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ABSTRACT

While the majority of Antarctic clouds are made up of ice crystals, a significant proportion consists of supercooled liquid water (SLW), defined as water in liquid form
below 0 °C. Observations of SLW clouds have been carried out for several years at Dome C, the Concordia station (75° S, 123° E; 3233 m above mean sea level),
combining observations from LIDAR, microwave radiometer and balloon-borne sondes. The present analysis is separated in two parts. Firstly, we will focus on the
diurnal variation of the planetary boundary layer (PBL) from balloon-borne profile observations performed on January 23, 2023 establishing the presence of SLW
clouds: 1) at the top of the PBL between the entrainment zone and the capping inversion layer, 2) higher up within a fossil layer, and 3) within the very cold stable
boundary layer close to the surface as liquid fog. Secondly, from a statistical study covering several summer periods, we will show that SLW clouds are present from
400 to 600 m above ground level (agl) in the entrainment zone and within the stable boundary layer below 100 m agl where liquid fog can form, with temperatures

from —25 °C to —35 °C and LWP (liquid water path, the vertically-integrated SLW content) less than 3.0 g m 2.

1. Introduction

Clouds are one of the most important parameters to control the
Earth’s radiation balance, affecting the radiation reaching the surface
and escaping to space, cooling or warming the atmosphere and supply
water to the surface through precipitation (Tsushima et al., 2006;
Komurcu et al., 2014; Storelvmo, 2017). The nature of the clouds (liquid
and/or solid water) also affects the global radiative budget, thus the
Earth climate evolution (Lemus et al., 1997; Choi et al., 2014; Lenaerts
etal., 2017). In Antarctica, clouds are mainly composed of ice due to the
very low average surface temperature below the freezing point of 0 °C
(Lachlan-Cope, 2010). But, for more than ten years, satellite followed by
airborne and ground-based observations have shown that a
non-negligible fraction of the Antarctic clouds was constituted of liquid
water (Grosvenor et al., 2012; Lachlan-Cope et al., 2016; Silber et al.,
2019).

The term of supercooled liquid water (SLW) is generally employed
when liquid water is present at temperature less than 0 °C. In theory,
SLW can persist from 0 °C to —39 °C. Very little SLW is then expected
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because the ice crystals that form in this temperature range will grow at
the expense of liquid droplets (called the “Wegener-Bergeron-Findeisen”
process; Wegener, 1911; Bergeron, 1928; Findeisen, 1938; Storelvmo
and Tan, 2015). Clouds containing SLW can also partly be made up of ice
(solid water), and the term of mixed-phase cloud is thus employed.
Because Antarctica is one of the driest and coldest place on Earth, the
amount of water (liquid, solid and gaseous) is reduced compared with
what is observed at tropical and middle latitudes. Nevertheless, the
Antarctic clouds play a key role in the climate system by influencing the
Earth’s radiation balance, both directly at high southern latitudes and,
indirectly, at the global level through complex teleconnections (Lubin
et al., 1998).

Antarctic clouds show a fractional cloud cover ranging, on average,
from 80 to 90 % near the coast to about 50-60 % near the South Pole
(Bromwich et al., 2012; Listowski et al., 2019) with mixed-phase clouds
preferably observed near the coast and ice clouds above the inner
continent. As a consequence, SLW cloud fractions decrease sharply
poleward, and are two to three times lower over the Eastern Antarctic
Plateau than over the West Antarctica. Furthermore, the nature and
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Fig. 1. Nine vertical profiles up to 10 km of (left) temperature (°C) and (right) relative humidity (%) observed every 3 h from January 23, 2023 at 00:00 UTC by

means of PTU sondes.

optical properties of the Antarctic clouds depend on the type and con-
centration of cloud condensation nuclei and ice nucleating particles, and
large uncertainties exist relative to their origin and abundance over
Antarctica. But one important point remains that both research and
operational weather prediction models inaccurately represent these
clouds (and especially SLW clouds) in Antarctica (McCoy et al., 2015;
Wang et al., 2022). As a consequence, simulations of net surface irra-
diance are biased by several tens W m 2 (Listowski et al., 2017; King
et al.,, 2006, 2015; Bromwich et al., 2013) in and even beyond the
Antarctic over the Southern Ocean (Lawson and Gettelman, 2014;
Bodas-Salcedo et al., 2016; Young et al., 2019; Vignon et al., 2021).
From observations, climate models and meteorological reanalyses, it
appears that, in Antarctica, the liquid water path (LWP), which is the
vertically-integrated SLW content, is on average ranging 0-40 g m™2,
with slightly larger values in summer than in winter by 2-5 g m~2
(Lenaerts et al., 2017). On the Eastern Antarctic Plateau, LWP is less
than 10 g m 2 in the CloudSat-Calipso satellite observations and is about
20-30 g m~2 in the CERES-EBAF satellite observations, namely 10-20 g
m~2 less than in the Western Antarctica. At Dome C (Concordia station)
in the Eastern Antarctic Plateau (75°06’ S, 123°21’ E, 3233 m above
mean sea level, amsl), observations (Ricaud et al., 2024a; and b) show
very low amounts of LWP (on average less than 10 g m~2) consistent
with meteorological analyses from ERA5 (Ricaud, 2025) and satellite

observations (Lenaerts et al., 2017). On average, coastal LWP (including
the Antarctic Peninsula) is 10-20 g m 2 greater than in the interior of
the continent. In the Southern Ocean, LWP values range from 20 to 100
g m~2 in the CloudSat-Calipso observations and 80-50 g m~2 in the
CERES-EBAF data (Lenaerts et al., 2017). In the Arctic Ocean (Lemus
et al., 1997; Zhang et al., 2019; Lenaerts et al., 2017), satellite obser-
vations and CMIP5 model outputs show LWP values from 50 to 100 g
m_z, with much less values over Greenland (10-40 g m~2). Finally, in
the middle to tropical zones, LWP can reach 100-150 g m~2 (Lemus
et al., 1997).

In Antarctica, since SLW contents are dramatically low, it is thus
difficult 1) to observe SLW clouds, 2) to quantify the amount of liquid
water present in the SLW clouds, and 3) to estimate the SLW cloud
radiative forcing. Nevertheless, at Dome C (Concordia station), SLW
clouds have been observed remotely and in situ, then analysed by
combining observations with models. The presence of the SLW and
mixed phase clouds over the station mainly diagnosed by a back-
scattered LIDAR has been investigated in Cossich et al. (2021). The
precipitation nature has been classified into four types by Del Guasta
et al. (2024): ice fogs, liquid fogs, mixed-phase clouds, and cirrus. The
impact of SLW clouds on the net surface radiation has been studied in
Ricaud et al. (2020) with simulations underestimating observations by
20-50 W m 2. SLW clouds are preferably observed in summer with LWP
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Fig. 2. Nine vertical profiles up to 1 km of (left) temperature (°C), (centre) potential temperature (K) and (right) relative humidity (%) observed every 3 h from
January 23, 2023 at 00:00 UTC by means of PTU sondes. The heights of the inflection points in potential temperature profiles have been highlighted by triangles in

the centre panel.

of a very small amount (<10 g m~2), in-cloud temperatures ranging from
—20 °C to —38 °C and a SLW cloud radiative forcing up to a maximum
value of 40 W m™2 (Ricaud et al., 2024a).

In order to deepen the analyses performed so far, the present article
aims at studying the diurnal evolution of SLW clouds observed over the
Concordia station in summer and to attribute their cycle to the diurnal
variation of the planetary boundary layer (PBL). To do so, we will
mainly use observations performed on site by a series of different in-
struments over two different time frames: 1) a case study focussed on
January 23, 2023 (from 00:00 to 24:00 UTC) and 2) a climatological
study over four months of December (2018-2021). For the two time
frames, we will take the advantage of continuous remote-sensing ob-
servations from: 1) the HAMSTRAD microwave radiometer providing
the LWP and vertical distribution of temperature, 2) the backscatter,
depolarization LIDAR providing the vertical distribution of SLW clouds
and 3) a ceilometer providing the vertical distribution of clouds with no
information on its nature. For the case study of January 23, 2023, we
will complement these remote-sensing observations by in-situ observa-
tions of temperature and relative humidity from meteorological sondes
attached to balloons launched every 3 h from 00:00 to 24:00 UTC.
Finally, we will evaluate the ability of the ARPEGE numerical weather
prediction (NWP) model from Météo-France and the ERAS5 reanalyses
from the European Centre for Medium-Range Weather Forecasts
(ECMWF) to estimate the presence of SLW clouds on that particular day.

The article is structured as follows. Section 2 will present the
different data sets. Section 3 will focus on the analysis of the case study
(January 23, 2023) while section 4 will enlarge the study to the clima-
tological analysis (four months of December 2018-2021). Conclusions
will be drawn in section 5.

2. Data sets
2.1. PTU meteorological radiosondes

We used PTU sondes of the Vaisala RS-41 SGP type (an upgraded
version of the Vaisala’s RS92 radiosonde), which are now also used
operationally at the Concordia station to obtain wind, temperature and
humidity vertical profiles every day at 12:00 UTC.

2.2. LIDAR

The tropospheric depolarization LIDAR (532 nm) has been operating
at Dome C since 2008 (see http://lidarmax.altervista.org/lidar/Antarc
tic%20LIDAR.php). The LIDAR provides 5-min tropospheric profiles of
aerosols and clouds continuously, from 20 to 7000 m above ground level
(agl), with a resolution of 7.5 m. LIDAR depolarization (Mishchenko
et al., 2000) is a robust indicator of non-spherical shape for randomly
oriented cloud particles. A depolarization ratio below 10 % is charac-
teristic of SLW droplets, while higher values are produced by ice parti-
cles. The possible ambiguity between SLW droplets and oriented ice
plates is avoided at Dome C by operating the LIDAR 4° off-zenith (Hogan
and Illingworth, 2003).

2.3. HAMSTRAD

HAMSTRAD is a microwave radiometer that profiles water vapour
and tropospheric temperature together with liquid water path (LWP)
above Dome C. Measuring at both 60 GHz (oxygen molecule line (O3) to
deduce the temperature) and 183 GHz (H2O line), this unique radiom-
eter was installed on site for the first time in January 2009 (Ricaud et al.,
2010) and is automatically observing since then. The measurements of
the HAMSTRAD radiometer allow the retrieval of the vertical profiles of
water vapour and temperature from the ground to 10-km altitude. In the
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Fig. 3. Diurnal variation of (top) temperature and (bottom) relative humidity (RH) profiles observed on January 23, 2023 by means of PTU sondes.

0 to 1600-m altitude range selected for the present analysis of temper-
ature measurements, the vertical levels of the retrieval are: 0, 10, 30, 50,
75, 100, 125, 150, 200, 250, 325, 400, 475, 550, 625, 700, 800, 900,
1000, 1150, 1300, 1450, and 1600 m. The time resolution is adjustable
and fixed at 60 s since 2018. The temporal resolution on the instrument
allows for the analysis of various atmospheric processes including e.g.
the diurnal evolution of the PBL (Ricaud et al., 2012) and the presence of
clouds and diamond dust (Ricaud et al., 2017) together with SLW clouds
(Ri(;aud et al., 2020, 2024a) through the measurement of the LWP (g
m ).

2.4. Ceilometer

In our study, we have also used the CL51 Vaisala ceilometer (http
s://www.vaisala.com) that measures cloud height and precipitation at
the Concordia station since 2022 (https://www.climantartide.it/). It
employs a pulsed diode laser LIDAR technology operating at 910 + 10
nm where short, powerful laser pulses are sent out in a vertical or near-
vertical direction. The light backscatter — caused by haze, fog, mist,
virga, precipitation and clouds - is measured as the laser pulses traverse
the sky. The main difference with the aerosol LIDAR described in section
2.2 is that it cannot distinguish between in-cloud liquid and solid phase
because it does not measure depolarization ratio. The ceilometer

observations were nevertheless used to check the consistency with the
clouds and precipitations observed by the LIDAR on January 23, 2023 at
the Concordia station.

2.5. ARPEGE

In this study, the global model ARPEGE, designed for NWP (Pailleux
et al., 2015), is run with its finest horizontal resolution centred over
Dome C (instead of over France as in its operational mode). A 4D vari-
ational (4DVar) assimilation was performed every 6 h. The meteoro-
logical analyses were given by the ARPEGE-SH system together with the
24-h forecasts at the node the closest to the location of Dome C. Two
analyses at 00:00 and 12:00 UTC were represented in the present study
together with hourly forecasts. The horizontal resolution was 7.5 km at
Dome C. The vertical resolution was constituted by 22 levels below
1000 m and 28 levels below 1500 m agl. The time resolution was set to 1
h. Several ARPEGE output parameters were selected for analysis: cloud
fraction, ice and liquid water mixing ratios, PBL height, relative hu-
midity and temperature. The diurnal variation of the top of the PBL is
calculated by ARPEGE as the level where the turbulence kinetic energy
becomes lower than 0.01 m? s~2. Consistent with Ricaud et al. (2020),
we have modified the ice/liquid partition function for temperatures
below 0 °C in order to obtain more realistic SLW contents for
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Fig. 4. Same as Fig. 3 but from 0 to 1 km. The heights of the inflection points in potential temperature profiles have been highlighted by triangles for each profile

measured every 3 h.
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Fig. 5. (Left) Diurnal variation of (top) wind speed and (bottom) wind direction observed on January 23, 2023 by means of PTU sondes from O to 1 km. Note that the
heights of the inflection points in potential temperature profiles have been highlighted by triangles for each profile measured every 3 h (Right) Simplified wind rose
(wind speed and direction) representing the two regimes identified on January 23, 2023: before (red) and after (blue) 18:00 UTC. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

temperatures between —20 °C and —40 °C.

2.6. ERA5

In this analysis, we exploit a state-of-the-art reanalysis dataset pro-
vided by the ECMWF and known as ECMWF Reanalysis v5 (ERA5).
ERAS (Hersbach et al., 2020) is the fifth generation ECMWF global at-
mospheric reanalysis covering the period from January 1940 to the
present day with meteorological parameters (near-surface air tempera-
ture and wind) validated over West Antarctica (Tetzner et al., 2019). We
want to confront the calculated clouds (ice and SLW) with the

observations performed at the Concordia station on January 23, 2023.
The scheme implemented with distinct liquid- and ice-water prognostic
variables and parameterized depositional growth allows SLW to exist at
all temperatures between 0 °C and the homogeneous freezing threshold
temperature defined at —38 °C (Forbes and Ahlgrimm, 2014). The
pressure levels are every 50 hPa from 650 to 300 hPa. This corresponds
to only three levels below 1.5 km agl at approximately 0, 530 and 1150
m agl. The outputs are given at an hourly rate from 00:00 to 24:00 UTC.
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Fig. 6. (From top to bottom) Diurnal variation of the LIDAR backscatter signal (LIDAR BS, arbitrary unit) and depolarization ratio (LIDAR DEP, %), the LWP (g m %)
from HAMSTRAD superimposed with the SLW cloud thickness (red area) derived from the LIDAR observations (red y axis on the right) and the ceilometer backscatter
signal (CEILO BS, arbitrary unit) observed on January 23, 2023 from 0 to 10 km agl. Two dashed green vertical lines indicate 12:00 and 00:00 LT. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.7. Periods of study

We have separated our analysis following two approaches. The first
one consists in a case study based on the analysis of temperature and
relative humidity profiles measured by meteorological radiosondes
every 3 h from 00:00 to 24:00 UTC. These observations are coupled with
remote-sensing measurements from HAMSTRAD and the LIDAR to
deduce the diurnal behaviour of SLW clouds as a function of the PBL top
height. The second approach is based on the climatological data set
combining HAMSTRAD and LIDAR observations of SLW clouds obtained
over four months of December (2018-2021) and intensively analysed in
Ricaud et al. (2024a). We will check whether the diurnal variation of the
PBL top height impacting the formation of SLW clouds from the case
study is widely valid in a climatological approach.

3. Diurnal variation of the PBL: case study
3.1. In-situ observations

At the Concordia station, there are 8 h difference between the local
time (LT) and coordinated universal time (UTC) with LT = UTC + 8 h.
On January 23, 2023, nine PTU sondes were launched using a standard
meteorological balloon every 3 h from 00:00 to 24:00 UTC. Note that at
12:00 UTC, we have used the observations performed by the operational
launch performed once every day. The vertical distributions of tem-
perature (T, °C) and relative humidity (U, %) from the ground to either
10 km agl or 1 km agl are shown in Figs. 1 and 2, respectively. We have
also represented the vertical distribution of the potential temperature (6,
K) calculated as:

0="T(P,/P)*/% ¢))
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Fig. 7. Same as Fig. 6 but below 1.5 km.

where T is the temperature (K), P the pressure (hPa), Py the reference
pressure (1000 hPa), R the gas constant of dry air (J kg’1 K D and Cp the
heat capacity at constant pressure (J kg K™1). R/ G, is taken at 0.286.
We have characterized inflection points heights H (Qi,lf) in the potential
temperature vertical profiles when the second derivatives in ¢ with
respect to the height z (d26/dz?) are greater than an empirical threshold
value typically set to 8.2 10~* K m~2. From now, we will always refer to
heights agl.

The diurnal cycle in T and U shows a large variability of +3 °C and
20-95 % in the free troposphere below about 6 km, and even larger in
the lowermost troposphere below 1 km, reaching +10 °C and 0-100 %,
respectively. The profile of the potential temperature below 1 km also
shows this large amplitude of the diurnal cycle with the heights of the
inflection points varying from ~50 to ~700 m. Within a thin layer below
the level of the inflection point in 0, clouds may remain whatever their
phase (solid, supercooled liquid or mixed) if the atmosphere is cold
enough and reaches saturation (U > 95 %). This level is also a good
tracer of the PBL top height. Therefore, for this particular day, we can
anticipate that the PBL top height was varying between ~50 and ~700

m over 24 h.

In Fig. 3, we present the time-height cross-section over 24 h of T and
U observed by the sondes below 10 km. If we consider the tropospheric
layer below ~6 km, we clearly see a temperature variability of about
5 °C within the 4-6 km layer and below 1 km. For U, a large variability is
observed below 6 km from 20 to 100 %. If we now consider in more
detail the lowermost layer below 1 km (Fig. 4), the layer below 100 m
shows a classical diurnal temperature evolution, with temperature
greater by ~8 °C from 04:00 UTC (12:00 LT) to 14:00 UTC (22:00 LT)
than in the remaining periods. Within the layer 400-600 m, the atmo-
sphere is continuously cooling from —32 to —36 °C. Note that SLW
clouds can remain below 0 °C down to —38 °C. As expected, the diurnal
variation of U below 100 m presents high values after local midnight and
a drying after local noon. Above 100 m, there is a high U (85-100 %)
tongue over the 24 h starting at ~100 m at 00:00 UTC and rising pro-
gressively to reach ~700 m at 24:00 UTC. From 200 m above this
tongue, the atmosphere is very dry (<35 %) from 00:00 to 16:00 UTC.
We have superimposed the heights of the inflection points in 6 as
calculated from the profiles observed every 3 h. It is very interesting to
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Fig. 8. (From top to bottom): Diurnal variation of the cloud fraction, ice water and SLW content calculated by (left) ARPEGE and (right) ERA5 on January 23, 2023
from 0 to 10 km. Two dashed green vertical lines indicate 12:00 and 00:00 LT. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 9. Same as Fig. 8 but from 0 to 1.5 km. The SLW cloud thickness (red area as in Fig. 6 and 7) derived from the LIDAR observations and the PBL top height (white
line) calculated by (left) ARPEGE and (right) ERA5 have been superimposed on all the panels. Note that the colour tables are different for ARPEGE and ERA5 panels.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

note that, over the whole day, the height of the inflection point follows
the tongue of humid and cold layer from ~100 to ~700 m. In other
word, this tongue is a good candidate to support the presence of clouds
and, given the in-tongue temperature above —38 °C, the presence of
SLW clouds.

The wind speed (m s’l) and direction (°) as measured by the PTU
sondes over the day are presented in Fig. 5 from the ground to 1 km. If
we except the 50-m layer just above the ground, the wind speed shows
two regimes: 1) before 18:00 UTC with speed ranging from 6.0 to 9.0 m
s~ 1 and 2) after 18:00 UTC with speed reduced to 4.0-5.0 m s, The
wind orientation from O to 1 km is different in these 2 regimes with an
orientation ranging from 160° to 185° before 16:00-18:00 UTC and
from 120° to 140° after 18:00 UTC. Note that an orientation of 0° means
that the wind is blowing southward and an orientation of 90° means that
the wind is blowing westward.

3.2. Remote-sensing observations

In this section, we analyse the observations of clouds performed by
the LIDAR and the ceilometer together with the LWP measured by the
HAMSTRAD radiometer on January 23, 2023. In Fig. 6, we present the
LIDAR backscatter signal and depolarization ratio, the LWP, and the
ceilometer backscatter signal from the ground to 10 km. As discussed in
Ricaud et al. (2024a), we consider that an SLW cloud is detected when
the depolarization ratio is less than 5 %. Furthermore, we have super-
imposed the presence of SLW clouds on the LWP panel. Fig. 7 is as Fig. 6
but from the ground to 1.5 km.

Above 2 km (Fig. 6), the LIDAR and, to a lesser extent, the ceilometer
observe ice clouds (depolarization ratio greater than 10 %) between 3
and 5 km from 00:00 to 04:00 UTC. These are obviously cirrus clouds.

Below 1.5 km (Fig. 7), the LIDAR and the ceilometer show very thin
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Fig. 10. Diurnal variation of (top) temperature and (bottom) relative humidity (RH) calculated by (left) ARPEGE and (right) ERAS5 on January 23, 2023 below 1.5
km, with the calculated PBL top height represented by a white thick line. Two dashed green vertical lines indicate 12:00 and 00:00 LT. Note that the RH colour scales
are different for the ARPEGE and ERA5 panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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clouds (red areas) and inflection points in the potential temperature profiles (triangles) observed on January 23, 2023 from the PTU sondes, together with the top of
the PBL diagnosed from the ARPEGE simulations (thick purple line) and the ERA5 reanalyses (thick orange line). Periods with observed precipitation at the ground
are greyed out. Two dashed green vertical lines indicate 12:00 and 00:00 LT. (Bottom) Six webcam images showing the cloud coverage at: a) 01:00 UTC, b) 06:00
UTC, ¢) 10:50 UTC, d) 17:00 UTC, e) 21:00 UTC and f) 23:00 UTC. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

(10-30 m deep) SLW clouds (depolarization ratio less than 5 %) over
four periods and heights: 1) 00:00-01:30 UTC around 50 m, 2)
10:30-11:00 UTC around 300 m, 3) 18:00-22:00 UTC around 700 m,
and 4) 22:00-24:00 UTC around 30 m. The observed SLW clouds are so
thin that the LWP measured by HAMSTRAD does not exhibit any sig-
nificant change over 24 h (0.5-1.0 g m’z) when the SLW clouds are
present. It has already been noted (Ricaud et al., 2024b) that the mi-
crowave radiometer, due to its viewing geometry, is sensitive to overcast
clouds. We will show later (section 3.4) that the meteorological situation
on that day was highlighting only scattered clouds, to which HAM-
STRAD is quite insensitive regarding LWP measurements. Several points
need to be highlighted. 1) Associated with the presence of the SLW
clouds is ice precipitation down to the ground forming vertical stripes in
Figs. 6 and 7. 2) Ice clouds are also detected slightly above the SLW

clouds. In that case, we can label these clouds as mixed-phase clouds.
And 3) the ceilometer can detect clouds consistent with the LIDAR ob-
servations but cannot attribute the water phase.

3.3. Model results

We can now verify whether NWP models succeed in providing SLW
clouds in their calculations. For ARPEGE, we have modified the ice/
liquid partition function to favour SLW below 0 °C at the expense of ice,
consistent with the method presented in Ricaud et al. (2020). For both
ARPEGE and ERA5, we present the time evolution on January 23, 2023
of the cloud fraction, as well as ice and liquid water contents below 10
and 1.5 km in Figs. 8 and 9, respectively.

Cirrus clouds are diagnosed by ARPEGE around 4.0 km from 00:00 to
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10:00 UTC, whereas ERA5 places them around 3.0 km between 00:00
and 03:00 UTC. This is more or less consistent with the LIDAR obser-
vations (Fig. 6) at 4.0 km from 00:00 to 04:00 UTC. In the lower layers
(Fig. 9), mixed-phase clouds are calculated by ARPEGE from 00:00 to
14:00 UTC below the top of the PBL (0-300 m) and from 16:00 to 24:00
UTC above the top of the PBL (100-600 m). In ERA5 from 00:00 to 07:00
UTC, clouds are essentially below the PBL top (0-100 m) and constituted
of ice, whereas from 16:00 to 22:00 ice crystals lie above the PBL top
(200-800 m) and a single liquid water cloud appears at 22:00 UTC at
1.2 km. After 22:00 UTC, ERAS is also able to simulate an ice cloud
below 200 m. To summarize, ARPEGE was able to simulate mixed-phase
clouds in the first part of the day while ERA5 was not, and in the second
part of the day, ARPEGE simulated SLW clouds 400 m below the ob-
servations and ERAS5 400 m above the observations. The slimness of the
observed SLW clouds (<100 m) was reproduced neither by ARPEGE
(200-400 m) nor by ERA5 (~800 m). This is essentially due to the
vertical resolution of the NWPs below 1500 m: from 20 to 120 m for
ARPEGE and ~500 m for ERAS.

For both ARPEGE and ERAS5, we present the temperature and relative
humidity time evolution from the ground to 10 and 1.5 km in Fig. 10.
Below 100 m, the amplitude of the diurnal cycle in temperature is
around 10 °C that is consistent with observations from the radiosondes,
but ARPEGE shows a warm bias of about 5 °C compared to both ob-
servations and ERAS. Regarding the relative humidity, ERA5 is much
wetter than ARPEGE by 20-30 % exhibiting a supersaturation of ~110
% around 18:00 UTC (note that the colour tables are different for the
ARPEGE and ERAS RH panels), and ARPEGE is on average 10 % wetter
than the radiosondes. Note that the diurnal variation of the PBL top
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height is consistent between ARPEGE and ERA5 showing a maximum of
~300 m around 05:00 UTC in ARPEGE and of ~200 m at 06:00-10:00
UTC in ERA5 and a minimum of ~30 m around 13:00-14:00 and
20:00-22:00 UTC in ARPEGE and of ~50 m around 18:00-20:00 UTC in
ERAS.

3.4. Synthesis of the case study

We can synthetize our findings based on our case study following
Fig. 11. We have highlighted the diurnal variation of: 1) the potential
temperature from the sondes, 2) the RH greater than 83 % from the
sondes, 3) the observed SLW clouds from the LIDAR, 4) the inflection
points in 0 profiles from the sondes, 5) the precipitation from the LIDAR
and 6) the PBL top height as calculated by ARPEGE and ERAS5. We have
selected six different times when SLW clouds are or are not observed,
based on the webcam images recorded automatically by a device
installed on the roof of the so-called Physics shelter where HAMSTRAD
and the LIDAR are set up. They are a) 01:00 UTC (scattered SLW clouds),
b) 06:00 UTC (clear sky), ¢) 10:50 UTC (scattered SLW clouds), d) 17:00
UTC (clear sky), e) 21:00 UTC (scattered SLW clouds) and f) 23:00 UTC
(clear sky).

The SLW clouds are always located within a wet layer (U > 83 %)
either close to the surface (liquid fog below 50 m) or higher up in a
domain encompassing an inflection point in 6 profile. The SLW clouds as
deduced from the LIDAR depolarization ratios less than 5 % are
consistent with the webcam images. From 00:00 to 12:00 UTC, the
height of the inflection point moves from 100 to 250 m following the
274-K isentrope. This clearly indicates the top of the PBL. After 12:00
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Fig. 13. (Top Left) Probability density (PD, %, see text for definition) of the height of the SLW clouds (km) as a function of UTC Time (Hour) in December
2018-2021. (Top Right) Mean height of SLW clouds as a function of UTC Time (Hour) in December 2018-2021 considering: all the SLW clouds (h > 0 m, black), SLW
clouds above 325 m (red), below 325 m (blue), and below 100 m (green). (Bottom Left) Number of SLW clouds as a function of UTC Time (Hour) in December
2018-2021 considering: all the SLW clouds (h > 0 m, black), SLW clouds above 325 m (red), below 325 m (blue), and below 100 m (green). (Bottom Right)
Percentage of the height range at which SLW clouds occur as a function of UTC Time (Hour) in December 2018-2021 considering: SLW clouds above 325 m (red),
below 325 m (blue), and below 100 m (green). In the top right Figure, we have visualized the mean height as a filled or open circle when the percentage is greater or
less than 25 %, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

UTC, three regimes are observed. 1) An inflection point very close to the
surface (<30 m) where liquid fog can develop in a very cold and wet
environment. 2) An inflection point at 18:00 UTC (with a 6 value of 274
K) that is a remnant of the PBL present before 12:00 UTC above the
station. And 3) an inflection point around 277 K that cannot be directly
related with the PBL developing this day at the Concordia station but can
be seen either as a fossil layer formed days before at the Concordia
station or as a cloud layer advected by long-range transport. In that case,
it is thus possible to observe at the same time (e.g. 18:00 UTC) up to
three inflection points as a signature of three different regimes.

Based on this case study, we can then propose a schematic evolution
of the PBL that affects the presence of SLW clouds (Fig. 12) initially
based on Stull (2012) and adapted to the Antarctic polar atmosphere in
Ricaud et al. (2020). From around 00:00 UTC (08:00 LT), the surface
warms up and a mixed layer is formed that progressively thickens. In the
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upper part, an entrainment zone develops, with high values of relative
humidity, location of the SLW clouds. After 12:00 UTC (20:00 LT), the
surface cools down, a stable boundary layer develops close to the surface
where a liquid fog can occur if U is high enough. Above, there remains a
residual quasi-mixed layer, which is no longer connected to the surface,
but in the upper part, named as capping temperature inversion, SLW
clouds still may be present. The diurnal variation of the PBL top height
follows the top of the entrainment zone during the warm period and the
top of the stable boundary layer during the cold period. In addition to
these two phenomena, a fossil layer that can be seen as a remnant of the
entrainment zone created one or more days before above the station or a
cloud layer advected through long-range transport can superimpose
above the PBL top height and show SLW clouds.
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this article.)

4. Diurnal variation of SLW clouds: climatology
4.1. Methodology

In this section, we want to confront our findings issued from a case
study to a climatological analysis of SLW clouds observations performed
during the month of December 2018, 2019, 2020 and 2021 and pre-
sented in Ricaud et al. (2024a). We show the diurnal distributions of
SLW clouds (as detected by the depolarization ratio) as a function of: a)
the height h, b) the in-cloud temperature T and c) the LWP, and check
whether they are consistent with the general view of the PBL diurnal
evolution shown in Fig. 12.

The 2D probability density (PD) is calculated for paired binned

datasets and defined as PD; = 100 %‘Z , where Ny and N; are the count

i Yt Ny,
respectively, with M and L being the total number of bins in time t
(counted from 00:00 to 24:00 UTC, in 0.5 h-wide intervals whatever the
date, for the whole data set), and either in h, T or LWP, respectively. The
h; bins match the heights of the radiometer vertical grid, to which are
associated the temperature retrieval T; at the same height intervals. For a
given height, the temperature values are binned in 1 °C-wide intervals,
for the whole data set. Regarding the LWP, values are binned in 0.2 g
m~2-wide intervals, for the whole data set. For each interval of time j
from 1 to 48, a weighted average of h (), T (T}), and LWP (LWP) is then
calculated as:

number in the bin ij and the total count number (N

M
> Ny x;

i=1

>Ny

i=1

Xj =

with x = h, T and LWP. 2)
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4.2. Diurnal variation of SLW clouds vs height

The probability density (PD, %) of the height h of the SLW clouds
(km) as a function of UTC Time t (Hour) in December 2018-2021 is
presented in Fig. 13. We also show different statistics: 1) the mean
height of SLW clouds as a function of t considering all the SLW clouds; 2)
the number of SLW clouds as a function of t; and 3) the percentage of
SLW clouds as a function of t. For each of these three statistics, we
consider all the SLW clouds whatever their height (h > 0 m), SLW clouds
above 325 m, below 325 m and below 100 m, except the cloud per-
centage for which the class containing all clouds is ignored.

On average, SLW clouds occur mainly in a quite steady, vertical
domain ranging 400-600 m, between 06:00 and 15:00 UTC. Before and
after this period, three other regimes are clearly identified. 1) From
15:00 to 24:00 UTC, the SLW clouds tend to decrease from 400 to 600 to
200 m, then 2) to increase from 200 to 400-600 m from 00:00 to 06:00
UTC. 3) From 18:00 to 24:00 UTC, another layer of SLW clouds is located
below 100 m. These regimes deduced from the climatological sources
are obviously consistent with the results deduced from the case study,
namely the “entrainment zone” between 06:00 and 15:00 UTC, the re-
sidual conditions from 15:00 to 06:00 UTC, the downfall of the PBL to
the top of the stable boundary layer from 15:00 to 24:00 UTC followed
by the increase of the PBL top height to the top of the entrainment zone
from 00:00 to 06:00 UTC, and the stable boundary layer from 18:00 to
24:00 UTC that contains liquid fog.

The diurnal variation of the SLW cloud height (h > 0 m) is mainly
driven by the clouds located above 325 m (Fig. 13). Although the ma-
jority of SLW clouds are observed after 12:00 UTC, clouds above 325 m
are mostly (>60 %) detected between 06:00 and 18:00 UTC while clouds
below 100 m are mostly (>10 %) detected between 18:00 and 06:00
UTC.

In Fig. 14, we superimposed the diurnal cycle of the PBL shown in
Fig. 13 (red line) on the PD of the SLW cloud height. We clearly see the
three different regimes associated with the presence of SLW clouds. 1)
Most of the SLW clouds are observed between 03:00 and 14:00 UTC in
the entrainment zone, below the PBL top height and the capping tem-
perature inversion. Although they have formed during the part of the
day when a mixed layer — connected to the surface — exists, they can
remain even when the stable surface layer introduces a decoupling from
the surface. This area of clouds throughout the day is marked by the
black rectangle in Fig. 14. 2) Liquid fog may form between 18:00 and
24:00 UTC within the stable boundary layer (white rectangle). And 3)
higher SLW clouds may still be present, either as a remnant of the PBL
which was present over the station one or more days earlier, or because
they have been advected via long-range transport within a fossil cloud
layer (yellow rectangle).

4.3. Diurnal variation of SLW clouds vs temperature

The probability density (PD, %) of the temperature (Celsius) as a
function of UTC time t in the SLW clouds in December 2018-2021 is
shown in Fig. 15. We also show different statistics regarding the mean
temperature in the SLW clouds, the number of SLW clouds and the
percentage of SLW clouds. For each of these statistics, we consider SLW
clouds for temperatures greater than —40 °C, between —40 °C and
—25 °C and greater than —25 °C, except the cloud percentage for which
the class “greater than —40 °C’ is ignored.

SLW clouds over the Concordia station are mainly observed (>85 %)
in a temperature range from —35 °C to —25 °C. Note that SLW can exist
between 0 °C and —39 °C theoretically, although it has been observed in
laboratory measurements down to —42.55 °C (Goy et al., 2018). The
great majority of SLW clouds (>90 %) are observed from 16:00 UTC and
during 11 h (i.e. including the 00:00-02:00 UTC period). SLW clouds
observed for temperatures greater than —25 °C are not common (less
than 10 % of the observations) except between 03:00 and 08:00 UTC
when temperatures can reach —20 °C to —15 °C, representing about 15
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this article.)

% of the observations. These warm episodes are usually associated with
1) the intrusion of oceanic-origin wet and warm air masses (see e.g.
Ricaud et al., 2017) and/or 2) episodes of atmospheric rivers (see e.g.
Wille et al., 2024a; and b).

4.4. Diurnal variation of SLW clouds vs LWP

The probability density (PD, %) of the LWP (g m2) as a function of
UTC time t in the SLW clouds in December 2018-2021 is presented in
Fig. 16. We also show different statistics regarding the mean LWP in the
SLW clouds, the number of SLW clouds and the percentage of SLW
clouds. For each of these statistics, we consider SLW clouds for LWPs
greater than 0 g m~2, less than 3 g m~2 and greater than 3 g m 2, except
the cloud percentage for which the class “greater than 0 g m™2” is
ignored.

SLW clouds over the Concordia station are mainly observed (>70 %)
for LWP less than 3 g m~2. There are some episodes of SLW clouds with
large LWPs (>10 g m?) usually associated with 1) the intrusion of
oceanic-origin wet and warm air masses and/or 2) episodes of
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atmospheric rivers, but this is not common (<5 %). Most of SLW clouds
(>90 %), whatever the amount of LWP (greater or lessthan 3 g m’z), are
observed from 16:00 UTC and during 11 h (i.e. including the
00:00-02:00 UTC period), which is consistent with the analysis ac-
cording to temperature presented above.

4.5. Synthesis of the climatological study

The diurnal evolution of the SLW clouds in the climatological study is
consistent with the results obtained in the case study. The three regimes
are also well depicted in the climatological data sets with SLW clouds
present: 1) at the top of the PBL between the entrainment zone and the
capping inversion layer, 2) higher up within a fossil layer and 3) within
the very cold stable boundary layer close to the surface. In addition, as a
key result from this climatological analysis, we can state that, although
the time frame 06:00-14:00 UTC represents the main period when SLW
clouds form into the entrainment zone (400-600 m), the time frame
from 18:00 UTC and lasting 9 h is the outstanding period to observe SLW
clouds both below the capping temperature inversion layer (400-600 m)
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and within the stable boundary layer (<100 m) as liquid fog.
5. Conclusions

Based on the analysis of observations performed 1) during a single
day (January 23, 2023) as a case study and 2) over four months of
December (2018-2021) as a climatological study, our results show a
consistent view of the diurnal variation of the PBL impacting the for-
mation of SLW clouds and, to a lesser extent, liquid fog over the Con-
cordia station (Antarctica) in summer. Observations based on remote-
sensing instruments (HAMSTRAD and LIDAR) and in situ meteorolog-
ical sondes provide a large data set to describe the diurnal cycle of
temperature, relative humidity, LWP and SLW clouds.

We found that SLW clouds are essentially present when temperatures
exhibit a local minimum and a relative humidity local maximum (>85
%) following three regimes: 1) at the top of the PBL between the
entrainment zone and the capping inversion layer, 2) higher up within a
fossil layer and 3) within the very cold stable boundary layer close to the
surface. The SLW clouds in the fossil layer are either advected via long-
range transport or a remnant of the PBL present over the station one or

14

more days earlier. Liquid fog generally develops within the very cold
stable boundary layer.

The majority of SLW clouds are present in the (active or residual)
entrainment zone between 400 and 600 m from 06:00 to 14:00 UTC
(from 14:00 to 22:00 LT). The liquid fog within the stable boundary
layer is essentially detected below 100 m during the very low temper-
ature period from 18:00 UTC during a period of 9 h (from 02:00 to 10:00
LT). The SLW clouds in the fossil layer can, by definition, be detected at
any height but statistically they are present above the first inflexion
point in the @ profile, in a 600-900 m height range and from 00:00 to
24:00 UTC.

The in-cloud temperature is ranging from —35 °C to —25 °C for LWPs
less than 3.0 g m~2. Some SLW clouds associated with in-cloud tem-
peratures greater than —25 °C (reaching —18 °C) and LWPs greater than
3.0 g m~2 (reaching up to 14.0 g m~2) are rarely detected and usually
associated with 1) the intrusion of oceanic-origin wet and warm air
masses and/or 2) episodes of atmospheric rivers.

In the case study, we compared the outputs from the ARPEGE NWP
and the ERA5 reanalyses with our observations and findings. The water
liquid-ice partition function in ARPEGE settings has been modified in



P. Ricaud et al.

favour of liquid water for temperatures less than 0 °C. ARPEGE and
ERAS highlighted the presence of SLW clouds with some large differ-
ences with observations. ARPEGE showed a too warm (by 5 °C) and wet
(by 10 % in relative humidity) atmosphere producing far too much ice
and SLW clouds. ERA5 temperature was consistent with observations
but ERA5 relative humidity showed a high bias of about 30 % with
observations producing supersaturation reaching 110 %. Due to the low
vertical resolution (~500 m) and the absence of a PBL, a SLW cloud
appeared only once and far too high (~1200 m). The PBL top height
calculated by ARPEGE and ERAS was consistent with the one deduced
from observations at the level of the inflection point in the potential
temperature profile (200-300 m). Improvements in the vertical resolu-
tion and in the liquid-ice partition function of the models are the two
major points in order to simulate realistic SLW clouds above the Ant-
arctic plateau.

The present study based on remote-sensing observations of SLW
clouds is being complemented by in-situ observations of SLW clouds
through balloon-borne and drone-borne sondes. These new observations
performed with drones will potentially add information on SLW clouds
by increasing the vertical, horizontal and time resolutions.
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