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Shipboard observational evidence
of supercooled liquid water clouds
in the mid-troposphere over the
Southern Ocean

Jun Inoue?™, Kazutoshi Sato?> & Shingo Shimizu*

Clouds are crucial to regulating incoming and outgoing radiation over the ocean. However, there are
still large discrepancies between climate models and observations, particularly over the Southern
Ocean, which plays a major role in global climate projections. Using shipboard ceilometer and
radiometer data, we examine the relationship between the cloud-base temperature and the occurrence
frequency of supercooled liquid water (SLW) clouds. Our results indicate that SLW clouds dominate
as thin (< 200 m thick) altocumulus in the mid-troposphere with a fraction of about 95%, even under
cloud-base temperatures of less than — 25 ° C.These clouds are therefore difficult to reproduce in
models with coarse vertical resolution. An underestimation of surface downward longwave radiation
was found in atmospheric reanalysis due to the misrepresentation of the mid-tropospheric clouds
near 4 km where phase transitions occur. Based on air mass backward trajectory analysis, the clouds
associated with the local transport during the non-cyclone period seemed essential for the surface
radiation budget.
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Solar radiation is a primary energy source that originates outside the Earth. Cloud coverage, the ratio of land to
ocean, and land types are essential factors regulating incoming and outgoing solar radiation from the surface
albedo viewpoint. The phases of clouds composed of liquid, ice, or both are important in determining the degree
of reflection of solar radiation due to the characteristics of backscatter and the concentration of cloud particles!.
This effect is of particular importance in polar regions where solar radiation dominates during the midnight
sun. The phase change feedback in polar day is also important in mediating Arctic amplification®. During the
winter, the longwave radiation from the clouds regulates the surface heat budget’; therefore, the phase of clouds
is critical for climate simulation.

In general, ice clouds can form under the presence of ice nucleating particles (INPs), which facilitate ice
nucleation under temperature conditions of > — 38 °C. It is thought that INPs are transported to remote
regions as dust, activating ice nucleation under relatively low temperatures (e.g., < — 15 °C)%, or as bioaerosols,
primarily bacteria, from the sea surface under relatively high temperatures (e.g., > — 10 °C)>S. Efforts of global
aerosol transfer models that treat aerosol composition and number concentration are essential to understand
the holistic change associated with global warming’. Without INPs, supercooled liquid water (SLW) clouds
under the freezing point can dominate between 0 °C and — 38 °C depending on the cloud condensation nuclei
(CCN) composition and its concentration (e.g. SLW clouds can exist < — 25 °C?). For example, climate models
underestimated CCN number concentrations by roughly 50%°. The low bias in SLW and the associated radiation
biases over the Southern Ocean (SO) has been well-established for over a decade!®!!. Attempts have been made
in climate models with clouds over the SO to reduce the overestimation of ice clouds. The relationship between
the fraction of SLW clouds and the temperature given the presence of clouds is usually investigated using satellite
products as a reference!?. Temperatures between —30 °C and — 20 °C constitute a transitional zone from the

LArctic Environment Research Center, National Institute of Polar Research, 10-3 Midori-cho, 190-8518 Tachikawa,
Tokyo, Japan. 2Polar Science Program, The Graduate University for Advanced Studies, SOKENDAI, 10-3 Midori-
cho, 190-8518 Tachikawa, Tokyo, Japan. 3International Polar and Earth Environmental Research Center, National
Institute of Polar Research, 10-3 Midori-cho, 190-8518 Tachikawa, Tokyo, Japan. “Department of Extreme Weather
Disaster Research, National Research Institute for Earth Science and Disaster Resilience, 3-1 Tennodai, Ibaraki, 305-
0006 Tsukuba, Tokyo, Japan. “‘email: inoue.jun@nipr.ac.jp

Scientific Reports|  (2025) 15:18617 | https://doi.org/10.1038/s41598-025-03119-z nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-03119-z&domain=pdf&date_stamp=2025-5-28

www.nature.com/scientificreports/

liquid to ice phase. Most climate models in the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change overestimate the ratio of ice cloud occurrence compared with satellite products!!. However, the
models in the Sixth Assessment Report have improved this relationship in recent decades'>.

To maintain SLW clouds, the increase of vertical resolution'?, and a new microphysical parameterizaiton
which allows SLW cloud formation near the cloud top even in coarse vertical resolution!> have been proposed. The
NCAR Community Earth System Model version 2!¢ succeeded in representing the SO clouds via adjustments to
the ice nucleation and cloud microphysics schemes that permit additional SLW clouds; however, improvements
in the ice nucleation processes are still required because the quantity of ice clouds became too small compared
with aircraft observations. Sensitivity tests focusing on marine and mineral dust INPs have concluded that model
biases in the simulated sea salt and high variability in the mineral dust aerosols contribute to the uncertainty and
variability in the model-predicted INP populations!”. Satellite observation showed that SLW clouds dominate
at the mid-troposphere with a thin structure'®. Because their vertical structure might make it challenging to
represent climate models, the kinematic process, such as wind shear, would be a source of shallow convection'.

The representation of the radiation balance at the cloud top has been discussed in the climate model
community?® because satellite datasets are available for validation at a global scale for each season. Surface
radiation observations, including ground-based remote sensing for clouds and precipitation, are also essential
to understand the impact of the cloud vertical structure on the surface heat budget?'. The underestimation of
SLW clouds and cloud liquid water paths in a cyclone caused a large downward shortwave (DSW) radiation
error in the climate models over the SO?2. In the case of ERA5 reanalysis®®, the mean bias of surface DSW
radiation exhibited 54 W m~224. Downward longwave (DLW) radiation is also a fundamental component when
discussing the representation of clouds, in particular their phases, ceilings, and temperatures. In the Arctic Ocean,
shipboard measurements based on radiosondes, ceilometers, and C-band Doppler radar were used as validation
data for a regional climate model intercomparison project?®, contributing to the identification of characteristics
of model parameterizations for cloud microphysics, boundary layer processes, and radiation schemes. Aircraft
observations would be useful to capture the spatial scales of cloud systems over polar oceans***’; however, this
type of study provides only a snapshot, making applications to modeling difficult. Shipborne observations,
conversely, can capture extended time ranges of more than a month, enabling the capture of several atmospheric
events as well as normal conditions.

This study used cruise data (Fig. 1a) obtained by a shipboard lidar ceilometer and microwave radiometer
to focus on the relationship between the temperature at which clouds exist and their phase. The ceilometer
can monitor the cloud phase at the cloud base. At the same time, the microwave radiometer can obtain the air
temperature at the cloud base, enabling an estimation of the relationship between the cloud-base temperature
and the frequency of SLW cloud occurrence.

Results

Characteristics of observed clouds

Figure 1b shows a scatter plot of the cloud-base temperature and its height, as detected by the microwave
radiometer and lidar ceilometer, distinguishing each cloud phase (red: liquid water clouds and blue: ice clouds)
during the four-month cruise over the SO and near the Antarctic coast. While the ceilometer cannot detect the
inner state of the clouds, it provides high-temporal-resolution data (every minute), yielding a large dataset of
cloud phase observations at the cloud base. Although the estimation of cloud-base temperature had a relatively
larger error as the temperature decreased below — 15 °C, as shown in Supplementary Fig. 1, the number of
samples was limited, in particular, below — 30 °C. SLW clouds were frequently observed at a temperature of
> — 25 °C (more than 95% of samples; gray bars in Fig. 1c). Although ice nucleation at higher temperature
is possible if a certain amount of INPs exist, the more than 98% fraction of SLW clouds under the > — 25 °
C condition suggests that the effect of INPs in the lower troposphere is minimal. The exception (a few percent
of samples) would be mid-level ice clouds formed by the long-range transport of INPs originating from the sea
surface at mid-latitudes®3, likely associated with an atmospheric river event.

The red line in Fig. 1c shows the SLW cloud occurrence frequency at each temperature range, binned every
5 K. This frequency is not comparable with the mass fraction of SLW in the mixed-phase clouds, including the
precipitating SLW clouds, because the ceilometer detects the cloud-base information. The frequency is nearly
95% under the temperature condition of > — 25 °C with a large number of samples, while it is nearly zero in
the case of < — 40 °C with a minimal number of observed samples. The transitional temperature zone is at
— 35-— 25 °C where cloud-base heights were observed between 3 km and 6.5 km, i.e., in the mid-troposphere
(Fig. 1b).

The cloud-base height frequency distribution relative to the entire observation period during the cruise (red
bars in Fig. 2) indicates that a lower ceiling below 1.5 km dominated, as shown in the literature?”. Compared
with boreal summertime Arctic clouds, where the lowermost clouds (< 0.5 km) dominate, with a more than
60% occurrence as stratus clouds over the ice-free ocean®, the difference in the SO is that the frequency of
the lowermost clouds (< 0.5 km) was not significant (15%), suggesting the presence of a wide variety of cloud-
base heights, partly related to frequent synoptic disturbances. Note that mid-tropospheric clouds (3-5 km)
were observed to comprise more than 15%. The same analysis was made for the ERA5 hourly atmospheric
reanalysis?® along the cruise track (gray bars in Fig. 2); however, the representation of lower tropospheric clouds
(< 1 km) was nearly doubly overestimated, while mid-tropospheric clouds (> 3 km) were underestimated by half
compared with observations. The ERA5 represented clear-sky conditions much worse than the other reanalysis®!,
as it showed a much higher cloud fraction under satellite-observed clear-sky conditions, which supports the
overestimation of lower tropospheric clouds in this study. The underestimation of mid-tropospheric clouds
might be caused by several issues, as discussed later (e.g., an issue of wind shear).
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Fig. 1. Cruise track, cloud-base temperature and phase, and liquid water cloud fraction. (a) Cruise track

in which the data were collected (the red mark indicates the location of Syowa Station where operational
radiosonde observations were made). (b) Cloud-base temperature derived from the microwave radiometer
and lidar ceilometer. Red and blue marks indicate spherical particles (supercooled liquid droplets) and non-
spherical particles (ice crystals), respectively, based on the linear depolarization ratio from the lidar ceilometer.
The data period is from December 2, 2022, to March 16, 2023. (c) Observed supercooled liquid water (SLW)
cloud fraction (red), with reference lines based on satellite and model data (the cloud top from CALIOP south
0f 30° S during December-February*! (blue); the same as the blue line but north of 30 ° N during July-August
(brown); annual global CALIOP cloud top products for mid-layer clouds'? (black), hourly cloud-base data
from ERAS5 reanalysis during the observations?® (green); and the ratio of liquid water path to total water

path from global CMIP5 (cyan) and CMIP6 (orange) outputs'®), and the observed data frequency (gray) as

a function of temperature. The error bars indicated the temperature estimation with a 95% confidence level
based on the regression line shown in Supplementary Fig. 1.

To focus on the mid-tropospheric clouds, an example of a time-height cross section of the attenuated
backscatter coefficient (ABS) when typical mid-tropospheric SLW clouds persisted near Syowa Station is
shown in Fig. 3a. The cloud-base height at close to 3 km was continuously observed, with some attenuation
caused by lower clouds. These clouds were usually independent of the lower boundary layer clouds except in
cases of synoptic storms?®. The chance of observations of these clouds as the first layer by the ceilometer was
relatively high when lower boundary layer clouds were absent. Based on the linear depolarization ratio (LDR),
these clouds were SLW clouds (spherical LDR signals) with light snowfall (non-spherical LDR signals; brownish
shadings in Fig. 3b). The visual state of these clouds on this day can be confirmed via images taken by a forward-
looking camera on the ship (Fig. 4b). The primary cloud type was likely altocumulus, which was based on
visual appearance. The relative humidity with respect to liquid saturation obtained by radiosondes at 23:30 UTC
on December 25, 2022 at Syowa Station (Fig. 3d) revealed that the humid layer where this mid-tropospheric
cloud layer existed was generally geometrically thin (< 200 m thick); therefore, the vertical resolution of the
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Fig. 2. The cloud-base height frequency distribution relative to the entire observation period. The data were
obtained by the lidar ceilometer (red bars) and ERA5 (gray bars) during an overcast period of the cruise.

models sometimes hindered their reproduction, as shown in Fig. 2. In addition, a wind directional shear from
northeasterly below 3.2 km to northwesterly above the cloud top was found (Fig. 3e), suggesting that other
air mass sources from remote regions riding up on the lower boundary layer presumably generated undulatus
clouds. These geometrically thin clouds were frequently observed during the cruise, as shown in Fig. 4, which
agrees with the non-negligible frequency of the cloud-base height above 3 km, as shown in Fig. 2.

Impact of cloud phase on surface radiation

How do altocumulus clouds influence the surface radiation environment? The failure to represent mid-
tropospheric SLW clouds in ERA5 causes radiation biases at sea and sea-ice surfaces because the altitude near
4 km is the transitional temperature zone for the cloud base for liquid or ice phases (Fig. 1b). Figure 5 shows
the relative frequency of the DLW and DSW radiations observed on the ship and estimated in ERA5. Overall,
the DLW radiation distribution in ERA5 was shifted 10-20 W m ™2 lower than the observation (Fig. 5a). The
primary observed peak near 295 W m™?2 with an approximate 20% frequency, most likely for the case of lower
tropospheric cloud conditions, was larger than that in ERA5 (285 W m™2) with an approximate 10% frequency.
The value of the observed peak frequency was nearly doubled; this is inconsistent with the cloud-base height
frequency (Fig. 2) if the dominant cloud phase in ERAS5 is also SLW clouds. This discrepancy likely arises from
the cloud phase error in ERA5. Because the emissivity of ice clouds is approximately 0.90 at most, based on
satellite observations®?, which is smaller than the typical liquid water emissivity (> 0.97)*, the replacement of
the cloud phase from SLW to ice clouds would lead to an underestimation of the most frequent value of DLW.
In most of the lower part from the peak (265-285 W m~2), considered to be overcast conditions with a lower
temperature cloud bottom (i.e., mid-tropospheric clouds), the observed frequency was greater than those in
ERAS.

The secondary peak at 225 W m ™2 was also shifted to 205 W m ™2 in ERA5. In this secondary peak, which
is likely related to clear sky or low cloud cover conditions, ERA5 seemed to have less cloud cover than observed.
Note that the observed DLW radiation during the occurrence of altocumulus clouds ranged between 205 W
m~2 and 275 W m~%( Fig. 4); therefore, this secondary peak would still include the cases of altocumulus clouds
under various cloud covers and cloud-base heights. Based on the comparison of the DSW, the value between
325 W m™2 and 775 W m ™2 in ERA5 overestimated approximately 1% of frequencies (Fig. 5b), suggesting the
overestimation of ice clouds instead of SLW clouds (less reflection of shortwave radiation at the cloud top). The
averaged DSW radiation in ERA5 was overestimated by 33 W m ™2 compared with the observations during the
cruise (a net downward radiation bias of 12 W m™? is still significant). Therefore, the misrepresentation of ice
clouds in atmospheric reanalyses strongly influences the evaluation of the surface radiation.
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Fig. 3. Time-height cross-section of the lidar ceilometer data and radiosonde profile. (a) Absolute backscatter
coefficient (ABS), and (b) linear depolarization ratio (LDR) obtained by the ceilometer. A magenta line

for each panel indicates the cloud bottom height detected by the ceilometer. The higher value of ABS

indicates the stronger reflection of the signal (e.g., clouds and precipitation). Lower (< — 1.17), middle

(— 1.17 < logio(LDR) < —0.35), and higher (> — 0.35) log10 LD R indicate the cloud droplets, ice
crystals, and snow, respectively. (c) liquid water path observed by the microwave radiometer, (d) relative
humidity, and (e) air temperature with horizontal wind vectors from a radiosonde at Syowa station at
23:30UTC.

Altocumulus formation and their impact on surface radiation

Altocumulus clouds often consist of a thin SLW layer (a few hundred meters) with a sub-cloud layer containing
several narrow virga fall streaks%. Figure 3b clearly shows that the altocumulus cloud at 3.1 km had a virga layer
down to 1 km at 16:00 UTC on December 25. When the backscatter of the virga strengthened several times
between 16:00 and 19:00 UTC (Fig. 3a), the base height of the SLW cloud coincidentally decreased. Based on
the microwave radiometer measurement, the liquid water path increased from near zero (usually undetectable
for the thin SLW layer) to 40 g m ™2 during this period. SLW-generating cells would be intensified by radiative
cooling at the cloud top and by turbulent mixing in the layer, deepening sub-cloud virga®. This feature was also
observed in other field observations over the SO using ship-based cloud radar and lidar®. After this period, the
depth of the virga gradually thinned to 2.5 km late in the day. According to an analysis of the satellite product'®,
the probability frequency of mid-tropospheric liquid clouds at 2-5 km over the SO would have originated from
thin SLW clouds whose average thickness was 330 m.

The most lasting period of the SLW in the mid-troposphere was from 23 December to 27 December 2022.
A time-height cross-section of cloud-base height with horizontal winds and their vertical shear based on
radiosonde data at Syowa station, which was close to the shi]i) (Fig. 6a), showed there could be a relatively strong
vertical wind speed shear above the cloud base (> 10ms™' km™!). The lifetime of SLW clouds was typically
half a day to a few days, depending on how long such a wind condition was sustained, although the coarse time
resolution of radiosondes limits further analysis.

The strong wind shear is a favorable environment for generating clouds induced by Kelvin-Helmholtz
Instability (KHI). Richardson number (Ri), the ratio of static stability and the wind shear squared are usually
used to assess the environment for KHI (Ri < 0.25). However, this situation is rarely observed by radiosondes
because the layers with Ri < 0.25 should quickly become turbulent and raise Ri to more stable values*’. The
statistical analysis of the Mesosphere-Stratosphere-Troposphere/Incoherent Scatter radar at the Syawa station
showed that the KHI frequently occurred between 3-6 km, and background median wind shear and Ri was 12.3
m s~ km™" and 1.17, respectively'®. Therefore, a representation of high wind shear, even in relatively high Ri
in climate models, is one of the essential physical conditions for the SLW cloud formation.
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Fig. 4. Altocumulus clouds over the Southern Ocean and Antarctic coast. Photos were taken by a forward-
looking camera each day. The height and radiation indicated in each photo are the approximate cloud-base
height according to the ceilometer and the downward longwave radiation, respectively.

The radiative transfer model Streamer*®>® was used to estimate the radiative effect of the SLW clouds as a
case study of 23:30 UTC on 25 December. Using the radiosonde data at Syowa station and defining the cloud
layer where relative humidity > 95 %, the DLW and DSW radiations were estimated in the two cases of clouds: a
control run is the realistic case of the SLW clouds and the other is a sensitivity run of ice clouds. The surface DLW
radiation in the control case (258 W m~2) was closely matched with the observed one (251 W m~2: blue square
in Fig. 6b), while the radiation in the case of ice cloud (218 W m~2) was significantly underestimated compared
with observation. The difference in the longwave cloud radiative effect is 40 W m 2, suggesting the cloud phase
error causes critical influences on the frequency of the radiation field as in Fig. 5a. This error is sometimes
compensated by the shortwave cloud radiative effect when the DSW radiation is small, such as in this case.

The impact of cloud phase error on DSW radiation was also assessed using the same setting of the radiative
transfer model but with a change in the local time ahead of 12 h, assuming a high solar zenith angle case, as
shown in Fig. 6¢. The DSW was overestimated by 154 W m ™2 when the SLW clouds were replaced as ice clouds.
This discrepancy influences the frequency distribution of DSW radiation in Fig. 5b and the surface radiation
budget. Total cloud radiative effect for SLW and ice clouds were — 68 W m™2 and — 21 W m ™2, suggesting the

cloud phase error causes additional surface heating 47 W m ™2,

Thermodynamic environments for altocumulus

SLW clouds at temperatures lower than — 30 °C can occur if the ice crystal concentrations and sizes are
sufficiently small with a weak updraft®. Recent satellite analyses, distinguishing between cloud-top and
interior phases in mixed-phase clouds, reveal that mixed-phase clouds are more liquid globally at the cloud
top, particularly over the SO, without seasonal variability*!. The fraction of SLW clouds south of 30° S as a
function of temperature under the > — 30 °C condition during austral summer was more than 80% (blue line
in Fig. 1c), which is similar to our observation (red line in Fig. 1c) (note that these data comparisons were not
made explicitly due to difficulty in fitting the collocation and co-incident). The SLW fraction in boreal summer
(brown line in Fig. 1¢) is 10%-20% smaller than that in austral summer, probably because the remote transport
of INPs above the mid-troposphere originating from terrestrial regions could contribute to additional ice cloud
formation. Classifying low-, mid-, and high-level clouds during winter and summer over the SO%, the SLW
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port and starboard sides on the ship. The black lines are based on the ERA5 reanalysis.
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Fig. 6. Relationship among wind shear, radiation, and clouds. (a) Time-height cross-section of vertical wind
shear defined as \/ (6u/02)? + (6v/dz)? by the radiosonde data at Syowa station between 2000 and 5000

m (shading). Vectors and gray lines indicate horizontal winds by radiosondes and cloud-base height by the

ceilometer. (b) Downward longwave radiation (blue) and downward shortwave radiation (red) at 23:30 UTC
on 25 December 2022. Solid and dotted lines are indicated in the cases of SLW clouds with a 20um effective
radius and ice clouds with a 100zm effective radius. The integrated cloud water path was set to 15 g m ™2 for
each case. Squares indicate the surface observation at the same time. (c) Same as (b), but at 11:30 UTC on 25

December assuming a high solar zenith angle. Note that meteorological profiles used for calculation are the
same as (b).

cloud fraction was more than 60% both in summer for mid-level clouds and winter for low-level clouds even in
the temperature < — 30 °C. Although the observation data in this study was very limited and the method to
estimate the SLW cloud fraction was different from the satellites and climate models, the feature that the SLW
cloud dominated under lower temperatures partly reflects the ordinal situation during summer over the SO. If
precipitating snow is considered a part of the clouds, the altocumulus clouds observed by the ceilometer in this
study can be classified as mixed-phased clouds, suggesting that the cloud system is not homogeneously mixed in
the vertical direction. In other words, the ceilometer measures the upper part of the mixed-phased clouds under
these conditions because this study distinguished between the SLW clouds, ice crystals, and snow strictly when
using the ceilometer, as described in the Methods.
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Fig. 7. Backward trajectory map on the SLW cloud case and atmospheric river case. Three-day 27-ensemble
backward trajectories starting from 23:00 UTC 25 December 2022 (red lines) and from 13:00 UTC 22 February
2023 (blue lines). The initial height is 3000 m. The former case corresponds to the altocumulus case as SLW
clouds. The latter is an ice cloud case associated with an atmospheric river event?®. Color dots indicate the ship
position for each case. The gray line denotes the ship track.

Discussion

The representation of mid-tropospheric clouds in the Coupled Model Intercomparison Project Phase 6
(CMIP6) was improved compared with that in CMIP5 (Fig. 1c); however, there is still a ~5% negative cloud
fraction bias over the SO (55-70° S) compared with satellite-based products*’. The height and temperature
for the modeled mid-tropospheric clouds were 2-5 km and — 15 to — 25 °C, respectively. These height and
temperature ranges correspond to those frequently observed in this study as SLW clouds (Fig. 1b). Several
methods have been applied to climate models to reduce ice clouds and increase SLW clouds. In climate models,
the vertical resolution in the middle troposphere where altocumulus clouds exist is usually coarser than 500
m. The relative importance of different physical processes needed to maintain SLW clouds was proposed as a
reason to increase the vertical resolution. For example, simulations with 500-m resolution had only 5% of the
SLW clouds modeled in 50-m simulations because of the decrease in the ice growth rate via vapor deposition
in the simulation with a fine resolution, the so-called Wegener-Bergeron-Findeisen mechanism'*. Because
simulations at coarser vertical resolutions using a grid box lead to biased mixed-phase microphysical process
rates and affect the diagnosis of thin SLW clouds, the SLW layer quickly became glaciated and the altocumulus
cloud lifetime was underestimated. A new parameterization for the vertical gradients of the ice-water mixing
ratio and temperature in the microphysics calculations allowed SLW clouds to form near the cloud top even
at coarse vertical resolution with appropriate radiative cooling at the cloud top and turbulent mixing in the
cloud layer?>. This scheme maintained a balance between the depositional ice growth below the SLW clouds and
the reformation of SLW clouds via adiabatic condensation with compensating vertical velocity. However, this
scheme was based on observations at mid-latitudes, which raises a question concerning its application to the SO.
Moreover, the process for increasing INP formation by the secondary ice production with multiple updrafts is
also present*’, which needs to be considered for cloud microphysics and vertical velocity.

A more straightforward approach is the parameterization of INPs over the SO based on INP observations.
The fact that SLW clouds dominated rather than ice clouds suggests that the concentration of INPs was smaller
than expected. Using sophisticated cloud and aerosol observations over the SO%, the size distribution of INPs
was obtained*; this distribution is over two orders of magnitude smaller than the function usually used in
climate modeling. Adapting the ice nucleation parameterization reproduced the SLW layers effectively even when
the vertical resolution at the layer was set to be coarse by default®. This means that customizing the INP size
distribution for the SO is crucial for regional climate modeling. However, surface-based aerosol sampling during
the limited season hampers our understanding of the mid-tropospheric environment*. Clouds, accompanied
by synoptic disturbances and atmospheric rivers, are presumably influenced by long-range-transported aerosols,
which differ from the background INP size distribution over the SO. For example, one observation showed a
discontinuous change in the vertical cloud phase in the mid-troposphere when the air mass originated from
the tropical Indian sea surface along the blue tracks in Fig. 72%. Regarding the degree of local emission of INPs
at high latitudes, Arctic dust emitted from ice- and vegetation-free areas has a remarkably high ice-nucleating
ability?” and would influence the cloud radiative effect at the top of the atmosphere and the surface downwelling
radiative flux in the Arctic®. Seaspray containing organic matter also has the potential as a source of INPs and
the formation of ice clouds in the lower boundary layer®. Although these processes would also be plausible in
SO and Antarctic coastal regions, they are not responsible for the presence of SLW in the mid-troposphere.

A serious issue is that ERA5, an essential dataset for illuminating the current climate status over the last
several decades, also underestimates persistent altocumulus clouds (Fig. 2). ERA5 sometimes performs well
in the Arctic from the viewpoint of clouds and surface radiation compared with state-of-the-art regional
climate models?®. The microphysics scheme in ERA5% treats SLW and ice clouds as prognostic variables, which
differs from the diagnostic temperature-dependent liquid/ice phase split in the previous scheme (the threshold
was — 23 °C), ideally leading to a greater chance of SLW clouds between 0°C and — 38 °C; however, the
presence of SLW clouds below —20 °C in ERA5 was barely represented in the Arctic summer condition?®. As
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in the literature®, the bimodal distribution of the DLW radiation in the scheme used in ERA5 was not as well
separated as in the observed distribution. This tendency was also found in this study (Fig. 5) partly because the
incorrect cloud phase, fraction, and base height are potential sources of errors, in particular under the lower
temperature conditions of the cloud base (e.g., —20 °C). ERA5 provides the cloud-base height, enabling an
analysis of the occurrence frequency of SLW clouds versus ice clouds in the same manner (Fig. 1c), although
the time resolution is 1 h instead of 1 min. Because ERA5 permits mixed-phase clouds in a grid, this analysis
categorized such clouds as SLW clouds to confirm how the model overestimated just the ice clouds. As expected,
the frequency of the sum of SLW and mixed-phased clouds was poorly reproduced (green line in Fig. 1c)
compared with observations (even if the observed data was extracted to hourly data for the direct comparison
of ERAS5, the observed characteristics of data frequency and SLW cloud fraction as a function of temperature
were close to the full sample of the observation data). The frequency was approximately zero under the condition
of < —15 °C (i.e., overestimation of ice clouds). The ice cloud-base height was mainly 1.5-2 km (Fig. 1b),
consistent with underestimation of the DLW radiation (Fig. 5a). In general, the depositional ice growth rate
heavily depends on the number concentration of INPs; choosing the function of the INP concentration as a
function of the temperature is critical. The INP function used in ERA5 was based on field observations at a
western US mountain rangeSI. The alternative formulation, a more-than-one-order smaller INP concentration
than the former®?, provided a better fit to the INPs based on Arctic observations in the fall. A comparison
between these two formulations indicates that the Arctic INP formulation suppressed the deposition rate by
approximately a factor of 5 and increased the amount of SLW with long-lasting and deeper Arctic boundary layer
cloud systems®’; however, ERA5 does not apply this Arctic INP formulation to maintain the global tropospheric
consistency across different meteorological regimes. Even in the Arctic INP formulation, the concentration
under > —30 °C is too high compared with the Antarctic INP formulation®®, suggesting the need for regional
INP formulations for global modeling. Comprehensive field observations®* also reveal small INP sources over
the SO, suggesting that the cloud-phase negative feedback would be weak™. The same situation is also expected
in the Arctic when the INP supply is small®.

The four-month observation in this study contained various clouds as seasonal representations, including
very thin clouds. In contrast, airborne observations aiming to capture specific events sometimes would not fit the
seasonal feature, for example, indicating less SLW cloud frequency (< 5%) at — 20 °C>%, which might be related
to long-range air mass transport or local secondary ice production. The seasonal march from the austral summer
to autumn would also reduce the SLW cloud frequency (e.g., around 50% at — 10 °C in the austral autumn®).
The vertical distribution of clouds also heavily depends on the moisture transport. The three-day backward
trajectory analysis using the HYSPLIT model® showed the air mass at 3000 m on 25 December 2022 stagnated
near the Antarctic coastal region (red lines in Fig. 7). On the other hand, the air mass of the atmospheric river
event on 22 February 2023, which contained ice clouds at 3000 m?3, crossed the SO, suggesting the long-range
moisture transport from the mid-latitudes (blue lines in Fig. 7). In summary, this limited data analysis implies
that the vertical distributions of moisture and INPs over the SO might be mainly determined by two modes: a
local transport mode during the non-cyclone period, and a long-range transport mode associated with synoptic
atmospheric disturbances. The former modes are critical for evaluating the surface radiation budget led by SLW
clouds, while the latter is essential for understanding the ice sheet mass balance through precipitation.

Methods

Observations

A lidar ceilometer (CL61, Vaisala Inc. Ltd., Finland) and a microwave radiometer (HATPRO-G4, Radiometer
Physics GmbH, Germany) were installed on the research vessel (RV) Shirase, which cruised along the SO
Antarctic coasts from December 2022 to March 2023 (Fig. 1a). A lidar ceilometer can provide cloud-base heights
of up to five layers, the ABS, and the LDR. The cloud structure can be detected if the clouds are optically thin.
The temporal and vertical resolutions were 1 min and 4.8 m, respectively (measurement accuracy: +5m). The
maximum detectable altitude was 15.4 km; however, most cloud bases were detected below 10 km on this cruise.
The vertical structure of the SLW clouds detected by the CL61 ceilometer agreed well with those from cloud
particle sensor sondes (CPS sonde, Meisei Inc. Ltd., Japan), which also detected the phase of the cloud particles
and their number and size®*’. The thresholds for identifying the sphericity of the particles are summarized in
the CL61 user guide®®. However, snow particles should be excluded from analyses to minimize errors in the
cloud-base temperature. The LDR for snow (0.2-0.4) and ice crystals (0.32<) overlap, which makes it challenging
to analyze the cloud-base temperature in this study. In situ cloud observations by drones from the RV Shirase
revealed that a LDR value of 0.45 is the threshold between the snow particles and ice crystals®®. In this study, LDR
larger than 0.45 and ABS smaller than 10™* m™! sr™" were used to evaluate the ice cloud-base height.

The HATPRO-G4 radiometer continuously obtained the vertical structure of the air temperature (7 channels:
51-58 GHz) and moisture (7 channels: 22.24-31.4 GHz from the surface to 10 km (vertical resolutions are finer
at lower altitudes from 10 m to 200 m). To retrieve these parameters, the manufacturer customized a neural
network for Antarctica and the SO based primarily on radiosondes of Antarctic coastal regions. Temperature
accuracy is between 0.25-1.00 K depending on range height. In this study, the product was further corrected
using the results of radiosonde observations at Syowa Station (69.01° S, 39.59° E) (Fig. la), as shown in
Supplementary Fig. 1 and Supplementary Note. The missing data mainly arose from mechanical issues (e.g., the
abnormal elevation angle of the antenna) (Supplementary Fig. 2). Liquid water path (LWP) can also be estimated
using two channels (23.8 and 31.4 GHz)%. The accuracy of LWP estimation is 20 g m ™2,

Radiation measurements were made on the upper deck of the ship on both the starboard and port sides. MS-
40C (EKO, Inc. Ltd., Japan) shortwave radiometers were used (temperature dependence: < +3%). The infrared
radiometer on the starboard side was an IR02 (Hukseflux, Inc. Ltd., The Netherlands; temperature dependence:
< £3%), while that on the port side was an MS-21 (EKO, Inc. Ltd., Japan; temperature dependence: < +1%).
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The data were the instantaneous data per minute. The instruments were installed on a 1.5-m-long pole extended
beyond the deck to minimize several ship effects (e.g., the shadows of the masts and infrared radiation from
the ship body). Automated weather systems were also installed near the radiometers on both sides (starboard
side: WXT536, Vaisala, Inc. Ltd.; port side: WS500, Lufft, Inc. Ltd.). A forward-looking camera (Hero9, Gopro
Inc. Ltd., USA) was installed in front of the upper deck to monitor the visual state of the clouds. The measuring
interval was 5 min. All instruments were checked at least twice daily by the researchers on the ship.

During the cruise, other meteorological instruments (occasional radiosonde?® and drone meteorological
profiling®, aerosol concentration monitoring, and samplings) were installed on the ship, which was not used in
this study.

Atmospheric reanalysis

This study used an hourly product along the cruise track in ERA5%. The parameters were cloud-base height,
downward shortwave and longwave radiation flux, and ice and liquid water cloud mixing ratio. The closest single
grid to the ship was used every hour on the hour. Therefore, the number of samples was much smaller than the
observation.

Models
A two-stream, narrow-band radiative transfer model Streamer (version 3.0)* was employed to estimate the
radiation profile. The observed surface temperature and profiles of air temperature and relative humidity at 23:30
UTC on 25 December 2022 were used as input for the model (Fig. 3d, e) for thermodynamic structure. For the
microphysics, the cloud thickness and liquid (ice) water path were determined by the profile of relative humidity
>95% and 15 g m~2. The cloud particle size of SLW clouds and ice clouds were set to 20 and 100 pm, respectively.
National Oceanographic and Atmospheric Administration’s Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (version 5.3.2)*°¢ was also applied to understand the origin of air masses arriving
at observation points. Global Forecast System (GFS) data (version 15) on a 0.25°x 0.25° latitude/longitude
grid was used as meteorological conditions, including vertical velocity for the HYSPLIT model. Two cases
were investigated: one was 25 December 2022, when the SLW clouds were observed at mid-troposphere as
shown in Fig. 3, and the other case was 22 February 2023, when ice clouds were observed at mid-troposphere
associated with an atmospheric river event?. Three-day 27-ensemble trajectories starting from 3000 m height
were obtained for each case.

Data availability

The datasets generated during and/or analyzed during the current study are available on the following website.
Microwave radiometer data: https://ads.nipr.ac.jp/dataset/A20230501-002, lidar ceilometer data: https://ads.nip
r.ac.jp/dataset/A20230501-003, surface radiation data: https://ads.nipr.ac.jp/data/meta/A20230501-006.

Code availability
The codes to reproduce the analyses presented in this study are available upon request from the corresponding
author.
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