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Abstract

The 2B-CLDCLASS-LIDAR R05 (2BCL5) and the raDAR/IIDAR (DARDAR) satellite retrievals of cloud occurrence are
compared as a function of altitude and latitude. The largest disparities are observed at low altitudes over high southern latitudes.
These datasets are cross referenced to ground-based measurements from the Atmospheric Radiation Measurement (ARM) West
Antarctic Radiation Experiment (AWARE) campaign at McMurdo Station, Antarctica. Compared to AWARE observations,
both 2BCL5 and DARDAR underestimate cloud occurrence below 1.5 km, with 2BCL5 and DARDAR distinguishing roughly
one third of cloud occurrences observed by AWARE at 0.5 km. While DARDAR identifies greater cloud occurrences than 2BCL5
below 1.5 km, cloud occurrence values for the two datasets have similar differences relative to ground-based measurements.
Therefore, the DARDAR retrievals of greater cloud occurrence at low altitudes are likely due to a larger quantity of false positives
associated with radar ground clutter or attenuated lidar retrievals. DARDAR cloud occurrences match better with AWARE
than 2BCL5 above 5 km. However, the likely underestimation of ground-based measurements at higher altitudes suggests
DARDAR may underestimate high level cloud occurrence. Finally, both datasets indicate the presence of liquid containing
clouds at temperatures within the homogeneous freezing regime, despite the fact that the ECMWF-AUX dataset implemented
in their processing clearly indicates temperatures below -38 °C. Using AWARE radiosonde (ECMWF-AUX) temperature data,
we find that 2BCL5 detects 13.3% (13.8%) of mixed phase clouds below -38 °C, while DARDAR detects 5.7% (6.6%) of mixed
phase and 1.1% (1.3%) of liquid phase clouds below -38 °C.
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Abstract

The 2B-CLDCLASS-LIDAR R05 (2BCL5) and the raDAR/IiDAR (DARDAR) satellite
retrievals of cloud occurrence are compared as a function of altitude and latitude. The
largest disparities are observed at low altitudes over high southern latitudes. These datasets
are cross referenced to ground-based measurements from the Atmospheric Radiation Mea-
surement (ARM) West Antarctic Radiation Experiment (AWARE) campaign at McMurdo
Station, Antarctica. Compared to AWARE observations, both 2BCL5 and DARDAR
underestimate cloud occurrence below 1.5 km, with 2BCL5 and DARDAR distinguish-

ing roughly one third of cloud occurrences observed by AWARE at 0.5 km. While DAR-
DAR identifies greater cloud occurrences than 2BCL5 below 1.5 km, cloud occurrence
values for the two datasets have similar differences relative to ground-based measurements.
Therefore, the DARDAR retrievals of greater cloud occurrence at low altitudes are likely
due to a larger quantity of false positives associated with radar ground clutter or atten-
uated lidar retrievals. DARDAR cloud occurrences match better with AWARE than 2BCL5
above 5 km. However, the likely underestimation of ground-based measurements at higher
altitudes suggests DARDAR may underestimate high level cloud occurrence. Finally, both
datasets indicate the presence of liquid containing clouds at temperatures within the ho-
mogeneous freezing regime, despite the fact that the ECMWF-AUX dataset implemented
in their processing clearly indicates temperatures below -38 °C. Using AWARE radiosonde
(ECMWF-AUX) temperature data, we find that 2BCL5 detects 13.3% (13.8%) of mixed
phase clouds below -38 °C, while DARDAR detects 5.7% (6.6%) of mixed phase and 1.1%
(1.3%) of liquid phase clouds below -38 °C.

1 Introduction

Clouds play a critical role in the Earth’s energy balance. They can act to cool the
surface by reflecting incoming solar radiation back into space or warm the surface by ab-
sorbing outgoing infrared radiation and re-radiating it toward the surface (Marshall &
Plumb, 2008). Although all clouds have an effect on the climate, clouds over the oceans
are especially important due to the strong contrast in albedo between the sea surface and
clouds. This means that the surface radiation budget over the ocean is more sensitive
to cloud coverage than over land (Cess, 1990). These effects are greatest over the South-
ern Ocean which has an annual mean cloud coverage of around 80% — 90% (e.g., Kay
et al., 2012; McCoy et al., 2014; Matus & L’ecuyer, 2017).

In this study, satellite measurements are used to evaluate cloud occurrence and cloud
phase over Southern Hemisphere high latitudes. Due to the limitations of satellite-based
datasets in this region, a ground—based dataset is needed for independent examination
of low level cloud. Unfortunately, ground—based measurements which vertically resolve
cloud and cloud phase over the Southern Ocean are very rare due to the complicated lo-
gistics associated with collecting measurements from shipborne platforms. As such, ground—
based measurements from the AWARE campaign over McMurdo Station in Antarctica
are used as a representation of cloud at southern high latitudes. The AWARE dataset
provides detailed cloud occurrence and phase measurements described in more detail in
section 2.4, and is used for comparison with satellite-based measurements.

Comparisons between observations and models indicate significant shortwave ra-
diation biases over the Southern Ocean with magnitudes of up to 30 Wm2 (Trenberth
& Fasullo, 2010). This shortwave bias induces warm sea surface temperature biases in
climate simulations (Hyder et al., 2018), which limit the accuracy of models. The short-
wave bias observed in the Southern Ocean has been identified as a contributory factor
in a number of issues in models, such as the double-Intertropical Convergence Zone (e.g.,
Hwang & Frierson, 2013), errors in the meridional energy transport (e.g., Mason et al.,
2015), biases in the position of the Southern Hemisphere storm track (e.g., Ceppi et al.,
2012) and the intensity of the Southern Hemisphere jet (e.g., Kay et al., 2016). Reduc-
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tion of the shortwave bias over the Southern Ocean is thus critical to improving the sim-
ulation of climate at the Southern hemisphere mid- to high-latitudes.

Identifying the sources of these biases in climate models is an active and ongoing
area of research. Though, Hyder et al. (2018) identified that 70% of the sea surface tem-
perature bias in the Coupled Model Intercomparison Project Phase 5 (CMIP5) climate
models relative to observations can be attributed to issues associated with the represen-
tation of clouds. Other work has shown that problems with the models include simulat-
ing too little cloud cover (e.g., Bodas-Salcedo et al., 2012; Schuddeboom et al., 2018; Kuma
et al., 2020), excessive sunlight absorbed by the ocean surface (e.g., Trenberth & Fasullo,
2010; Hyder et al., 2018), a lack of clouds in the cold sectors of cyclones (e.g., Bodas-
Salcedo et al., 2014), and a lack of reflective supercooled water clouds (e.g., Bodas-Salcedo
et al., 2016; Kuma et al., 2020). Work has also shown that the bias over the Southern
Ocean is not a single issue since there are different biases at higher and lower latitudes
(Schuddeboom et al., 2019; Kuma et al., 2020).

Ice hydrometeors and water droplets have differing radiative properties and there-
fore reflect and absorb different levels of incoming shortwave radiation (e.g., Haynes et
al., 2011; Scott & Lubin, 2014; Vergara-Temprado et al., 2018). Previous work has iden-
tified that supercooled clouds are very common over the Southern Ocean (e.g., Chubb
et al., 2013; Jolly et al., 2018; Listowski et al., 2018; Morrison et al., 2011) and are po-
tentially a major contributor to known model biases (e.g., Bodas-Salcedo et al., 2016;
Kay et al., 2016; Kuma et al., 2020). In particular, Bodas-Salcedo et al. (2016) identi-
fied that clouds with supercooled tops contribute between 27 and 38% to the total re-
flected solar radiation over the Southern Ocean, and suggested that climate models poorly
simulate these clouds. Models that overestimate the amount of ice cloud will produce
a positive shortwave radiation bias, due to changes in the cloud albedo. As the intro-
duction of ice into supercooled liquid clouds also causes the rapid growth of ice crystal
at the expense of the liquid droplets (Vergara-Temprado et al., 2018), a minor error rep-
resenting cloud phase can have large impacts.

Boundary layer observations by satellite instruments are limited by the presence
of an almost continuous cloud cover in the Southern Ocean which acts to obscure low-
level clouds. Unfortunately, measurements from satellites using passive instruments such
as the Moderate Resolution Imaging Spectroradiometer (MODIS; Salomonson et al., 2002)
and the International Satellite Cloud Climatology Project (ISCCP; Rossow & Schiffer,
1999) can only observe radiation scattered or emitted from the cloud top of optically thick
clouds. Therefore, one can accurately identify the cloud properties at the top of the cloud
with passive instruments, but cannot resolve the full vertical profile of clouds in most
cases. Instead, active instruments such as those aboard the CloudSat and Cloud—Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellites need to be used
to investigate cloud vertical structure.

Due to the limitations of satellite observations in the lower troposphere, ground based
measurements from sub—Antarctic and Antarctic sites can provide essential information
about cloud vertical structure. Surface based lidar instruments can detect layers of lig-
uid water in the boundary layer, but similar to space—borne lidars, their signal becomes
attenuated by optically thick cloud. Ground based radars can penetrate through these
optically thick clouds, but miss a portion of the optically and geometrically thin high-
altitude ice clouds due to a lack of sensitivity (Protat et al., 2006, 2010).

2 Datasets and Methods
2.1 The CloudSat and CALIPSO satellites

The satellite datasets used in this study are merged products created from Cloud-
Sat and CALIPSO observations. Launched together in April 2006, these satellites fol-
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low each other closely in orbit, initially as part of the A-Train constellation of satellites
occupying a low Earth orbit (Stephens et al., 2002) and their measurements can be used
to investigate the vertical distribution and properties of cloud. A partial equipment fail-
ure in 2017 forced CloudSat into a lower orbit to preserve the longevity of the instru-
ment. CALIPSO was also moved into this lower orbit so that the two could continue to
be used in conjunction. CloudSat has operated in daylight-only mode since 2011 due to
a battery anomaly, which has inhibited nighttime measurements and reduced the qual-
ity of measurements collected during the sunlit portion of its orbit (Nayak, 2012).

The Cloud Profiling Radar (CPR), a 94 GHz radar that uses 3.3 us pulses, is the
primary instrument onboard the CloudSat satellite (Stephens et al., 2002). The main
instrument onboard CALIPSO is the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) (Winker et al., 2007). CALIOP transmits two laser pulses at wavelengths of
1064 nm and 532 nm simultaneously and measures backscatter data at two polarisations.
The backscattered signal is used to derive vertical profiles of aerosol and cloud proper-
ties, and the ratio of backscatter at the two wavelengths is used to discriminate between
clouds and aerosols as well as to determine the composition of cloud (Winker et al., 2009;
Z. Liu, 2009). The lidar depolarisation ratio can also be used to estimate the phase of
scattering hydrometeors as either ice or liquid water (Sassen, 1991; Hu et al., 2009). Cloud-
Sat’s CPR, has a horizontal footprint of 1.4 km x 1.8 km, and vertical resolution of 485
m up to a height of 25km (Stephens et al., 2008). CloudSat uses the strength of the sig-
nal reflected off hydrometeors to determine cloud vertical structure. However, Cloud-

Sat is affected by surface clutter below approximately 1.2 km (cf. Marchand et al., 2008;
Tanelli et al., 2008) while the CALIPSO lidar signal is attenuated by passing through
optically thick cloud.

2.2 The 2BCL5 data product

In this study we use the 2B-CLDCLASS-LIDAR R05 (2BCL5) dataset generated
by combining measurements from CloudSat and CALIPSO to determine the vertical dis-
tribution of clouds, cloud phase, and cloud type (Sassen et al., 2008; Wang, 2019). Be-
cause of the different horizontal and vertical resolutions of the two instruments, data from
several CALIOP footprints are matched to the larger CPR footprints. Unfortunately,
the CALIOP linear depolarisation ratio measurement is limited by the attenuation of
the lidar signal through thick clouds, so the 2BCL5 data product does not use this data
to derive cloud phase. Instead, differences between the number concentration, vertical
distribution and radiative properties of ice particles and water droplets are used to gen-
erate a temperature dependent radar reflectivity (Ze) threshold (cf. Zhang et al., 2010).
This Ze threshold is used alongside the integrated attenuated lidar backscattering co-
efficient and cloud base and top temperatures to distinguish between ice, liquid, and mixed
phases cloudy air volumes (see Wang, 2019). The 2BCL5 product uses ancillary data from
the ECMWF-AUX (Partain, 2007) product to provide temperature data.

Using 2BCL5 observations from 2016, cloud occurrence is derived as a function of
altitude for different cloud phases. The vertical extent of the cloud is determined using
the CloudLayerBase and CloudLayerTop fields. Cloud occurrence is assigned to each ver-
tical bin between the cloud base and cloud top using the Cloud Fraction field. This pro-
cess is repeated for each separate cloud layer in the 2BCL5 detection. Further partition-
ing using information about the three phase classification options, produces separate cloud
masks for each phase. Profiles are summed and then normalised by using the total num-
ber of measurements.

2.3 The DARDAR data product

The second satellite dataset used in this study is the raDAR/IIDAR (DARDAR)
dataset. DARDAR is also a merged product derived from CloudSat and CALIPSO mea-
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surements (Delanoé & Hogan, 2010), and uses ancillary temperature information from
ECMWEF-AUX. It therefore uses identical inputs to the 2BCL5 dataset. DARDAR v.2.11
(Ceccaldi et al., 2013) was also obtained for 2016, chosen to coincide with ground based
measurements also used in this study. DARDAR provides vertically resolved profiles of
cloud phase, identifying ice, mixed and liquid phase clouds. The phase determination
algorithm also requires thermodynamic variables taken from the ECMWF-AUX prod-
uct. Similarly to 2BCL5, CALIPSO footprints are matched to CloudSat resolution for
merging. DARDAR has resolutions of 60 m in the vertical and 1 km in the horizontal.
DARDAR cloud phase classification processes are detailed in Delanoé and Hogan (2010),
but were updated in Ceccaldi et al. (2013) upon the release of the DARDAR v2 prod-
uct.

DARDAR cloud measurements are grouped into a categorization mask that sep-
arates cloud into different categories. While it includes cloud features such as the loca-
tion of supercooled water and ice hydrometeors, it also contains features such as aerosols
and ground clutter not relevant to this study. To produce vertical profiles of cloud oc-
currence, the appropriate features (such as supercooled and water cloud) are selected to
partition the data into clouds masks associated with the different phases. As for 2BCL5,
these cloud masks are combined to generate cloud occurrences. Cloud occurrence pro-
files for each phase are merged by summing the cloud occurrence across each vertical level
and normalised using the total number of measurements.

2.4 The AWARE dataset

The ground-based observations obtained during the 2016 Atmospheric Radiation
Measurement (ARM) West Antarctic Radiation Experiment (AWARE) field campaign
in Antarctica are used in this study. The AWARE campaign took place between Novem-
ber 2015 and January 2017 (Lubin et al., 2020), primarily at McMurdo Station (77.85°S,
166.72°E), and provides an unprecedented cloud and radiation dataset in this region (Lubin
et al., 2020). In this study, we focus on AWARE measurements of cloud occurrence, cloud
phase, and temperature.

The AWARE dataset used in this study includes hourly cloud masks generated from
Ka-Band ARM Zenith Radar (KAZR; Widener et al., 2012) and the High Spectral Res-
olution Lidar (HSRL; Eloranta, 2005) measurements from McMurdo Station. These mea-
surements are then gridded onto a fixed 7.5 m and 10 s vertically- and temporally-spaced
grid, as detailed in Silber et al. (2018). This dataset spans from 1 January to 31 Decem-
ber 2016. KAZR was operated in two interleaved modes; a moderate sensitivity mode
was used to detect upper—tropospheric clouds and a general mode used to detect lower—
tropospheric clouds. We also use radiosonde soundings of temperature gathered twice
daily and linearly gridded to the vertical grid of the hourly cloud masks (cf. Silber et
al., 2018). AWARE observations include a significant quantity of cloud observations whose
phase could not be identified, particularly at high altitudes, due to the attenuation of
the lidar signal.

Both the KAZR and HSRL datasets have a high uptime, with more than 97% to-
tal data availability during 2016 (Silber et al., 2018). However, specific hours with low
data availability might still cause a potential sampling bias in our analysis. Therefore,
we set a hourly KAZR and HSRL data availability threshold of 75% (45 min) for cloud
profiles to be considered in this analysis, this effectively rejects 2.3% of the AWARE dataset.

2.5 Combined Satellite and Ground-based Processing

To inter-compare the AWARE, 2BCL5 and DARDAR datasets, all of the obser-
vational datasets need to be constrained both spatially and temporally. First the satel-
lite data was masked so that only observations falling within a 5 degree by 5 degree lat-
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itude/longitude box centered on McMurdo Station were used. The AWARE data was

also masked so that only measurements within 3 hours before or after a CloudSat/CALIPSO
overpass are considered. All measurements from CloudSat/CALIPSO and the AWARE
datasets include both cloud and precipitation masks. Only the months of January, Oc-
tober, November and December had significant quantities of coincident satellite and ground
based observations. The passes used for comparison with the AWARE dataset were fur-

ther filtered to only include passes where both 2BCL5 and DARDAR have concurrent
observations, which gave a total of 180 passes.

The observational region was identified so that it would be large enough to con-
tain a considerable number of satellite passes, but small enough to exclude the Trans-
Antarctic mountains. The temporal coincidence was chosen to ensure that the different
instruments would observe the same synoptic weather patterns. Work by Coggins et al.
(2014) used the k—means clustering technique to produce a synoptic climatology of the
Ross Sea and Ross Ice Shelf regions and identified the characteristic time periods of each
synoptic state in the region persisted for between 13 and 20 hours. A later study by Jolly
et al. (2018) used this synoptic climatology to quantify the vertical distribution of cloud
occurrence, phase, and type over the Ross Ice Shelf and southern Ross Sea, which en-
compasses McMurdo Station. They found large differences between the synoptic regimes
relative to seasonal variation for the cloud occurrence as a function of altitude (see also
Silber et al., 2019). An additional study in which examined Eulerian cloud persistence
using the AWARE data was also carried out by Silber et al. (2018). They investigated
the persistence of all cloud layers, as well as those that necessarily contain liquid water,
and reported a mean cloud persistence between 5 and 10 hours depending on the month.
However, liquid-containing cloud layers have a much shorter mean persistence of 2.7 hours
and 54% do not last for more than an hour. A temporal threshold of 1 hour from either
side of the closest AWARE measurement during a satellite overpass (a 3 hour window
in total) was selected based on these studies.

3 Results
3.1 Global distribution of satellite—based cloud occurrences

Before using the ground—based AWARE observations, the 2BCL5 and DARDAR
datasets are directly compared. Figure 1 shows the latitudinal cloud occurrence as a func-
tion of altitude for the 2BCL5 dataset during 2016. While only 2016 is examined the mean
values used in this analysis are representative of other years (analysis not shown). Fig-
ure 1 displays cloud occurrence for the ice, mixed and liquid cloud phases, as well as the
combined total alongside temperature isotherms generated using monthly averages of ECMWF-
AUX temperature profiles (Partain, 2007). The 0 °C isotherm identifies the location where
liquid hydrometeors will begin to freeze into ice phase cloud; at higher temperatures only
liquid phase cloud should generally be present. The -38 °C isotherm was chosen to rep-
resent the edge of the homogeneous freezing regime (Lamb & Verlinde, 2011). Below this
temperature any supercooled water present in the cloud will freeze into ice crystals, such
that only ice phase clouds will be present. Between the two thresholds there will be a
combination of ice and supercooled water, so liquid, ice and mixed phase clouds can be
present.

A notable feature of Figure 1 is a sharp reduction in the amount of cloud detected
by 2BCL5 below an altitude of 1 km, present across all latitudes and phases. This high-
lights limitations in the 2BCL5 dataset at detecting cloud below this altitude. Figure
1b shows that ice phase cloud is absent in the tropical and subtropical regions below 5
km, where temperatures are higher, although there are some places below the 0 °C isotherm
where ice phase clouds are present. Figure 1c shows that mixed phase clouds are gen-
erally present at altitudes above the -38 °C isotherm and below the 0 °C isotherm. Fig-
ure 1d shows liquid phase cloud at temperatures higher than 0 °C, which is plausible due
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Figure 1. Latitudinal distribution of cloud occurrence as a function of altitude for the (a)
total amount of cloud occurrence, as well as the (b) ice , (c¢) mixed and (d) liquid phases de-
rived from the 2BCL5 observations from 2016. The dashed lines indicate isotherms of constant

temperature generated using ECMWF-AUX temperature information.

to the presence of supercooled water below 0 °C. However, as the 2BCL5 liquid classi-
fication does not distinguish supercooled water further analysis assessing the quality of
liquid phase partitioning cannot be done. The reduction of cloud observed by 2BCL5
below 1 km has particular implications over the Southern Ocean (50 °S - 75 °S) where
low level cloud occurrence peaks, but where it is also considered to be underestimated
in models (Bodas-Salcedo et al., 2012; Schuddeboom et al., 2018; Kuma et al., 2020).

Figure 2 shows the differences between DARDAR and 2BCL5 cloud occurrence rates
as a function of latitude and altitude. As 2BCL5 and the DARDAR datasets are gen-
erated from the same satellite data, any differences between these two datasets is a re-
sult of the dataset processing. Figure 2a shows that overall 2BCL5 detects more cloud
than DARDAR, except below 1 km where DARDAR identifies greater cloud occurrences.
These differences are greatest near 65 °S, over the Southern Ocean and Antarctic region.
When the total cloud occurrence is partitioned into the ice, mixed, and liquid cloud phases
further differences between the datasets become apparent. Figure 2c shows that 2BCL5
always detects a larger occurrence of mixed phase cloud than the DARDAR dataset, with
an absolute difference up to 25% over the Southern Ocean maximum at approximately
65S. DARDAR classifies these clouds as either ice or liquid depending on temperature,
as can be seen in Figure 2b and Figure 2d. Figure 2b also shows a clear regional sepa-
ration of the 2BCL5 and DARDAR data. The difference between these regions match
well with the position of the -38 °C isotherm, with DARDAR detecting more ice phase
cloud in between the 0 and -38 °C isotherms than the 2BCL5 dataset. Figure 2a shows
only small differences in 2BCL5 and DARDAR cloud occurrence between these isotherms,
indicating the differences must be a result of the phase identification algorithms. Fig-
ure 2d shows DARDAR detects more liquid phase clouds below the 0 °C isotherm, with
2BCLS5 classifying the cloud in this region as mixed phase cloud (Figure 2¢). Some por-
tion of the observations classified as mixed phase cloud by the 2BCL5 algorithm also lie
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Figure 2. Differences in cloud occurrence between DARDAR and 2BCL5 during 2016, broken
into (a) the total amount of cloud occurrence and (b) ice, (¢) mixed and (d) liquid phase com-
ponents. A positive value indicates DARDAR has a greater cloud occurrence than the 2BCL5
product. The dashed lines indicate isotherms of constant temperature generated using ECMWF-

AUX temperature information.

outside the 0 °C and -38 °C isotherms, which disagrees with the physical limitations on
cloud phase set by the temperature constraints defined by the ECMWF-AUX model out-
put.

3.2 Cloud occurrence as a function of altitude

The greatest differences in cloud occurrence between 2BCL5 and DARDAR lie in
their representation of low—level clouds over the Southern Ocean. This provides a strong
motivation for a more detailed investigation of this region which includes the usage of
ground based radar/lidar data. The cloud occurrence rate over McMurdo Station as a
function of altitude for each of the AWARE, 2BCL5 and DARDAR datasets is shown
in Figure 3. These profiles are shown individually for January, October, November and
December. Cloud profiles for each satellite overpass are averaged over the month and
split into their constituent phases. The filled curves in Figure 3 represent the DARDAR
(a-d) and 2BCL5 (e-h) cloud occurrences and the dashed curves represent the AWARE
observations.

The AWARE cloud profiles show limited amounts of liquid phase clouds. These clouds
are confined to the bottom 4 km of the atmosphere except during December (Figure 3d)
where liquid phase clouds occur up to an altitude of 4.5 km. Liquid phase clouds have
a maximum occurrence rate of 5%, with no obvious vertical structure across the months
examined. The AWARE ice cloud phase extends much higher than the liquid phase cloud,
but shows reduced frequency above an altitude of 4 km. This reduction is balanced by
an increase in cloud occurrence in the 'unknown’ phase category. Ice phase cloud peaks
at an altitude below 1 km during January and October (Figure 3a-b), but peaks at 2—

2.5 km during November and December (Figure 3c-d). The unknown phase clouds in the
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Figure 3.
observations over McMurdo Station during 2016. The dashed lines represent the AWARE cloud
occurrence and the filled curves represent coincident DARDAR (a - d) and 2BCL5 (e - h) cloud

occurrences. The number of passes are annotated at the top of the figure. The purple lines repre-

Mean vertical profiles of cloud occurrence for different cloud phases derived from

sents the mean (solid) and maximum (dashed) altitudes of the -38 °C isotherm across all passes,

derived from twice-daily radiosonde observations.

AWARE dataset dominate the cloud occurrence above altitudes of 4 km in all months,
due to the extinction of the lidar signal preventing classification of the cloud phase. The
altitudes at which the clouds are most commonly classified as unknown phase are the
same altitudes at which ice phase clouds dominate the satellite datasets. This highlights
that the unknown phase class predominantly represents ice (volume-wise) as also noted
by (cf. Silber et al., 2018). Previous work detailed in (Jolly et al., 2018) also supports
this interpretation.

Figure 3a-d shows that the DARDAR cloud occurrence vertical profiles have liquid-
containing clouds that extend up to an altitude of 6 km and a maximum occurrence of
just over 5%. Mixed phase clouds are detected in the same altitude range as liquid phase
clouds, but have a lower occurrence. The majority of DARDAR-detected clouds are clas-
sified as ice phase and extend to an altitude of 10 km. The cloud occurrence maxima for
ice phase cloud generally occurs between 2 and 3 km, but is observed at a lower altitude
during October (Figure 3b). Below this maxima, DARDAR cloud occurrence falls rapidly
to values less than 10% below 1 km. No liquid or mixed phase cloud is identified in the
DARDAR dataset above the monthly maximum level of the -38 °C isotherm, indicat-
ing DARDAR is conforming to liquid and mixed phase temperature constraints correctly.

Figure 3e-h identify vertical profiles of cloud occurrence for the 2BCL5 data prod-
uct. These shows liquid phase cloud occurrences of up to 10% between the surface and
5 km, with the maximum occurrence between 0.3 and 1 km. Liquid phase cloud occur-
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rence tends to drop off rapidly at altitudes above the maxima, although this drop is not
as rapid in the summer months (December and January). The maximum occurrence of
mixed phase cloud is consistent over all the examined months, falling between 2 and 3
km. October (Figure 3f) has the lowest quantity of mixed phase clouds compared to other
months and shows no mixed phase cloud occurrence above 4 km. This is likely a reflec-
tion of the low altitude of the -38 °C isotherm in this month. Interestingly, the other months
show mixed phase clouds up to 6.5km, meaning that clouds are observed above the max-
imum level of the -38 °C temperature isotherm derived from radiosondes. In particular,

in January mixed phase clouds are present up 9 km which is much higher than the 7 km
maximum of the -38 °C isotherm (Figure 3e). This shows clear limitations in how the
2BCL5 mixed phase cloud occurrence is determined with respect to temperature. The
representation of cloud phase in the DARDAR dataset is better confined by the -38 °C
isotherm than 2BCL5.

Comparison of the monthly mean cloud occurrence profiles from the two satellite
datasets in the vicinity of McMurdo station shows that the 2BCL5 dataset has system-
atically higher cloud occurrences than the DARDAR dataset, except below 1 km where
DARDAR has a higher occurrence of cloud than the 2BCL5 dataset. This matches with
the global result displayed in Figure 2. Although these datasets differ, the relationship
between cloud occurrence and altitude is similar in both datasets in general.

Comparison of the cloud occurrence profiles show that at a higher altitude the AWARE
dataset likely underestimates cloud compared to the satellites datasets and at lower al-
titudes there is an underestimation of 2BCL5 and DARDAR cloud occurrences compared
to AWARE. The satellite-based datasets are unable to detect a high number of clouds
below 1 km, and conversely, the ground—based measurements are unable to detect as many
clouds as 2BCL5 above 4km. As AWARE observations are often attenuated at higher
altitudes, the good match with DARDAR observed might suggest that DARDAR is ac-
tually underestimating cloud occurrence. Therefore, we postulate that differences between
2BCL5 and DARDAR above 1 km are a result of an underestimation in DARDAR cloud
occurrence. The discrepancy between the satellite— and ground—based peak in cloud oc-
currence as a function of altitude indicates that neither can obtain a complete picture
of the vertical profile of cloud occurrence in this region.

Examination of the liquid phase cloud profiles shows a number of differences be-
tween the three datasets. Liquid phase cloud profiles for AWARE match well with the
DARDAR profiles during November (Figure 3¢) and December (Figure 3d), but match
more poorly in January and October (Figure 3a and b). It is likely that November and
December were dominated by optically-thin clouds that both datasets capture, while Jan-
uary and October were dominated by frequent frontal systems, that resulted in the large
discrepancies between the satellite and ground—based measurements. Overall, neither the
2BCL5 or DARDAR datasets consistently agree with the liquid phase cloud reported by
the AWARE dataset. Given the known weaknesses in the satellite datasets at detecting
low—level cloud, this is expected. Ice-only phase cloud profiles are difficult to compare,
due to both a lack of a reliable mixed phase cloud classification in the AWARE dataset
and discrepancies in the definition of ice-only clouds in the satellite datasets.

3.3 2BCL5 and DARDAR cloud detections compared to AWARE

Figure 3 shows that both 2BCL5 and DARDAR underestimate cloud occurrence
at low altitudes compared to AWARE observations, but is limited as it does not provide
a direct comparison of individual profiles. To compare the individual profiles between
the datasets, the frequency of cloud detections between 2BCL5, DARDAR, and AWARE
for each pass over McMurdo Station during 2016 is examined. Cloud detections for the
space-borne (S) and ground-based (G) observations are separated into three categories:
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386 1. Where both the space—borne and ground-based observations identify cloud de-

387 tections (The intersection of both the space—borne and ground—based observations
388 is identified, S N G).

389 2. Where only the ground-based observations has a cloud detection (The intersec-

390 tion of the ground-based observations with the complement of the space-borne

301 observations is identified, S¢ N G).

302 3. Where only the space—borne observations has a cloud detection (The intersection
303 of the space—borne observations with the complement of the ground—based obser-
394 vations is identified, S N G°).

305 Figure 4 shows a comparison of the detection frequency between 2BCL5 and AWARE
396 (a, d, g) and DARDAR and AWARE (b, e, h) for the three previously defined categories.
307 This allows us to assess if one or both the space—borne and ground—based instruments

308 detect cloud at a particular altitude. The detection frequency is defined as the propor-
399 tion of the time across all passes where the underlying conditions between the two sets
400 are satisfied. Differences in the detection frequency for each category are displayed in

401 Figure 4 (c, f, i) to highlight the discrepancies between 2BCL5 and DARDAR.

102 Figure 4 a shows that above 1 km AWARE observations detect clouds that are not
403 identified by the 2BCL5 dataset approximately 10% of the time. Below 1 km the AWARE
204 dataset detects a greater amount of clouds than observed by 2BCL5, with a maximum

405 difference of 53%. As such, 2BCLS5 is unable to accurately detect low altitude clouds rel-
406 ative to ground-based observations. Conversely, Figure 4d shows that the 2BCL5 has ob-
a07 servations undetected by AWARE 10% - 20% from near the surface to roughly 6.5 km.
408 While cloud detections observed only by 2BCL5 at higher altitudes might be expected,
409 it is surprising that 2BCL5 detects clouds that are not observed by AWARE at lower al-
410 titudes.

m These results suggest either limitations in the AWARE dataset, differences between
a2 the satellite footprint and ground observations, or a potential issue with 2BCL5 falsely
13 identifying clutter in the radar and/or lidar signals as cloud detections. Figure 4g shows
414 that below 9 km the frequency of AWARE and 2BCL5 both detecting cloud increases

a15 until it peaks at 42% near 2 km after which a sharp decrease is observed.

a16 Figure 4b compares the DARDAR and AWARE datasets and shows that above 1

a7 km AWARE detects clouds unobserved in the DARDAR dataset approximately 10% of
a18 the time. Below 0.8 km the frequency where only AWARE observes a cloud detection
410 rises to a peak of 44%. This likely indicates that both of the satellite datasets are un-

20 able to accurately observe clouds below 1 km. Figure 4e shows that between 1 and 7 km
a1 DARDAR detects clouds unobserved by AWARE roughly 10% - 20% of the time. Above
a2 7 km the frequency reduces to below 10% as detections become sparse. Interestingly, be-

23 low 1 km the frequency increases to 25% of the DARDAR overpasses identifying a cloud
224 unobserved by AWARE. This either suggest instrumental limitations in the AWARE dataset
25 or issues with DARDAR where false positives in the radar/lidar signals are detected. The

26 latter hypothesis is more likely given the known weaknesses in the satellite datasets. Fig-
a7 ure 4h shows that similar to 2BCL5, the frequency of both DARDAR and AWARE ob-

28 serving cloud increases at lower altitudes, peaking at 42% at an altitude of 2 km, followed
229 by a decrease at lower altitudes.

430 While similar overall, both 2BCL5 and DARDAR display some differences in how

31 their cloud detections match with AWARE. Above 1 km, DARDAR and 2BCL5 show

32 good agreement, while below 1 km there is a large difference between the two datasets.

433 Figure 4c shows that below 1 km cases where only AWARE detects a cloud is 10% - 15%
434 greater for 2BCL5 than DARDAR. This is mirrored by Figure 4i where below 1km, DAR-
a3 DAR observes a greater amount of cloud detections than 2BCL5, which are also observed
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Figure 4. Detection frequency as a function of altitude for (a, d, g) 2BCL5 and AWARE and
(b, e, h) DARDAR and AWARE showing where only the ground-based (a, b), space-borne (d,
e) or both (g, h) datasets have cloud detections. Differences in the detection frequency for each
categorisation are also displayed (c, f, i) to highlight the anomaly between 2BCL5 and DARDAR.

by AWARE. This result suggests that DARDAR agrees better with AWARE than 2BCL5
below 1 km, while the two have comparable detectability elsewhere. However, this could
be a result of DARDAR having greater cloud occurrences than 2BCL5 below 1 km, rather
than an improved match with AWARE. Figure 4h shows that below 1 km, DARDAR
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has a greater amount of cloud detections where AWARE does not observe any cloud rel-
ative to 2BCL5. This probably indicates that DARDAR is classifying noise in the radar/lidar
signals close to the ground as clouds, resulting in a 10% - 15% larger false positive rate

than 2BCL5.

3.4 Ratios between satellite and ground—based detected cloud occur-
rences

The 180 satellite overpasses in which 2BCL5, DARDAR, and AWARE all detected
clouds were examined and spatially and temporally colocated atmospheric profile from
the different datasets were compared. Figure 5a and b show the ratio of 2BCL5 and DAR-
DAR cloud occurrence to the AWARE cloud occurrence for each co-location, respectively.
Figure 5 a and b also show the median value at each altitude for both 2BCL5/AWARE
(red) and DARDAR/AWARE (black). The ratio between 2BCL5 and DARDAR is dis-
played in Figure 5¢ with the median curve illustrated in blue.

Figure 5a shows that the median ratio of cloud occurrence between 2BCL5 and AWARE
match well between 1.5 and 4.5 km, with relative differences less than 10%. However,
there is a large spread of values at this altitude range, which indicates that while it is
common for the two datasets to detect similar cloud profile structures, this is not always
the case. Below 1.5 km the median ratio shows that 2BCL5 underestimates cloud oc-
currence compared to the AWARE dataset. This ratio decreases to a local minimum of
0.24 at 0.8 km, corresponding to an underestimation in 2BCL5, identifying that 2BCL5
only observes 24% of the cloud occurrence relative to the AWARE observations. Below
0.8km the detectability of 2BCL5 improves slightly, with 2BCL5 observing 37% of AWARE
cloud occurrence at 0.5 km, before steadily decreasing below 0.25 km. Above 4.5 km the
two datasets also disagree, but with AWARE likely underestimating compared to 2BCL5.
As the altitude increases the median ratio fluctuates up to an altitude of around 7.5 km
and then steadily increases until AWARE observes between 37%-61% of cloud observed
by 2BCL5. Above this altitude there is little consistency as the AWARE instruments have
difficulties in detecting clouds at this altitude.

Figure 5b shows a limited agreement between DARDAR and AWARE. Between
3 and 5 km there is good agreement (within 10%). Extending this range to between 1.5
and 6 km there is poorer agreement with differences of up to 20%. Similar to the 2BCL5
dataset, DARDAR starts to consistently underestimate cloud occurrence compared to
AWARE below 1.5 km. The median drops to 0.37 at 0.5 km. This likely corresponds to
limitations in DARDAR, which only observes 37% of cloud occurrence detected by AWARE
at that altitude. As for the comparison with 2BCL5, the ratio between DARDAR and
AWARE cloud occurrence decreases towards the surface. Above 6 km the two datasets
also disagree, with AWARE underestimating cloud occurrence compared to the DAR-
DAR dataset. The median ratio fluctuates between 6 - 8 km, ranging from near even to
altitudes where AWARE has 37% of the DARDAR occurrences. At higher altitudes the
ratio changes rapidly as only a few profiles are available for the statistical analysis.

Figure 5c shows that DARDAR consistently underestimates cloud occurrence com-
pared to 2BCL5 above 1 km with only shows a few instances above 1 km where DAR-
DAR detects more cloud. This is possibly a result of the lower cloud occurrences in DAR-
DAR above 1 km (see Figure 2). Below 1 km there is clearly a wider range of ratios and
we might expect that DARDAR would show greater cloud occurrence below 1 km com-
pared to 2BCL5 based on (Figure 4i). However, it is clear from these ratios that DAR-
DAR may actually have a greater frequency of false cloud detections than 2BCL5.
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Figure 5. The ratio between satellite and ground—based cloud occurrence at different alti-
tudes, for (a) 2BCL5/AWARE (b) DARDAR/AWARE and (c) 2BCL5/DARDAR. Both (a) and
(b) display the medians for 2BCL5/AWARE (red) and DARDAR/AWARE (black) while the
median for 2BCL5/DARDAR is shown on (c) in blue.

3.5 Statistical evaluation of the 2BCL5, DARDAR and AWARE distri-
butions of cloud occurrence

The ratios of cloud occurrence rates clearly show distinct behaviours over differ-
ent altitude ranges. In order to quantify these differences, statistical tests are applied
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to the distributions of cloud occurrence in 1 km altitude bins. Each of these regions are
examined using a t-test and a Kolmogorov—Smirnov (K-S) test. The t-test is used to an-
alyze the differences in the means of cloud occurrence distributions between the 2BCL5
and AWARE and the DARDAR and AWARE datasets. The K-S test is used to com-
pare whether the cloud occurrence distributions of 2BCL5 and AWARE or DARDAR
and AWARE are statistically distinct from one another. The t-test produces a t-statistic
(t), where a higher t-value indicates greater differences between the means of the dis-
tributions. The K-S test produces a K-S statistic (D), which evaluates the distance be-
tween the two cumulative distribution functions with a higher D-value corresponding to
a greater distance. Both tests also produce a p-value, indicating the significance of the
test statistics. If the p-value is less than a predefined significance level (o), then the cor-
responding test statistics are considered statistically significant and the null hypothe-
sis can be rejected. The significance level is chosen to be 5% and the results of the sta-
tistical tests are displayed in Figure 6. Simply put if a p-value is above the significance
level it implies the satellites datasets agree with AWARE, while if it is below they are
distinct from AWARE.

DARDAR and AWARE
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Figure 6. Results of the (a
tions of (a, c) DARDAR and AWARE and (b, d) 2BCL5 and AWARE. Red bars indicate where

the p-value is less than the significance level, o = 0.05.

, b) t-test and (c, d) K-S test comparing the means and distribu-

Analysing the low level cloud between 0 and 1 km, the t-test and K-S test show
that both the means and distributions of 2BCL5 and DARDAR compared to AWARE
are statistically distinct. The largest t-values over this region are -7.0 between 2BCL5
and AWARE and -5.2 between DARDAR and AWARE. This indicates that the means
of these cloud occurrences are very different in both cases. The D-values in this region
are also large. Between 1 - 2 km, the K-S test indicates that the distributions of 2BCL5
and DARDAR are statistically distinct compared to AWARE, while the t-test shows that
the means cannot be considered different from AWARE. Between 2 - 5 km, both 2BCL5
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and DARDAR match well with AWARE, as both tests show that the means and distri-
butions are statistically distinct. However, above 5 km the t-test shows drastically dif-
ferent results for the 2BCL5 data. The results of the t-test show that the means of the
distributions for the 2BCL5 and AWARE datasets cannot be considered to be drawn from
the same distribution, while the DARDAR and AWARE values continue to show that

the means are statistically distinct. The K-S test continues to show show results above
the significance threshold for both 2BCL5 and DARDAR, although the 2BCL5 D-values
are clearly larger over this region. Given the relatively lower sensitivity of the AWARE
data over this region, these results should be interpreted cautiously.

Over the entire altitude range the DARDAR cloud occurrence distributions match
better to the AWARE data than the 2BCL5 based on both t and D values. The largest
differences are seen above bkm where the t-tests consistently produce different results.
This may seem to contradict the results that are shown in Figure 5, however this is due
to differences in how these results should be interpreted. The statistics show that the
underlying cloud occurrence distributions of DARDAR agree better with AWARE than
2BCL5 does. However, the ratio analysis shows us that when specific cases are exam-
ined the 2BCL5 data performs better. This implies that DARDAR might outperform
2BCL5 relative to AWARE in the statistical aggregate, but when looking at specific times
and locations 2BCL5 generally matches better.

3.6 Cloud occurrence as a function of temperature

To further compare the cloud phases in the 2BCL5, DARDAR, and AWARE datasets,
cloud occurrence was derived as a function of temperature. Temperature information was
taken from twice-daily measurements taken from radiosondes launched at McMurdo Sta-
tion, as well as the ECMWF-AUX temperature data. Figure 7 shows the normalised oc-
currence of cloud phase at each temperature for the three datasets examined, using both
the ground-based and reanalysis temperature information.

Figure 7a shows 2BCL5 cloud occurrence identified relative to radiosonde temper-
ature data. At temperatures above -12 °C, supercooled water dominates, but its occur-
rence quickly falls off as the proportions of mixed and ice phase cloud increases at lower
temperatures. Ice phase clouds dominate occurrence at temperatures lower than -35 °C.
However, mixed phase clouds are identified at temperatures down to -60 °C, which is clearly
unphysical. This pattern matches well with Figure 7b, which uses the ECMWF-AUX
measurements instead of the radiosondes. Thus, the unphysical classification can not be
attributed to differences between the ECMWF-AUX data and the corresponding AWARE
radiosonde measurements. Figures 7c and d display the DARDAR temperature based
cloud occurrence. The DARDAR results identify that apart from a large presence of lig-
uid phase clouds above -10 °C, ice phase clouds dominate. However, small amounts of
mixed and liquid phase cloud are present down to temperatures of -43 °C, which again
is unphysical. Once again, the ECMWF-AUX temperature output shows reasonable agree-
ment with the ground-based temperature.

Figure 7e shows the AWARE cloud occurrence for different phases using the AWARE
radiosonde measurements as the temperature reference. Most of the AWARE cloud de-
tections are associated with the 'unknown’ phase, highlighting a clear limitation of the
AWARE data. Liquid phase clouds are detected in relatively small fractions down to a
temperature of approximately -35 °C. Ice phase cloud occurrence (detected with the HSRL)
is more common than liquid and unknown phases at the higher temperatures but falls
off significantly at lower temperatures, because of increasingly large amounts of unknown
phase cloud detections. A secondary peak of ice cloud at -60 °C which is partially as-
sociated with polar stratospheric cloud detections in tropospheric cloud-free periods. This
matches observations in Figure 3 where the ability to classify phase falls off as altitude
increases (and conversely the temperature decreases), which is clearly due to the atten-
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Figure 7. Normalised cloud occurrences from Figure 3 as a function of temperature for (a -
b) 2BCL5 (c - d) DARDAR and (e - f) AWARE. 2BCL5 and DARDAR cloud occurrences are
split into ice, mixed and liquid phases, and AWARE cloud occurrence into the ice, liquid and

‘unknown’ phase classes (see text for details). White space indicates where cloud is undetected

and the dashed line indicates the edge of the homogeneous freezing regime at -38 °C.

566 uation of the HSRL signal by low-level cloud. Figure 7f again shows a good match be-
567 tween the ECMWF-AUX and AWARE radiosonde temperature information, although

568 the peak in the ice phase cloud at -60 °C is weaker.

569 Cloud phase data from AWARE matches well with the boundary of the homoge-
570 neous freezing regime at -38 °C. There is some uncertainty in this result due to the ma-
571 jority of the clouds here being unclassified. The overall lack of liquid phase detections
572 in AWARE does suggest that some of the unknown phase detections are associated with
573 supercooled water. In both 2BCL5 and DARDAR, cloud measurements are found out-
574 side the physical limits defined by the homogeneous freezing threshold. For clouds clas-

575 sified as mixed phase by 2BCL5, 13.3% occur at temperatures below the -38 °C isotherm

576 in the AWARE radiosonde measurements, and 13.8% for the ECMWF-AUX data prod-

577 uct. For the DARDAR dataset 1.1% of cloud classified as liquid phase and 5.7% of clouds

578 classified as mixed phase occur below the -38 °C isotherm for the AWARE radiosonde

579 measurements. When using ECMWF-AUX data as a reference 1.3% of clouds classified

580 as liquid phase and 6.6% of clouds classified as mixed phase occur below the -38 °C isotherm.
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This coincident temperature analysis shows that DARDAR also incorrectly classifies mixed
phase cloud within the homogeneous freezing regime, albeit to a smaller extent than 2BCL5.

4 Discussion

Figure 3 shows that cloud occurrence for all phases have maximum values between
1.5 and 3 km for both 2BCL5 and DARDAR. Below this level cloud occurrence falls off
rapidly with low cloud occurrence below 1 km for 2BCL5 and 0.5 km for DARDAR. AWARE
ground-based observations display a maximum in cloud occurrence at a slightly lower
altitude (between 1 and 2.5 km), but also show larger cloud occurrences at lower levels.

Above the maxima, AWARE cloud occurrence tends to fall off faster than the 2BCL5/DARDAR

data. As the lidar signal used within the AWARE dataset is often attenuated above 4

km, detection of high level clouds is likely underestimated. While the KAZR can still
detect many of these clouds, it struggles to detect high level cirrus with small optical depths
(Sassen & Khvorostyanov, 1998). Therefore neither 2BCL5, DARDAR or AWARE ap-
pears to be able to observe the complete vertical structure of clouds. Thus, to obtain the
full picture, a combination of ground—based and space—borne measurements are needed.
However, merging these datasets is not straight forward because of the large disparities

at nearly all altitudes. Comparisons of cloud occurrences in Figure 3 can be compared
with previous work investigating cloud phase using four years of 2BCL5 data over the
Ross Sea and Ross Ice Shelf detailed in Jolly et al. (2018). The results of their study show
reasonable agreement with the results of the 2016 2BCL5 data obtained in this study.
This suggests that the 2016 2BCL5 data is representative of the long-term cloud pat-
terns observed in this region.

The comparisons between the vertical profiles of cloud occurrence at AWARE, 2BCL5,
and DARDAR establish three distinct regions; a region where the satellite likely under-
estimates cloud close to the ground, a region where the ground-based instruments likely
underestimate at higher altitudes, and a region of approximate agreement in between.
The statistical analysis in Figure 6 shows both 2BCL5 and DARDAR are substantially
different from AWARE at low altitudes. It might be expected that DARDAR cloud oc-
currence would match better with the AWARE dataset than the 2BCL5 because DAR-
DAR observes higher cloud occurrences below 1 km. However, this is not the case, as
the altitude at which the satellite datasets begin to deviate from AWARE is essentially
the same (see Figure 5). Thus, we conclude that even though DARDAR observes more
clouds below 1 km than 2BCLS5, it does not appear to be detecting low—level clouds more
reliably than the 2BCL5 dataset. Instead, DARDAR appears to be detecting false pos-
itives in the lidar/radar signals by incorrectly interpreting noise close to the ground as
clouds.

These results are generally consistent with conclusions from previous studies (e.g.,
Protat et al., 2014; Blanchard et al., 2014; Y. Liu et al., 2017; Alexander & Protat., 2018),
which show underestimations of satellite-based cloud observations compared to ground-—
based observation. For example, Alexander and Protat. (2018) found underestimation
of DARDAR cloud observations by a factor of three between 0.2 - 1 km compared with
a ground—based lidar. However, their study only included low level optically-thin sin-
gle cloud layers where both the ground based lidar and DARDAR masks could detect
the cloud top and cloud base (lidar signal transmitted through cloud top). Y. Liu et al.
(2017) also found that space—borne observations, such as the 2B-GEOPROF-lidar dataset
(Mace et al., 2009), begin to drop off significantly below 1 km similar to this study. In
particular, they note that below 0.5 km satellite-based observations detect 25-40% fewer
clouds than observed by a ground-based lidar. One study by Mioche et al. (2015) found
that over the Svalbard region in the Arctic satellite observations overestimates cloud oc-
currence below 2 km compared to surface based micropulse lidar observations. However,
the authors associated this overestimation with the short duration of their dataset. Pre-
vious work (e.g., Bodas-Salcedo et al., 2012; Schuddeboom et al., 2018; Kuma et al., 2020)
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has shown climate models underestimate low—level cloud compared to satellite datasets.
Given that the satellite measurements in this paper are shown to underestimate low—level
cloud occurrence compared to AWARE observations, the magnitude of these model er-
rors could be larger than previously identified.

For the mid-altitude region, the median ratio shows that 2BCL5 and AWARE are
in good agreement between 1.5 and 4.5 km and for the most part shows an equal amount
of cloud (within 10%). DARDAR shows a good level of agreement with AWARE between
1.5 and 6 km, extending further than 2BCL5, but the match is weaker (within 20%). This
match between DARDAR and AWARE extending to a greater altitude is likely because
both AWARE and DARDAR observe fewer clouds than 2BCL5 at these heights. The
results of the statistical tests (Figure 6) show that both DARDAR and AWARE and 2BCL5
and AWARE match well between 2 and 5 km, suggesting that the underlying cloud oc-
currence distributions are well captured in this region.

At altitudes greater than 6 km, the median ratio of cloud occurrence shows that
both DARDAR and 2BCL5 detect more clouds than AWARE, but this is probably due
to AWARE being unable to detect clouds rather than the satellite signals being dom-
inated by false positives. The ratio between the satellite and ground-based measurements
(Figure 5a/b) is variable at high altitudes and close to the ground because not all passes
can be compared at all heights. Figure 4c and Figure 4f show that above 7 km the com-
parisons between the two satellite datasets can only be made 10% of the time as the de-
tection frequency decreases. This suggests that the underestimation of AWARE at high
altitudes relative to 2BCL5 (Figure 5a) and DARDAR (Figure 5b) is potentially worse
than stated. Below 1 km a similar pattern is observed where the amount of detected cloud-
containing profiles that can be compared drops as the satellites are unable to observe
clouds detected by AWARE. The t-tests in Figure 6 show divergent results for 2BCL5
and DARDAR over this region, however due to the limitations with the AWARE dataset
these should be interpreted with caution.

Figure 7 shows that DARDAR and 2BCL5 observe mixed and liquid phase cloud
regions outside theoretical temperature thresholds using both the AWARE radiosonde
or ECMWEF-AUX temperature data. However, the 2BCL5 data product classifies cloud
phase incorrectly more often than the DARDAR, product despite the fact that both 2BCL5
and DARDAR use the same ECMWF-AUX temperature data. Differences in how 2BCL5/DARDAR
assign phase to their cloud detections must therefore explain why their phase determi-
nations are different. For 2BCL5, each cloud layer with a distinct top and bottom is as-
signed a single phase. DARDAR classifies each pixel in a cloud layer separately, so a cloud
layer identified by 2BCL5 might have multiple classifications given by DARDAR. This
could allow 2BCL5 to identify mixed phase above the -38 °C isotherm altitude. In ad-
dition, mixed phase clouds are defined by the 2BCL5 product as a combination of ice
and supercooled water existing in the cloud layer, resulting in the whole cloud being clas-
sified as a mixed phase cloud. If a mixed phase cloud exists at the cloud base where tem-
peratures are between 0 °C and -38 °C, 2BCL5 would also assign a mixed phase to the
cloud top where temperatures are above -38 °C and mixed phase cloud will not be present.

Due to a large proportion of the AWARE dataset clouds being classified as an “un-
known” phase, it becomes difficult to draw comparisons between cloud phases for the
satellite— and the ground—based datasets and to evaluate the reliability of liquid or mixed-
phase detections by the satellite retrievals within the heterogeneous freezing regime. 2BCL5
uses a process primarily driven by the temperature of the cloud top and cloud base, but
also uses a temperature dependent radar reflectivity (Z.) threshold and an integrated
attenuated backscattering coefficient (see Zhang et al., 2010). This splits the cloud into
liquid, ice and mixed phase cloud containing a combination of ice and liquid. Contrast-
ingly, DARDAR uses the strength of the lidar backscatter signal to locate any attenu-
ating high backscatter layers. DARDAR then attempts to classify these layers based on
temperature, horizontal extent of layer, thickness, reflectivity, and altitude. The algo-
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rithms used on the AWARE dataset use particulate backscatter cross-section and lin-

ear depolarisation ratio to split the lidar observations of cloud into liquid and ice cloud.
Due to attenuation of their lidar instrument, much of their cloud observations can not

be reliably classified and are instead classified as unknown. In order to draw better com-
parisons between the phases, consistent processing algorithms with high fidelity, which
could simultaneously consider satellite and ground-based measurement limitations, would
be needed to be applied to the raw radar/lidar measurements rather than trying to match
separately processed products together. Another possibility is to use instrument simu-
lators to help to interpret the different data relative to model data (Kuma et al., 2020b).

5 Conclusions

In this study vertical profiles of cloud occurrence and cloud phase for the 2BCL5
and DARDAR satellite data products are compared to ground—based AWARE observa-
tions taken during 2016. An assessment of the global distributions of 2BCL5 and DAR-
DAR cloud occurrence found key differences between the two datasets quantification of
low-level clouds and cloud phase. These differences are greatest for low—level clouds over
high southern latitudes, providing a strong motivation for a detailed investigation of ver-
tical cloud occurrence using ground—based measurements from the AWARE campaign
over McMurdo Station in Antarctica.

Satellite observations for both 2BCL5 and AWARE show an underestimation of cloud
occurrence below 1.5 km compared to ground-based AWARE observations, with both
2BCL5 and DARDAR observing 37% of clouds detected at AWARE at an altitude of
0.5 km. Conversely, at altitudes greater than 6 km the AWARE dataset shows an un-
derestimation of cloud occurrence compared to the 2BCL5 and DARDAR datasets, likely
attributed to the attenuation of the HSRL signal by low-level clouds and lower KAZR
detectability at long ranges, where the radar volumes are significantly larger. In between
these altitude ranges, there was a good agreement between AWARE and the satellite—
based datasets.

Below 1 km DARDAR observes a greater cloud occurrence than 2BCL5, and rel-
atively lower occurrence at higher altitudes. Even though DARDAR observes more cloud
below 1 km than 2BCL5, when compared to coincident and contemporaneous AWARE
detections, it is not more reliable than the 2BCL5 dataset; DARDAR detects clouds that
are not detected in the AWARE dataset between 20-25% of the time below 1 km com-
pared to 10-15% for 2BCL5. This indicates that the higher DARDAR cloud occurrence
below 1 km is likely associated with false detections where DARDAR is likely incorrectly
classifying ground clutter or from the radar signal, or attenuated lidar retrievals, as cloud.

2BCL5 and DARDAR estimates of cloud phase were also found to deviate from phys-
ical constraints set by the temperatures at which a combination of ice and supercooled
water should exist. 2BCL5 shows 13.3% (13.8%) of mixed phase clouds occurring at tem-
peratures within the homogeneous freezing regime below -38 °C, with mixed-phase ob-
servations down to a temperature of -60 °C (-58 °C) in the case where radiosonde (ECMWF-
AUX) temperature data are used. DARDAR shows 5.7% (6.6%) of mixed phase and 1.1%
(1.3%) of liquid phase clouds within the homogeneous freezing regime down to a tem-
perature of -43 °C for radiosonde (ECMWF-AUX) data.

Overall, the results presented here emphasize the need for a combination of ground—
based and space—borne measurements to fully characterise cloud structure. This may be
particularly important over the Southern Ocean and Antarctica given the large dispar-
ities observed in low-level cloud in this region.
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