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[11 A climatology of the thermodynamic phase of the clouds over the Southern Ocean
(40-65°S,100-160°E) has been constructed with the A-Train merged data product
DARDAR-MASK for the four-year period 2006-2009 during Austral winter and summer.
Low-elevation clouds with little seasonal cycle dominate this climatology, with the cloud
tops commonly found at heights less than 1 km. Such clouds are problematic for the
DARDAR-MASK in that the Cloud Profiling Radar (CPR) of CloudSat is unable to
distinguish returns from the lowest four bins (heights up to 720960 m), and the CALIOP
lidar of CALIPSO may suffer from heavy extinction. The CPR is further limited for all of
the low-altitude clouds (tops below 3 km) as they are predominantly in the temperature
range from 0°C to —20°C, where understanding the CPR reflectivity becomes difficult due
to the unknown thermodynamic phase. These shortcomings are seen to flow through to the
merged CloudSat-CALIPSO product. A cloud top phase climatology comparison has been
made between CALIPSO, the DARDAR-MASK and MODIS. All three products highlight
the extensive presence of supercooled liquid water over the Southern Ocean, particularly

during summer. The DARDAR-MASK recorded substantially more ice at cloud tops as
well as mixed-phase in the low-elevation cloud tops in comparison to CALIPSO and
MODIS. Below the cloud top through the body of the cloud, the DARDAR-MASK finds
ice to be dominant at heights greater than 1 km, especially once the lidar signal is
attenuated. The limitations demonstrated in this study highlight the continuing challenge
that remains in better defining the energy and water budget over the Southern Ocean.

Citation: Huang, Y., S. T. Siems, M. J. Manton, A. Protat, and J. Delanoé (2012), A study on the low-altitude clouds over the
Southern Ocean using the DARDAR-MASK, J. Geophys. Res., 117, D18204, doi:10.1029/2012JD017800.

1. Introduction

[2] The low-altitude clouds over the Southern Ocean (tops
below 3 km) offer a significant contrast in the albedo to the
underlying ocean surface. These clouds are not only a pri-
mary component of the energy and water budgets over the
Southern Ocean (SO), but also help define the meridional
fluxes of energy and water to the Antarctic. Yet as detailed
in Trenberth and Fasullo [2010], the clouds over the SO are
poorly represented in both present-day reanalyses and cou-
pled global climate models; the climate models and reana-
lyses simulate a fractional cloud coverage of approximately
80% while the observations produce a result of
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approximately 90%. This bias in cloud cover is, in turn,
directly responsible for an overestimate in the present-day
simulation of the absorbed shortwave radiation over the SO.
The poor representation of the energy and water budget over
the SO, a region covering 15% of the Earth’s surface, creates
uncertainties in climate and weather simulations of the
Antarctic [Tietdvdinen and Vihma, 2008].

[3] Mace [2010] studied the radiative and microphysical
properties of these clouds over the SO employing an integra-
tion of active remote observations from CloudSat [Im et al.,
2006], Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) [Winker et al., 2007] and passive
remote observations from the Advanced Microwave Scanning
Radiometer (AMSR-E) [Wentz and Meissner, 2000], the
Moderate Resolution Imaging Spectroradiometer (MODIS)
[Platnick et al., 2003] and the Clouds and the Earth’s Radiant
Energy System (CERES) [Wielicki et al., 1998]. When com-
paring a 20° x 20° region of the SO with that over the North
Atlantic, Mace [2010] concluded that there was a ‘high degree
of similarity in cloud occurrence statistics, in cloud properties,
and in the radiative effects of the clouds.” This conclusion is
perhaps remarkable when reflecting upon the inherent differ-
ences between the North Atlantic and the SO. The atmosphere
over the SO is not only essentially free of anthropogenic
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aerosol emissions, but even terrestrial aerosol emissions such
as dust. Field observations of the Cloud Condensation Nuclei
(CCN) over the SO [e.g., Yum and Hudson, 2005; Gras, 1995]
reveal a highly pristine environment, particularly during the
winter season, when there are an order of magnitude fewer
CCN than during summer. Unlike the North Atlantic, the
cloud microphysics over the SO has been observed to undergo
a strong seasonal cycle. The CLAW (Charlson, Lovelock,
Andreac and Warren) [Charison et al., 1987; Ayers and
Cainey, 2007; Vallina and Simo, 2007] hypothesis details the
role of the production of dimethylsulfide by phytoplankton
during the active summer season, and its impact on the effec-
tive radius of the clouds [Boers et al., 1998]. They found that
the droplet concentration of suspended cloud droplets in
summer is three times that of winter, while the effective radius
in winter is about 42% larger than that measured in summer.

[4] More recently Huang et al. [2012] highlighted that the
retrievals of the Cloud Profiling Radar (CPR) of CloudSat are
physically limited in observing the low-elevation clouds over
the SO. First they illustrated that the CPR commonly dis-
missed any clouds within the lowest kilometer over the sur-
face that were observed by Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) on CALIPSO because
the CPR is not able to distinguish the source of reflectivity
emanating from near the surface. Next they found that the
500 m vertical resolution of the CPR (oversampled into
240 m bins) [Stephens et al., 2002] was relatively coarse for
these clouds, and produced a largely, invariant liquid phase
cloud top climatology across the boundary layer of the entire
SO. Similarly, the study by Chan and Comiso [2011] noted
that certain types of low-level clouds that were apparent to
MODIS data could not be detected by either CloudSat or
CALIPSO, possibly due to the coarse vertical resolution and
the low-level ground clutter contamination for the CPR, and
the limited sensitivity of CALIOP to the clouds’ geometri-
cally thin nature and surface proximity. In particular, these
clouds are found over the Arctic region and have optical
thicknesses of less than 14, top height altitudes of below
2.5 km, and layer thickness of less than 1 km.

[s] Finally Huang et al. [2012] highlighted that virtually
all of these low-altitude clouds over the SO exist in the
temperature range of 0°C to —20°C. This is particularly
problematic for the CPR as it has no direct means of distin-
guishing between ice and supercooled liquid water (SLW).
The classification of the thermodynamic phase requires the
use of a temperature-dependent algorithm. Without in situ
field observations to validate such algorithms uncertainty
will remain, particularly over the highly pristine environment
of the SO. For example Morrison et al. [2011] (hereinafter
MSM11) employed MODIS to build a climatology of the
cloud top thermodynamic phase over the SO and found
almost no sign of clear glaciation in these low-altitude
clouds, not even at high latitudes during the winter. This in
itself is of interest, given that the clouds composed of
supercooled liquid water over the SO are known to be sen-
sitive to the Hallett-Mossop process of ice multiplication
[Mossop et al., 1970]. Similarly Hu et al. [2010] identified
the near constant presence of SLW over the SO using
CALIOP observations.

[6] Motivated by these findings and the continued ambi-
guity in the observations of clouds from remote sensing
instruments on an individual basis, the primary purpose of
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this paper is to construct a climatology of both the cloud ther-
modynamic phase and clouds structure over the SO through the
application of the merged A-Train product—raDAR/IIDAR-
MASK (hereafter DARDAR-MASK) [Delanoé and Hogan,
2010]. As a comparison to MSM11, the cloud top thermody-
namic phase (CTP) properties are first examined. Below the
cloud top, the active sensing capabilities captured in the
DARDAR-MASK are employed to explore the structure and
thermodynamic phase properties through the depths of the
clouds.

[7] The remainder of this paper is organized as follows:
Section 2 provides an overview of the merged DARDAR-
MASK product, the merging process and retrieval algorithm.
Section 3 presents the climatology of CTP over the SO as
functions of cloud top height and cloud top temperature
(CTT), in comparison to that derived by MODIS in MSM11.
Also, statistics of the CTP populations viewed by CALIPSO
and its sensitivity to the presence of overhead cirrus is dis-
cussed. Section 4 examines the class occurrences and verti-
cal distributions of the thermodynamic phase through the
depths of the clouds. Section 5 offers an overall discussion
and summary of the key findings.

2. Data

[8] Similar to the merged CloudSat-CALIPSO employed
in Mace [2010], the DARDAR-MASK data set employs a
combination of the CloudSat, CALIPSO and MODIS
[Delanoé and Hogan, 2010] products to retrieve cloud phase
properties. Their algorithm, first proposed in 2008 [Delanoé
and Hogan, 2008], was originally designed to identify ice
clouds on the basis of the synergy of surface-based radar,
lidar and infrared radiometer observations. The purpose of
adapting the improved technique to A-Train is to examine
the state of cloud microphysics from the spaceborne per-
spective. The DARDAR-MASK returns a range of catego-
ries: clear, ground, stratospheric features, insects, aerosols,
rain, supercooled liquid water, liquid warm, mixed-phase
and ice. The algorithm also permits an uncertain classifica-
tion, commonly in regions where the radar and lidar signal
have been heavily attenuated or are missing.

[s] Data sets employed for merging includes the 94 GHz
radar reflectivity from the CloudSat “2B-GEOPROF” product
(i.e., the CPR), lidar backscatter coefficient at 532 nm from the
CALIPSO Lidar level 1 profile [Anselmo et al., 2006],
CALIPSO Lidar level 2 VFM profile (after V3.1.1, “VFM” for
“vertical feature mask™ [Hu et al., 2009]), the “MODIS-AUX”
product (“AUX” for auxiliary of CloudSat archive), with three
infrared channels 8.55 pym, 11 pm, 12 pm from MODIS, as
well as the “AECMWF-AUX,” also a subset of CloudSat, pro-
viding the European Centre for Medium-Range Weather
Forecasts (ECMWF) thermodynamic variables. Being a criti-
cal input of the DARDAR-MASK classification scheme, it is
important to appreciate the potential error in the ECMWF
temperature over the SO with limited observations. By
employing over 16 years of high-resolution upper air sound-
ings from Macquarie Island (54°62S, 158°85E), Hande et al.
[2012] suggest that the climatological mean and variability
of the ECMWF temperature is generally consistent with the
results derived from Macquarie Island soundings, despite a
complicated, multilayer structure commonly being underrep-
resented through the boundary layer. In the merged DARDAR-
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MASK algorithm, however, the ECMWF temperature is only
used as a diagnosis of cold/warm area (for instance, if the
temperature is —5°C we could consider that we are in the cold
region), the bias, if there is any, in the partition of MIXED/ICE/
SLW (which only occur in cold temperature range) is not
critical.

[10] Further, as CloudSat and CALIPSO products are not
on exactly the same vertical and horizontal grids, assump-
tions have been made to align the radar and lidar footprints.
If the separation distance between each footprint is greater
than 1 km, the collocated profile will not be used. Lidar
measurements are averaged horizontally in the CloudSat
footprint (typically 3 lidar returned signals are averaged);
ECMWEF variables are interpolated to the radar resolutions.
The vertical resolution is finally re-gridded to 60 m from
—1.02 to 25.08 km.

[11] Two examples of CPR reflectivity, CALIOP classi-
fication, DARDAR-MASK simplified categorization and
along-track MODIS imagery are presented to illustrate the
challenges in understanding the ubiquitous low-altitude
clouds over the SO. The first example (Figure 1) is taken
from a portion of a granule ranging from 65 to 40°S with the
longitude ranging from 119.70 to 106.88°E, which is to the
south of Australia, during winter (25 August 2008). At both
the high latitudes (58—62°S) and the low latitudes (42—
44°S), portions of frontal passages have been intercepted
with cloud tops reaching up to 6 km or higher. In between
these two regions the lidar detects a near-continuous cloud
field with the top ranging between 500 and 2000 m. The
lidar also picks up some thick cirrus clouds from 47 to 54°S,
which are not picked up by the CPR.

[12] The low-elevation clouds in this middle section from
58 to 44°S illustrate the physical challenges to the CPR
identified in Huang et al. [2012]. When the cloud top height
drops below ~960 m, the CPR cannot pick up a valid
reflectivity from the dominant radar return. The CPR simply
misses the low-altitude clouds between 56 and 58°S and
suggests a highly intermittent cloud field from 44 to 50°S.
According to the CPR the low-altitude clouds in this range
appear to be of roughly uniform thickness due primarily to
the coarse 500 m resolution of the CPR. Finally, virtually the
entire low-altitude cloud mass lies in the temperature range
of 0°C to —20°C, where the cloud could exist as liquid
(LIQUID), ice (ICE) or mixed-phase (MIXED). The lidar,
on the other hand, suggests a near continuous cloud field
with the cloud top being predominantly composed of
LIQUID (note: the lidar is unable to distinguish mixed-
phase). For this middle section (58 to 44°S), ICE is evident
only intermittently from 49 to 53°S, where the cloud top is
over 1500 m and the overlying cirrus is thickest. It is unclear
to what extent the overlying cirrus is interfering with the
sensing of the low-altitude clouds. Given that multilayer
cloud coverage is a common feature over the SO [Mace,
2010], this potential bias should be considered.

[13] In this middle range the DARDAR-MASK returns a
continuous cloud field ranging from 500 m to 2000 m com-
posed predominantly of mixed-phase along the top where the
CPR is able to provide a return (e.g., 51 to 56°S). When the
CPR drops out, however, the DARDAR-MASK returns back
to supercooled liquid water (SLW) (56 to 58°S) or even
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liquid warm (LW) (~47°S) when the ECMWF temperature
is above 0°C. Through much of this middle range the
DARDAR-MASK returns an uncertain (UN) classification
beneath cloud top when the CPR is unable to make obser-
vations near the surface and the lidar signal is attenuated. In
the frontal region at the south of the granule the DARDAR-
MASK returns primarily clear glaciation. In the frontal
region at the north of the granule the DARDAR-MASK
returns mainly mixed-phase and occasionally SLW at cloud
top, then glaciation through the clouds and then UN once the
CPR and CALIOP fail to give a return. It is interesting to note
that in situ observations of clouds composed largely of SLW
exist at heights as high as 3 and 4 km in the region of Tas-
mania [Morrison et al., 2009; Ryan and King, 1997; Mossop
etal., 1970].

[14] The second example (Figure 2) is taken on 8 Nov
2008 and runs from 65 to 40°S at a longitude of roughly
149.13 to 136.29°E. This case more vividly illustrates the
problem that the CPR has in detecting the low-altitude
clouds over the SO. From 40 to 50°S, the lidar detects
intermittent cloud cover with cloud bases approximately
touching the surface that is almost always missed by the
CPR. This cloud deck is above the 0°C level and free from
overhead interference. The along-track MODIS image por-
trays widespread low-level cumulus and stratocumulus.
Over the region of 57 to 63°S, both the CPR and CALIOP
observe a frontal cloud field with cloud top reaching to
4 km. The lidar finds the top to consist strictly of a layer of
SLW whereas the CPR is unable to clearly define the phase
given the temperature is between —10 and —15°C. From
59 to 61°S, the cloud field is thick enough that even the
CPR becomes attenuated. At the northern and southern
edges of this frontal cloud mass, CALIOP and the CPR
observe scattered glaciated clouds above 4 km.

[15] Turning to the DARDAR-MASK, a low-level cloud
field of intermittent LW, rain (RAIN) and occasionally SLW
is observed from 40 to 53°S, consistent with the CALIOP
retrievals. In the frontal region (57 to 63°S), the DARDAR-
MASK returns a MIXED cloud top with intermittent SLW
above a glaciated layer. In the near-frontal clouds (from 64
to 62°S and near 56.5°S), however, when the cloud height
drops to ~2 km and the temperature rises to above —10°C,
the DARDAR-MASK regresses back to SLW at cloud top.
UN is assigned at depths where the signal from CALIOP is
thoroughly attenuated and the CPR is attenuated or affected
by clutter contamination (e.g., 59 to 61°S).

[16] Despite the potential biases introduced by multilayer
situations that may cause lidar attenuation or even extinction
and low-level ground clutter contamination for the radar, the
statistical importance of these conditions is still unknown and
has to be thoroughly assessed. Given the fact that a ground-
based station that can readily be deployed for verification is
not available in this remote area, it is important to develop a
better understanding through an inter-comparison of different
spaceborne sensors. An attempt of this paper, therefore, is to
construct a climatological comparison between the merged
A-train and MODIS only (MSM11) observations, to appre-
ciate the statistical importance of these biases. While a direct
comparison between different instruments might have its
own limitations (considering the differences in footprints,
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Figure 1. An example of the DARDAR-MASK simplified categorization, CloudSat CPR reflectivity,
CALIORP classification and along-track MODIS visible image of a portion of a A-Train granule over the South-
ermn Ocean on 25 August 2008. (a) CloudSat CPR reflectivity. (b) CALIOP classification. (c¢) DARDAR-
MASK simplified categorization. (d) Along-track MODIS 11 pm imagery.
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Figure 3. Relative Frequencies (RFs) of the cloud top thermodynamic phase classes of ice (ICE), mixed-
phase (MIXED), liquid warm (LW), supercooled liquid water (SLW), rain (RAIN) and uncertainty (UN)
categorized by the DARDAR-MASK during Austral winter (solid lines) and summer (dashed lines). (left)
Relative frequencies of the cloud top phase classes for the single layer of the highest cloud tops (60 m).
(right) Relative frequencies of the cloud top phase classes for cloud tops exaggerated to include the top

10 layers (600 m). W: Wintertime; S: Summertime.

vertical resolution etc.), the results, with minimized dis-
crepancies through spatial and temporal averaging, permit a
better insight of the climatological signal.

3. Cloud Top Thermodynamic Phase Climatology

[17] The low-elevation clouds over the SO are a major
component to the albedo of ~15% of the Earth’s surface. The
MSM11 cloud top thermodynamic phase (CTP) climatology,
produced strictly with MODIS observations, was limited to
observations from the 8.5 and 11 pum radiometer channels.
The algorithm employed to derive the CTP observations
[Platnick et al., 2003] is conservative in that it can readily
return an uncertain classification, particularly when the cloud
top temperature (CTT) is between —10 and —20°C [Nasiri
and Kahn, 2008]. In MSM 11, over half of all CTP observa-
tions were classified as UN in this temperature range. Being
made from a passive sensing instrument, the MODIS clima-
tology is further limited due to screening from overhead
cirrus. MSM11 found that a seasonal cycle in the overhead
cirrus imprinted a seasonal cycle in low-elevation clouds.
The active remote sensing observations of the CPR and
CALIOP have the potential to overcome such a limitation.

[18] Approximately, 2500 DARDAR-MASK and CALIPSO
images were processed for the four years 2006-2009 with the
Austral winter (summer) being defined as June, July, and
August (December, January, and February). All granules
that reside over the domain of 100-160°E and 40-65°S
were selected, with each individual footprint assigned to a
1° latitude band. East-West variations were not considered

in this study due to the relative uniformity compared with
North-South gradients.

[19] Over these 25 latitude bands, the statistics of each CTP
categorized by the DARDAR-MASK simplified categoriza-
tion during both winter and summer are derived. Bins
assigned by a phase of liquid warm (LW), supercooled liquid
water (SLW), ice phase (ICE), mixed-phase (MIXED), rain
(RAIN) or uncertain (UN) were classified as cloudy bins. In
principle, UN suggests a likelihood of either liquid water (if
temperature lower than 0°C) or aerosol (if temperature
greater than 0°C), but has a small possibility to be ice. The
relative frequency (RF), defined by the occurrence of an
individual class relative to all categories except insects,
stratospheric features, ground and clear, has been adapted for
the analysis. Aerosol has also been omitted in the CTP sta-
tistics. The absolute frequency (AF), with all other classes
(i.e., aerosol, insects, stratospheric features, ground and
clear) included, is further employed to examine the vertical
structures of cloud phase profiles. Cloud top is defined as
the highest elevation of ‘cloudy’ layer in a given column
from surface to 30 km. As discussed in Mace et al. [2009],
active remote sensing of these clouds reveals the frequent
presence of multiple layers.

[20] Figure 3 (left) shows the RF of the CTP classes of
ICE, MIXED, LW, SLW, RAIN and UN categorized by the
DARDAR-MASK during winter (solid lines) and summer
(dashed lines) for the single layer (60 m) of the highest cloud
top (the highest pixel identified as cloud). The CTP clima-
tology is reconstructed in Figure 3 (right) when the defini-
tion of cloud top is exaggerated to include the top 10 layers
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(600 m) of vertical pixels. Focusing on Figure 3 (left) first, it
is found that ICE is the dominant class with an RF between
0.6 and 0.7 (0.5 and 0.6) during winter (summer). Overall,
there is considerably more ICE present than in MSM11,
which is to be expected: CALIOP is far more capable of
picking up thin layers of overlying cirrus. The seasonal cycle
in the RF of ICE is consistent with MSM11, with ICE being
more commonly observed over the winter. In winter the RF
of ICE is roughly independent of latitude south of 50°S but
drops off at the lower latitudes. In summer, the RF of ICE
peaks at around 51°S, consistent with the mean location of
the SO storm track [Simmonds and Keay, 2000]. The next
most common class is SLW, which peaks at 0.25 (0.40)
during the winter (summer) at the higher latitudes. The
meridional dependence is much stronger in summer than in
winter. LW is virtually non-existent south of 55°S but
increases strongly at the lower latitudes, particularly during
the summer. Not surprisingly, LW decreases with latitude
and simply reflects the roughly 10°C decrease in sea surface
temperature from north to south across the domain. The RF
of MIXED is relatively steady between 0.05 and 0.10 over
all latitudes during both summer and winter. Compared to
MSM11, this absence of UN with the DARDAR-MASK is
notable, and it is due to the fact that the lidar signal cannot be
attenuated before the cloud tops of the first layer encoun-
tered; MSM11 had an RF of ~0.20 (0.25) for UN during
winter (summer).

[21] The definition of cloud top may, itself, be ambiguous,
as the radiances emitted by the cloud can come from range
of depths depending on the optical thickness of the upper
levels of the cloud. The sensitivity of the DARDAR-MASK
CTP climatology to the definition of the cloud top is
explored (Figure 3, right) for a cloud top exaggerated to
include the top 10 layers (600 m). The purpose of doing this
is to examine the transition of the cloud phase population
with respect to cloud top depth. Note that cloud top depths of
10 layers (600 m) and 15 layers (900 m) have also been
examined (not shown) but offer only marginal differences
and little new insight. Comparing the 600 m thickness with
the original 60 m thickness (Figure 3, left), one observes an
increase in the RF of ICE at the expense of LW and SLW.
As shown in Figure 1 42—44°S, it is not uncommon for the
DARDAR-MASK to place a layer of SLW over ICE across
the SO. While this may be real [Rauber and Tokay, 1991;
Shupe et al., 2004, Wang et al., 2004; Turner, 2005;
Verlinde et al., 2007; Edward et al., 2010], this may also be
a consequence of the DARDAR-MASK algorithm, when the
lidar signal becomes extinct under cloud top and the phase is
determined by the radar signal and the ECMWF temperature
alone. It should be noted that there are limited in situ
observations of thick layers of SLW over the SO [e.g.,
Morrison et al., 2009]. Also, different from Figure 3 (left),
classes of RAIN and UN become more evident.

[22] It is of particular interest to construct a direct com-
parison of the CTP climatology of the DARDAR-MASK
with that of MODIS as calculated in MSM11. In Figure 4, the
CTP as seen by DARDAR-MASK and MODIS (MSM11) is
sorted by CTT and compared for per individual temperature
category. It should be noted that instead of temperature, the
wet bulb temperature has been used for the classification in
DARDAR-MASK. Given the fact that nearly all the clouds
observed by MODIS in MSM11 resided in the temperature
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range between 20 to —65°C, the calculation of the CTP for
the DARDAR-MASK has only considered clouds within this
range. Specifically, clouds with temperature below —65°C,
typically high-altitude cirrus, have been excluded.

[23] In comparing the DARDAR-MASK against the
MSMI11 climatology, the most immediate difference is the
substantial glaciated clouds detected at temperatures below
—50°C by the DARDAR-MASK. This is primarily attrib-
uted to the enhanced detection of overlying cirrus by
CALIOP.

[24] Taking the CTT as a proxy of cloud top height, it is
notable that the majority of cloud tops detected by MODIS
are much lower in height compared against those observed
by the DARDAR-MASK. This is particularly evident when
comparing the population of cloud tops with temperatures
above 0°C. Despite the complication induced by multilayer
interference, these low-altitude warm clouds, typically being
optically thin, could have potentially been missed by both
the CPR and CALIOP observations, as suggested by Chan
and Comiso [2011].

[25] At temperatures warmer than —20°C, the shape of
these distributions is roughly similar, but the composition is
not. At these warmer temperatures the DARDAR-MASK
observes virtually no UN, but considerable ICE, while
MSMI11 recorded UN but virtually no ICE. One might ini-
tially assume that this is simply evidence of a more decisive
algorithm for the DARDAR-MASK: what was originally
classified as UN for MODIS is classified as ICE. This
assumption fails when looking at the CTT between 0°C
and —10°C. During the winter between 40 and 50°S the
DARDAR-MASK has an RF ~0.09 for ICE, which could
not arise by reclassifying the UN in the MSM11 climatology.
This inconsistency is exacerbated when including the MIXED
class. The DARDAR-MASK detects considerable MIXED
cloud tops in this temperature range. While it may be natural
to give more weight to the more sophisticated climatology
of the DARDAR-MASK, this remains to be verified in such
a unique environment as that over the Southern Ocean.
These results, therefore, should be treated with caution as
they have not been verified with in situ observations. As
suggested in the examples, the DARDAR-MASK commonly
records ICE or MIXED at cloud tops where CALIPSO
records only liquid water.

[26] It is further of interest to consider the seasonal dif-
ferences in the CTP versus CTT graphs (Figure 4). During
winter, when there is more overlying cirrus, the DARDAR-
MASK observes both SLW (primarily) and some ICE
between 0 and —20°C. During the summer, when there is
less overhead cirrus, SLW is more common, particularly at
the higher latitudes. SLW also dominated the CTP for this
temperature range in the MSM11 climatology. This seasonal
shift in CTP may indeed, be real. It may also be a conse-
quence of the seasonal shift in the overlying cirrus as this
cirrus can readily affect the ability of the lidar to observe the
clouds in the temperature range of 0 to —20°C. Very thick
overlying cirrus can even fully attenuate the lidar signal,
meaning that the low level clouds are being detected by the
radar alone. Such a scenario will almost certainly lead to the
CTP including some ICE.

[27] Another potential bias in the CALIPSO observations
is that the overlying cirrus may affect the CTP classification
of the low-elevation clouds. This hypothesis can be tested by
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Figure 4. Histograms showing the relative frequencies (RFs) of cloud top temperatures decomposed
into their constituent phases (ICE, MIXED, LW, SLW, RAIN and UN): (a) winter 40-50°S, (b) winter
50-60°S, (c¢) summer 40-50°S, and (d) summer 50-60°S. For MODIS, the class occurrence is relative
to the total time. For DARDAR-MASK, the class occurrence is relative to the time that the observed
cloud resides in the temperature range of 20 to —65°C.
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Table 1. Fractional Cloud Cover Derived by CALIPSO During
Winter and Summer for All Clouds, Clouds Observed Above
5 km Only and Clouds Existing Below 5 km®

Winter Summer
Coverage Liquid ICE Coverage Liquid ICE
Cloudy 88.3% 87.0%
Clouds >5 km only 14.2% 12.6%
With clouds <5 km 74.1% 74.4%
No overhead 382% 85.5% 14.5% 47.5% 91.2% 8.8%
With overhead 251% 76.0% 23.2% 19.4% 77.4% 22.6%

Solid clouds across 5 km  10.8% 7.5%

*Relative frequencies (RFs) of ice and liquid phase cloud tops are show
by segregating the low-elevation clouds with respect to the presence of
overlying cirrus.

segregating the low-elevation clouds with respect to the
presence of overlying cirrus. In Table 1, the CALIPSO
observations over the domain of interest are analyzed. Dif-
ferent from the DARDAR-MASK, the phase partition in
CALIPSO VFM applies both the lidar backscatter, polari-
zation and their layer continuity to analyze the sphericity of
the hydrometeors. It is noted that CALIPSO observes a very
weak seasonal variation in the total fractional cloud cover
(defined by cloud frequency of occurrence as seen from a
passive remote sensing satellite): 88.3% during wintertime
and 87.0% during summertime. This may be further broken
down by the altitude of the cloud layer. 14.2% (12.6%) of
the time CALIPSO records cloud but only at elevations
above of 5 km during winter (summer). This includes not
only simple cirrus clouds overlying clear air, but also thick
cirrus clouds or frontal clouds that have penetrated above

Cloud Top < 5km (60m,No)
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5 km (Example 1: around 43°S) and completely attenuate
the lidar signal below (including passing through) 5 km. This
is similar to the 10 to 12% frontal cloud structure found
by Mace [2010].

[28] The remaining observations, 74.1% (74.4%) for winter
(summer), have some cloud present at an elevation of 5 km or
less, which can be broken down yet further. In winter (sum-
mer) CALIPSO recorded low cloud without any overlying
cloud (above 5 km) 38.2% (47.5%) of the time (e.g., Example
2:45-50°S), low cloud with an overlying layer of cloud 25.1%
(19.4%) (e.g., Example 1: 46-53°S), or low cloud with cloud
passing through the 5 km elevation 14.2% (12.6%) (e.g.,
Example 1: 61-63°S). Focusing on the phase of the low cloud,
a sensitivity is observed to the presence of overlying cloud.
When no overhead cloud is present, CALIPSO is more likely
to record liquid water (supercooled and warm) than ICE. A
potential bias might exist in that both the lidar backscatter and
the infrared emission are most sensitive to the top 2 to 3 optical
depths of the cloud; hence the phase of the clouds with over-
head coverage could be misidentified as either water or ice,
depending on what dominates the signal of the top optical
depths. Since high-level cirrus clouds are typically glaciated,
the fraction of supercooled liquid water present may be
underestimated [Hu et al, 2010]. However, it is unclear
whether this feature is a contamination or a real atmospheric
state modified by the incoming and outgoing radiation through
the overlying cirrus deck. Given that there is a strong seasonal
cycle in the amount of high-altitude cloud cover, there is a
potential that an artificial seasonal cycle is imprinted on the
phase of the low-elevation clouds.

[290] Similar to the CALIPSO observations of Table 1, the
DARDAR-MASK observations of CTP can be screened to
look at low-elevation clouds (highest cloud top below 5 km

Cloud Top < 5km (60m,QO)
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Figure 5. Same as Figure 3 left for the single layer of the highest cloud tops below 5 km. (left) Cloud
tops without overhead cloud being present (No). (right) Cloud tops with overhead cloud being present (O).
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Figure 6. Relative frequencies (RFs) of the classes
(LW), supercooled liquid water (SLW), rain (RAIN),

of ice (ICE), mixed-phase (MIXED), liquid warm
aerosol (AEROSOL) and uncertainty (UN) catego-

rized by DARDAR-MASK as a function of latitude. (left) Relative frequencies of class occurrences
through the whole atmosphere observed. (right) Relative frequencies of class occurrences within the low-

est 5 km. W: Wintertime; S: Summertime.

altitude) without (Figure 5, left) and with (Figure 5, right)
overhead cloud being present. It should be noted that this is
not identical to the filtering used for CALIPSO-only obser-
vations, as the CPR signals are not readily attenuated by
thick cirrus. The most immediate difference in comparing
the CTP of low-elevation clouds with the overall CTP
(Figure 3) is the reduction in the RF of ICE. The RF of ICE
drops to between 20 and 40% and the RFs of the other
classes increase accordingly, most noticeably for SLW.
When isolating the effect of the presence of overlying cirrus
on the low-elevation clouds, a further change in the RF of
ICE is evident. The RF of ICE in the low-elevation clouds is
greater when high-altitude clouds are present, and this more
commonly occurs during winter.

[30] A broader comparison of the CTP between MODIS,
CALIPSO and the DARDAR-MASK may be undertaken.
During the winter (summer) months, CALIPSO records ICE
somewhere between 14.5% (8.8%) and 23.2% (22.6%) of the
time for these low elevation clouds depending on whether
they are screened by high-elevation clouds. In MSM11,
MODIS recorded virtually no ice for these low-elevation
clouds, but considerable UN. The integrated DARDAR-
MASK climatology (not shown) finds that roughly 35%
(20%) of such cloud tops should consist of ICE in winter
(summer). In comparison to either CALIPSO or MODIS, the
DARDAR-MASK more frequently records ICE as the CTP
for clouds between 0 and —20°C. In addition to this, MIXED
class is more commonly recorded by the DARDAR-MASK

as the CTP for low-elevation clouds over the SO, compared
to MODIS.

4. Class Occurrences and Vertical Distributions

[31] The key benefit of active remote sensing is the ability
to move beyond cloud top or column integrated observations
to examine the cloud phase properties throughout the depth
of the atmosphere. In Figure 6 (left), the RFs of the classes
assigned by the DARDAR-MASK are presented with the
minor contributions of insects, stratospheric features and
ground removed. ICE is the dominant phase through the
region in both winter and, to a lesser extent, summer. Much
of this ICE resides at colder temperatures (<—40°C) as
illustrated in Figure 4. The next most dominant class is, UN,
with a peak of ~0.2 (0.3) at the low latitudes decreasing to
~0.1 (0.2) at the high latitudes for winter (summer). This
may be somewhat surprising given the RF of UN was less
than 0.01 at cloud top. The examples illustrate that the
DARDAR-MASK may readily produce UN below cloud top.
UN arises not only from thick frontal clouds (e.g., Example 1:
42-44°S) but also for lower boundary layer clouds (e.g.,
Example 1: 50-56°S). At the lower latitudes the RF of
AEROSOL, RAIN, LW can approach 0.1 with a slightly
greater RF during summer when there is less ICE. The RF of
LW actually displays a strong seasonal cycle ranging
between ~0.05 in winter (at 40°S) to ~0.11 during summer
at these lower latitudes.
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Figure 7. Fractional cloud cover over 40-65°S,

100-160°E during both winter and summer for all

clouds and low-elevation clouds below 5 km. Fractional cloud cover is defined by the cloud frequency
of occurrence as seen from a passive remote sensing satellite.

[32] The RFs of class occurrences can be limited to
retrievals through the lowest 5 km altitude over the SO
(Figure 6, right). Not surprisingly, when high-altitude cirrus
clouds are removed from the system, the RF of ICE
decreases and the RFs of the other classes increase. This is
most evident at low latitudes during the summer where the
RF of ICE drops to ~0.1.

[33] Returning to the full data set, the sum of the non-clear
classes gives a measure of the fractional cloud cover
(defined by cloud frequency of occurrence as seen from a
passive remote sensing satellite) in Figure 7, which ranges
from 0.96 at 60°S to 0.81 at 40°S. Except between 60 and
65°S, there is remarkably little seasonal variation given the
significant seasonal cycle of sea surface temperature. The
fractional cloud cover for the low-elevations clouds (clouds
below 5 km) ranges between 0.8 and 0.95. However, this
maybe an underestimate compared against MODIS clima-
tology considering again the low-altitude warm clouds being
missed by both CPR and CALIOP as discussed by Chan and
Comiso [2011].

[34] Finally the absolute frequencies (AF) of class occur-
rences can be examined as a function of depth (Figure 8)
across the full domain (40 to 65°S). Once again it is evident
that the cloud fraction experiences only a weak seasonal
cycle. Clear sky is recorded 65% (68%) of the time at a height
of 3 km in winter (summer) and 20% (17%) of the time at a
height of 700 m. The steepest gradient on cloud frequency of
occurrence is between 700 and 1700 m with clouds below a
depth of 700 m dominating over the SO. Again, it is most
unfortunate that the CPR cannot reliably be interpreted at low
level. For many classes the profile can be broken up into three
rough altitude bands: below 700 m where no CPR is avail-
able, from ~700 to ~1000 m when the first layer of CPR
becomes available, and above 1000 m.

[35] Focusing on the individual classes, ICE is observed to
undergo a substantial seasonal cycle with higher AF observed
at all altitudes during winter. LW undergoes a weaker seasonal
cycle, although it is observed at much greater heights during
summer. SLW is observed throughout the full range of the

domain with the peak AF between 700 and 1000 m. The
MIXED class does not exist below 700 m when only the
CALIOP signal is available. MIXED peaks at around 1500 m
(1800 m) in winter (summer). Like SLW it is found up through
the lower free troposphere. The MIXED class is a direct con-
sequence of the DARDAR-MASK algorithm, where CALIOP
returns liquid water and the CPR returns a signal in the
temperature range of 0 to —20°C. Taken -collectively
LW + SLW + MIXED displays a consistent seasonal cycle.
During winter, when the temperatures are colder, this group is
more prevalent at lower elevations; during the summer it shifts
to slightly higher elevations. The RAIN class is most preva-
lent through this lowest 700 m with the peak AF reaching
0.08 (0.11) in winter (summer). In summer RAIN is evident
up to a height of 3000 m while in winter it essentially ter-
minates around 2000 m. This result is expected as the altitude
of precipitating layer is directly deduced from temperature.
[36] The AEROSOL class is perhaps the most difficult to
appreciate without in situ observations. It is interesting to
observe AEROSOL up to heights of 2000 m undergoing
virtually no seasonal cycle (note that the AEROSOL in
DARDAR-MASK is rigorously adapted from the CALIPSO
VEM). As discussed in the introduction, the importance of
aerosol in the formation of cloud and precipitation has been
highlighted in independent studies and climate feedback
hypotheses. Woodcock [1953] examined the vertical gra-
dients in sea salt aerosol and found that increases in the
amount of airborne salt near cloud base in marine air are
related to increases in wind force at the sea surface. The
CLAW hypothesis has been the subject of active research for
over 20 years. More recently, Korhonen et al. [2010] noted
that the albedo of the low-altitude clouds would respond
directly to changes in the amount of sea spray, resulting from
the increase of surface wind caused by the strengthening of
westerly jet in the Southern Hemisphere over the past four
decades. Thus one hypothesis for the AEROSOL being
recorded by the DARDAR-MASK is that they are likely to be
evidence of sea spray. The CALIPSO aerosol product pro-
vides the classification of the aerosol types [Omar et al., 2009].
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Figure 9. The probability distribution function of CPR
reflectivities derived from all CloudSat observations
between 30 to 60°S in year 2007.

[37] The UN class is the dominant class across the lowest
700 m with an AF of ~0.4 (~0.5) during winter (summer).
This again reflects the challenge in observing the clouds
across the SO and trying to improve the energy and water
budgets. The UN class most clearly displays the three height
bands of 0—700 m, 700-1000 m and above arising from the
physical limitations of the CPR and complete extinction of
the lidar signal below optically thick layers (see example of
Figure 2 around 60°S). At heights above 2000 m, the UN
has an AF of ~0.10 in both winter and summer and may be
interpreted as a measure of the frequency of heavy frontal
clouds that attenuate both the CALIOP and the CPR. Below
700 m it is more difficult to interpret as the lidar signal may
attenuate quickly and there is no CPR signal available.
While it is entire possible that some of the UN could be clear
sky lying beneath stratocumulus-like decks that are thick
enough to block out CALIOP, the underestimate of low-
elevation clouds due to the physical limitation of CloudSat
could be the reason.

[38] In Figure 9, the probability distribution function of
CPR reflectivities shows that with the current CPR sensitivity
of —31 dBZ [Protat et al., 2009], a relatively large frequency
of cloud occurrence is still detected. This observed cutoff at
the lower limit clearly however suggests that CloudSat is
missing a significant portion of clouds with reflectivities
below —31 dBZ. This range of clouds is more likely to be
within the boundary layer.

5. Conclusions

[39] The DARDAR-MASK has been used to examine
the structure of clouds over the Southern Ocean (SO) for
the four-year period of 2006-2009 during both winter
(June—August) and summer (December—February). Low-
elevation clouds are dominant across this region year-round
with very little seasonal cycle being evident. This would
suggest that solar radiation is not a first order effect in their
formation and maintenance. The fractional cloud cover for
clouds at heights beneath 5 km ranges from 0.80 at the low
latitudes (40°S) to 0.95 at the high latitudes (60°S).

[40] The bulk of this cloud mass is found at heights less
than 1 km, which is problematic for the observations due to

HUANG ET AL.: LOW-ALTITUDE CLOUDS OVER THE SOUTHERN OCEAN

D18204

the physical limitation of the CPR and the common extinction
of CALIOP. In summer (winter) the AF of UN was ~0.5 (0.4)
in this layer. The relatively coarse vertical resolution of the
CPR (500 m) means that the layer between ~700 and 1000 m,
where the CPR is first reliably available, commonly displays
the strongest gradients in class. Above this band the AFs of the
classes are weakly dependent on height.

[41] The CPR is further limited across the SO as the vast
majority of these low-altitude clouds exist in the temperature
range of 0 to —20°C. Any algorithm interpreting the CPR
reflectivity must assign thermodynamics phase in this range.
Given the strong temperature gradient in the sea surface
temperature over the SO, any cloud phase assignment will
likely display strong meridional gradients.

[42] Focusing on the cloud top phase (CTP), a comparison
has been made between the CALIPSO cloud phase mask, the
DARDAR-MASK and the MODIS only climatology of
MSMI11. Similar to the MODIS climatology, CALIPSO
suggests that liquid water dominates the CTP of low-eleva-
tion clouds across the SO with a RF of ~0.82 (0.87) during
winter (summer). This is a more definitive calculation than
MSM11, which suffered from a large frequency (~0.30) of
UN. However, challenges remain when considering the
geometrically thin clouds near the surface that are apparently
present in MODIS but could possibly be missed by both the
CPR and CALIOP, as discovered by Chan and Comiso
[2011]. Given the exceptional prevalence of low-altitude
cloud over the SO, the bias introduced by the nature of the
instruments might have a remarkable impact on accurately
characterizing the radiative signature. It was also observed
that the CALIPSO climatology is sensitive to the presence of
overlying cirrus. If the lidar can see through the overlying
cirrus, it is more likely to record ICE as the CTP of the low-
elevation clouds. Given that there is more cirrus evident
during winter, this screening effect can produce an artificial
seasonal cycle on the CTP of the low-elevation clouds.

[43] The DARDAR-MASK, by comparison, finds more
ICE and MIXED at cloud top than either CALIPSO or
MODIS for these low-elevation cloud types. This is likely to
be a consequence of the limitations of the CPR filtering
through the DARDAR-MASK algorithm at a temperature
below 0°C. It is also possible that a screening effect of
overlying cirrus occurs in CALIOP and flows through to the
DARDAR-MASK CTP climatology.

[44] One of the remarkable features has been the non-
negligible observation of aerosol over the Southern Ocean.
The AF can surpass 0.15 through the lowest 1000 m with no
seasonal cycle. It is likely that the aerosol recorded by the
DARDAR-MASK is dominated by sea spray, as the Southern
Ocean is a region of intense surface wind speed [Young et al.,
2011]. It was of further interest to find that aerosol was
observed up to heights of 2000 m over the SO.

[45] The aim of this research has been to derive and
compare satellite cloud climatologies over the SO from
various platforms. It has highlighted the ambiguity in
spaceborne sensed cloud properties over the SO and the
challenge that remains in better defining the energy and
water budget, as highlighted by Trenberth and Fasullo
[2010]. A dedicated field campaign with the application of
the ground-based radar-lidar-microwave radiometer and
aircraft in situ observations (such as the ARM Mobile
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Facility or Australian National Marine Facility observation)
is necessary for this unique environment.

Notation

AEROSOL
AF
AMSR-E

Aerosol
Absolute Frequency
Advanced Microwave Scanning
Radiometer
Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations
Cloud-Aerosol Lidar with Orthogonal
Polarization
Cloud Condensation Nuclei
Clouds and the Earth’s Radiant Energy
System
Charlson, Lovelock, Andreae and
Warren

CPR Cloud Profiling Radar

CTP Cloud top Thermodynamic Phase

CTT Cloud top Temperature
DARDAR-MASK raDAR/lidar-MASK

ECMWF European Centre for Medium-Range
Weather Forecasts
Ice
Liquid
Liquid Warm
Mixed-phase
Moderate Resolution Imaging
Spectroradiometer
Morrison et al. [2011]
Rain
Relative Frequency
SLW Supercooled Liquid Water
SO Southern Ocean
UN Uncertain

VFM Vertical Feature Mask

CALIPSO
CALIOP

CCN
CERES

CLAW

ICE
LIQUID

LW
MIXED
MODIS

MSM11
RAIN
RF
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