3S, https://cds.climate.copernicus.eu). Radiosonde and SLWC
probe data collected during the T-SCAN campaign are provided by the Group
of Atmospheric Turbulence of the National Weather Service (GTA-SMN), and are
available at https://doi.org/10.5281/zenodo.21263411

7 Supplementary information

Supplementary Animation S1. ERA5 evolution of moisture-intrusion dynamics during
the T-SCAN campaign. Shading shows IVT magnitude, vectors indicate horizon-
tal IVT direction, black contours show mean sea-level pressure, and the red marker
indicates Marambio Base. The animation illustrates the transition between direct
AAR influence, secondary cyclonically driven moisture enhancement, and non-AAR
moisture transport affecting the northern Antarctic Peninsula. Supplementary Figure
S2. Example of a usable SLWC-probe profile without a plausible non-zero SLWC
detection. The figure shows the vibrating-wire frequency as a function of altitude
together with the thermodynamically permitted SLWC zone, illustrating the distinc-
tion between technically usable SLWC data and profiles retained as plausible localized
SLWC signatures.
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A Sensitivity to saturation-threshold selection

Because the moist stability correction depends on the identification of saturated and
ice-supersaturated layers, we tested the sensitivity of the main statistics to the RH
thresholds used in the cloud-layer detection algorithm. For this, two alternative config-
urations were tested against the reference thresholds described in Section 6: a relaxed
case, in which both RHmin and RHmax were reduced by 5 percentage points, and a
strict case, in which both thresholds were increased by 5 percentage points. Thus,
the three configurations were: relaxed RHmin − 5%, RHmax − 5%, base RHmin, RHmax,
and strict RHmin + 5%, RHmax + 5%. Note that the base configuration is the one
explained in Section 6 and used for the analysis shown in Section 3.

The resulting sensitivity ranges are shown in Fig. 11, and the corresponding sum-
mary statistics are reported in Table 2. Panel (a) shows the fraction of saturated-layer
depth that is supersaturated with respect to ice. Panel (b) shows the moist overturning
fraction obtained from the L∗

T diagnostic, and panel (c) shows the difference between
the moist and dry overturning fractions. In all panels, the shaded envelope indicates
the range spanned by the relaxed, base, and strict RH-threshold configurations, while
the black markers show the base-threshold results.

The largest threshold sensitivity occurs in the saturation statistic shown in
Fig. 11(a). The strict configuration generally produces higher values of the supersat-
urated fraction within saturated layers, whereas the relaxed configuration gives lower
values for several flights. This behavior reflects the definition of the plotted quantity:
the numerator is the ice-supersaturated depth, while the denominator is the total
saturated-layer depth. Cases in which no saturated layer was identified under a given
threshold configuration are undefined for this metric and are therefore not plotted.

In contrast, the overturning diagnostics are much less sensitive to the threshold
choice. The moist overturning fraction in Fig. 11(b) remains close across the three
configurations for most flights, and the moist–dry difference in Fig. 11(c) preserves the
same overall structure. Consistently, Table 2 shows that the moist diagnostic yields
larger overturning fractions than the dry diagnostic in 31 of the 32 soundings for all
three threshold configurations. Thus, while the diagnosed ice-supersaturated fraction
depends on the saturation criteria, the systematic enhancement of overturning fraction
by the moist diagnostic is not an artifact of a single RH-threshold choice.

The moist overturning fraction changes only weakly among the relaxed, base, and
strict configurations, with mean values of 50.58%, 49.45%, and 48.53%, respectively.
In all three configurations, the moist diagnostic yields larger overturning than the
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Fig. 11 Sensitivity of the main humidity and overturning diagnostics to the RH thresholds used for
saturated-layer detection. The shaded envelope indicates the range obtained from the relaxed, base,
and strict configurations, corresponding to offsets of −5, 0, and +5 percentage points applied to both
RHmin and RHmax. Black markers indicate the base-threshold result. Panels show (a) the fraction of
saturated-layer depth that is supersaturated with respect to ice, (b) the moist overturning fraction,
and (c) the difference between moist and dry overturning fractions. Cases with no detected saturated
layer under a given threshold configuration are undefined in panel (a) and are therefore not plotted.
Although the diagnosed supersaturated fraction varies with threshold choice, the moist overturning
fraction and the moist-dry correction remain robust across the three configurations.

dry diagnostic in 31 of the 32 soundings, and only one sounding shows a moist-
dry difference exceeding 50 percentage points. Thus, although the absolute amount
of diagnosed ice supersaturation depends on the saturation criteria, the systematic
enhancement of overturning fraction by the moist diagnostic is not an artifact of a
single RH-threshold choice.
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Table 2 Sensitivity of saturation and overturning statistics to RH threshold choice.

Metric Relaxed Base Strict
Mean ice-supersaturated fraction (%) 52.86 60.23 74.31
Max ice-supersaturated fraction (%) 84.20 91.39 98.91
Flights where moist fraction > dry fraction 31/32 31/32 31/32
Flights with moist–dry difference > 50 percentage points 1/32 1/32 1/32
Mean moist overturning fraction (%) 50.58 49.45 48.53
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