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Abstract Inaccurate mixed‐phase cloud parameterizations over the Southern Ocean remain one of the
largest sources of disagreement among global models in determining shortwave cloud radiative feedbacks.
Suitable global observations supporting model improvements are currently unavailable. The
conventional satellite cloud phase retrieval from passive radiometers is strongly biased toward cloud top
without further information on the subcloud phase. Mixed‐phase clouds with the liquid‐top mixed‐phase
(LTMP) structures are often classified simply as supercooled liquid. This paper presents a daytime
multispectral detection algorithm for LTMP clouds, based on differential absorption between liquid and ice
in shortwave infrared bands (1.61 and 2.25 μm). The LTMP algorithm, previously developed for
polar‐orbiting sensors, is applied to Himawari‐8 Advanced Himawari Imager (the first of the next‐generation
geostationary satellites) to probe subcloud phase for mixed‐phase clouds over the Southern Ocean. The
results are compared with spaceborne active sensor data from CloudSat and CALIPSO. Ship‐based field
experiment measurements are examined for selected cases to provide a more direct assessment of algorithm
performance. The results show that applying the LTMP algorithm to geostationary satellites has potential to
provide advanced time‐resolved observations for mixed‐phase clouds globally with improved sublayer
cloud phase information that can support enhancement and validation of global models.

1. Introduction

Clouds play a fundamental role in determining the Earth's global radiation budget and climate sensitivity
(Cess et al., 1990; Dufresne & Bony, 2008; Stephens et al., 2012). Many cloud properties, such as cloud cover,
phase, temperature, and particle size, play important roles in cloud radiative effects (Liou, 2002). Despite our
ability to retrieve these properties, cloud radiative forcing and cloud feedback processes remain one of the
main sources of disagreement and uncertainty among global climate models (Caldwell et al., 2016;
Vergara‐Temprado et al., 2018). The role of low clouds in climate feedback processes, for instance, remains
one of the largest sources of uncertainty in the representation of climate change (Bony et al., 2006; Dufresne
& Bony, 2008; Vial et al., 2013; Webb et al., 2013; Zelinka et al., 2012, 2013). For a given amount of cloud
water, whether the particles are ice crystals or supercooled cloud water droplets results in very different
radiative effects (Sun & Shine, 1995). Thus, there is an underpinning need to better understand the interplay
between cloud properties and their radiative implications at multiple spatial and temporal scales and
particularly in cases of mixed‐phase clouds.

Several modeling studies have attempted to reduce the uncertainties tied to cloud radiative feedbacks. Model
assumptions controlling the distribution of cloud ice/water phase have significant effects on general
circulation model (GCM) predictions of climate sensitivity (Fowler et al., 1996; Li & Le Treut, 1992;
Senior & Mitchell, 1993; Winker et al., 2010). The partitioning of ice and liquid (mixed‐phase
parameterization) is a key source of model uncertainty in cloud impacts to the shortwave radiation profile,
and the treatment of mixed‐phase cloud processes in GCMs is still highly uncertain, which are described in a
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wide assortment of ways (Cesana et al., 2015; Komurcu et al., 2014; McCoy et al., 2014b; McCoy, et al., 2015).
A few recent studies have adopted complex cloud physics in model cloud properties in more realistic ways.
For instance, Vergara‐Temprado et al. (2018) used ice‐nucleating particle information with a high‐resolution
numerical model employing a double‐moment microphysics scheme. As they also pointed out, however,
such a realistic representation of ice formation processes is challenging in climate models, most of which
do not currently simulate the number concentration of ice particles and the associated microphysical pro-
cesses. Many cloud parameterizations in climate models predict phase change purely as a function of tem-
perature (used to prescribe ice to liquid ratios) as indicated in Kay et al. (2016), but the amount of liquid
and ice in real clouds depends on complex interactions between various physical processes beyond tempera-
ture alone. They include local feedbacks between cloud droplets, radiation, and turbulence in concert with
moisture inversions (occurring often near cloud top), feedbacks dynamically coupled between clouds and
the surface, and impacts of concentrations of ice nuclei and cloud condensation nuclei and cloud particle
sizes, which are associated with synoptic‐scale weather systems (H. Morrison et al., 2012).

When forming cloud particles, numerical models often idealize the vapor deposition process as perfectly effi-
cient in the mixed phase (ice and liquid are well mixed down to the diffusion scale) and use an empirical
representation to nucleate ice as a function of temperature (e.g., Gettelman et al., 2010; Meyers et al.,
1992). Consequently, a large fraction of supercooled liquid in modeled clouds is converted to ice at tempera-
tures lower than a given threshold, for example, −10 °C. The effects that prescribing mixed‐phase clouds in
this fashion have on climate predictions are highly uncertain (Lawson & Gettelman, 2014).

In light of these uncertainties, mixed‐phase parameterizations must be more carefully examined via obser-
vational studies to reduce regional albedo (the ratio of reflected to incoming shortwave radiation at the top of
the atmosphere) biases and narrow the uncertainty in cloud feedback and climate sensitivity in the GCMs.
Tsushima et al. (2006) emphasize the importance of evaluating the cloud ice distribution by comparison with
data for climate sensitivity studies. However, observations of these quantities in mixed‐phase clouds are also
challenging, and a suitable global observation data set describing the climatology of the vertical profile of
cloud phase for model validation is not currently available. Despite some understood limitations (e.g.,
Alexander & Protat, 2018; Protat, Young, McFarlane, et al., 2014; Protat, Young, Rikus, et al., 2014), the clo-
sest observations meeting this need are those of the CloudSat and Cloud‐Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) active sensors in tandem, which have flown in the NASA
A‐Train polar‐orbiting constellation since 2006 (Stephens et al., 2018). The CloudSat W‐band cloud radar
(Stephens et al., 2008) provides detailed profiles of cloud hydrometeors at 250‐m vertical resolution but can-
not distinguish phase and does not detect clouds well below 1‐ to 1.5‐km height (e.g., Protat, Young,
McFarlane, et al., 2014). Its sister satellite, CALIPSO (Winker et al., 2009), carries a 532‐nm lidar with
polarization‐enabling phase capability but has difficulty penetrating optically thick clouds to provide this
detail throughout cloud depth. Also, these active sensors can only cover very narrow curtain slice areas.

This paper examines a new approach for advancing our knowledge of sublayer cloud phase and adding the
dimension of time‐resolved observations by applying this technique to next‐generation geostationary (GEO)
environmental satellites. Our objective is to utilize these new GEO observations to determine the below‐
cloud‐top phase of supercooled liquid‐topped clouds, enlisting a novel multispectral algorithm described
by Miller et al. (2014). The algorithm, developed on polar‐orbiting sensors in anticipation of the future
GEO capabilities, makes use of scattered sunlight in narrow shortwave infrared (SIR) bands (1.6 and
2.25 μm) to “probe” below liquid‐topped clouds and determine phase based on the differing optical proper-
ties of liquid‐ and ice‐phased cloud particles at these wavelengths. Detection is predicated on differential
absorption between liquid and ice particles, with this relationship characterized as a function of varying
sun/sensor geometry. Compared to the previous cloud phase determinations, the SIR bands provide unique
insight on cloud internal structure which the Miller et al. (2014) algorithm (hereafter referred to as the
liquid‐topped mixed phase, or LTMP, algorithm) attempts to exploit.

The LTMP algorithm has been applied to the Visible/Infrared Imaging Radiometer Suite (VIIRS; Lee et al.,
2010) on the Suomi National Polar‐orbiting Partnership (S‐NPP) and the Joint Polar Satellite System (JPSS)
satellites. The SIR bands are also available to the next generation of GEO satellite sensors, including the
Himawari‐8 Advanced Himawari Imager (AHI; Bessho et al., 2016), the Geostationary Operational
Environmental Satellite (GOES)‐16 and GOES‐17 Advanced Baseline Imager (ABI; Schmit et al., 2017),
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and the ChinaMeteorological Administration Feng Yun‐4 series (FY‐4; the first satellite FY‐4 A launched on
11 December 2016; J. Yang et al., 2017) Advanced Geosynchronous Radiation Imager (AGRI). Similar bands
will become available on the GEOstationary Korea Multi‐Purpose SATellite‐2A (GEO‐KOMPSAT‐2A)
Advanced Meteorological Imager (AMI) recently launched on 4 December 2018 and European
Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Meteosat Third Generation
(MTG; scheduled launch in 2021) with a Flexible Combined Imager (FCI; Just et al., 2014). Based on a global
constellation of advanced GEO satellites, more accurate and persistent measurements can be provided,
including process studies of cloud phase evolution critical to improving cloud parameterizations.

This paper provides an overview of the LTMP detection algorithm and applications to the Himawari‐8/AHI
GEO sensor for marine cloud layers over the Southern Ocean. As the first instance of the new‐generation
GEO imagers, AHI has served as a test bed for applications that can be transitioned to the other GEO mem-
bers as they come online. The paper is structured as follows: Section 2 motivates the research in the context
of significant uncertainties of the clouds of the Southern Ocean. Section 3 introduces satellite data and a
cloud property processing system used in this study. The LTMP algorithm is outlined in section 4, and the
results from the AHI cases compared against CloudSat/CALIPSO active sensor data are discussed in
section 5. As an additional validation method, comparisons against shipborne field program data are pre-
sented in section 6 along with the information content of GEO observations, and section 7 concludes
the paper.

2. Motivation for Research
2.1. Southern Ocean Cloudiness

The Southern Ocean region (~40–60°S), accounting for approximately 15% of the Earth's surface, is very
important to Earth's radiation budget because of its extensive cloud cover and unique pristine maritime
air‐mass environment (McCoy et al., 2014a). Althoughmodelers have improved cloud parametrizations over
the Southern Ocean to better match properties inferred from the limited observations (e.g., Kay et al., 2016),
many important climate questions remain. Detailed observational data are critical to understanding the
influence of Southern Ocean clouds in shortwave radiative feedbacks and providing more realistic cloud
phase descriptions in climate model parameterizations. As such, it is essential to continue examining obser-
vational data sets that are capable of detailing cloud phase structure for both improvement and verification
of cloud parameterizations.

Recently, environmental satellites have begun to offer unique insight into the structure of clouds over this
remote region. Satellite‐derived climatologies of cloud cover reveal the fractional cloud cover over the
Southern Ocean exceeds 80% (with little seasonality; Bennartz, 2007; Haynes et al., 2011; Mace & Avey,
2017; Mace et al., 2007; A. E. Morrison et al., 2011). Satellite and in situ observations show abundant super-
cooled liquid in low‐level clouds dominant over this region (e.g., Chubb et al., 2013; Hu et al., 2010; Huang
et al., 2012; Mace & Protat, 2018a; A. E. Morrison et al., 2011). McCoy et al. (2014a) examined the sensitivity
of shortwave reflectance to cloud properties over the Southern Ocean with satellite observations and radia-
tive transfer modeling and found that variations in low cloud fraction may cause changes of reflected solar
radiation by 9–11 Wm−2. The radiation effects lead in turn to broad‐scale meteorological interactions with
the fluxes of heat and moisture at the surface, impacting local and global weather/climate conditions.

2.2. Challenges in Models and Limitations in Satellite Observations

It has long been recognized that large differences in cloud properties exist between satellite‐observed and
modeled representations for the Southern Ocean. The poor representation of energy fluxes over this region
has the potential to severely affect the simulated global energy balance within climate models (A. E.
Morrison et al., 2011). Recent studies (Bodas‐Salcedo, 2018; Bodas‐Salcedo et al., 2014, 2016; Cesana &
Chepfer, 2013; Naud et al., 2014; Trenberth & Fasullo, 2010; Zelinka et al., 2013) have indicated the impor-
tance of correctly representing the underestimate of cloudiness in these regions which causes significant
biases in absorbed sunlight at the ocean surface. Kay et al. (2016) indicated that the modeled clouds (speci-
fically in the Community Atmosphere Model, version 5) have insufficient amounts of supercooled liquid
water, and the shortwave radiation biases may be linked to the shallow cumulus parameterization through
the thermodynamic phase of these clouds. Vergara‐Temprado et al. (2018) suggested that lower ice‐
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nucleating particle concentrations over the Southern Ocean than in other areas are a major factor in causing
a persistent supercooled state in mixed‐phase clouds and explaining model biases. Protat et al. (2017) high-
lighted the inaccurate representation of the cloud‐radiation interactions in multilayer Southern Ocean cloud
situations in a regional forecast model. McCoy et al. (2016) suggested that excessively converting super-
cooled water to ice in GCMs tends to induce a more negative cloud radiative feedback in the Southern
Hemisphere, which leads to a cooler Southern Ocean, a warmer Tropics, an increased poleward heat trans-
port, and a stronger Southern Hemisphere atmospheric jet. In opposition to the positive global mean cloud‐
climate feedback for increased greenhouse gases (Boucher et al., 2013), negative cloud feedbacks over the
Southern Ocean as inferred by most climate models are a consequence of optical thickness increases result-
ing from ice‐to‐liquid cloud phase change (Ceppi et al., 2016; Kay et al., 2014, 2016; Tsushima et al., 2006;
Zelinka et al., 2013).

Given uncertainties and errors in global models, it has been desired that satellite observations provide more
accurate cloud structure and phase information over this data‐sparse region which can support improve-
ment and validation for models. However, existing satellite data sets conventionally from passive radio-
meters have inherent difficulties in separating ice, water, and mixed‐phased clouds (Doutriaux‐Boucher &
Quaas, 2004; Platnick et al., 2003). Cloud‐top phase (which importance has been addressed in modeling stu-
dies) is inferred as a function of the brightness temperature difference between the 8.5‐ and 11‐μm channels
and the cloud‐top temperature (Pavolonis, 2010; Platnick et al., 2003). Nasiri and Kahn (2008) found that
75% of the MODerate‐resolution Imaging Spectroradiometer (MODIS) cloudy retrievals between −8 and
−23 °C are classified as either mixed phase or uncertain and that multilayer clouds can produce spectral sig-
natures that masquerade as midlevel or mixed‐phase clouds. Conventional techniques using the midwave
and thermal infrared bands (e.g., Ellrod, 1996; Ellrod & Bailey, 2007; Lee et al., 1997) may classify LTMP
clouds simply as either “supercooled liquid” or “mixed.” Even stronger absorption by liquid water in the
thermal infrared bands (e.g., 8.5‐, 10.35‐, and 12.3‐μm thermal infrared bands of passive radiometers used
for cloud‐top phase determination; Pavolonis, 2010; Strabala et al., 1994) biases the determination of cloud
phase to the uppermost portions of the cloud (~1.0 visible‐wavelength optical thickness; Pavolonis et al.,
2005), precluding determination of phase properties below cloud top.

2.3. A Simple Radiative Transfer Analysis

Noh et al. (2011, 2013) discuss the general significance of cloud phase information in both radiative transfer
and satellite retrievals. To underscore the implications of such structural variation on the extensive low
cloud fields of the Southern Ocean, idealized radiative transfer simulations using the Santa Barbara
DISORT Atmospheric Radiative Transfer (Ricchiazzi et al., 1998) model were conducted in both the long-
wave and shortwave parts of the electromagnetic spectrum. These simulations illustrate where and when
accurate specification of vertical phase structure impacts the radiation budget of the lower troposphere.

A 3‐km‐thick cloud was defined between 1 and 4 kmwith a midlatitude winter atmosphere. The cloud's ver-
tical structure was partitioned according to what has been observed in nature (e.g., field programs such as
Fleishauer et al., 2002). Idealized scenarios of “liquid over ice” and “liquid over drizzle” were represented
by stacking two homogeneous layers—a top layer of supercooled liquid water residing between 3 and
4 km and a lower layer between 1 and 3 km. The top (liquid) layer was constrained with Effective Particle
Size (EPS; also referred to as the effective radius; Hansen & Travis, 1974) of 8 μm, and the lower layer
EPS was set to 30 μm for the liquid over ice case and 100 μm for the liquid over drizzle case. In addition,
two scenarios of all‐liquid and all‐ice clouds were included (with EPS of 8 μm throughout), for a total of four
distinct cloud configurations.

The results of these simulations are shown in Figure 1. Whereas no significant differences appear in the
longwave among the phase profiles, consistent with findings of Zelinka et al. (2012, 2013), significant differ-
ences were found in the shortwave. In particular, the liquid over ice (i.e., LTMP) case shows greater heating
rates (maximum about 1 K/day) than all‐liquid clouds in the lower portions of the cloud and about 1 K/day
less than the liquid over drizzle over this same region. Integrated throughout the cloud layer (1–4 km), the
total shortwave heating rate was found to be 7.40 K/day for “all liquid,” 8.44 K/day for liquid over ice, and
9.42 K/day for liquid over drizzle. Given the widespread coverage and extended lifetime of maritime low
clouds in the Southern Ocean (e.g., Haynes et al., 2011), these differences have potential to affect the regional
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energy balance, lower tropospheric circulation, and subsequent cloud formation on climatologically
relevant scales.

3. Observational Data and Tools
3.1. The Himawari‐8 AHI

Himawari‐8's AHI (Bessho et al., 2016) is the first of a new‐generation of GEO satellites, featuring marked
improvements to legacy imaging radiometers in terms of spatial, spectral, temporal, and radiometric resolu-
tions. It offers factors of three, four, and five increases in the spectral, spatial, and temporal resolutions com-
pared to previous sensors available to the geostationary platform. Himawari‐8 was launched on 7 October
2014 and settled into a geostationary orbital subpoint of 140.7°E on 16 October 2014.

AHI is a 16‐band multispectral radiometer, providing highly advanced spectral imaging capabilities which
have been available at the Low‐Earth‐Orbit (LEO) platform such as MODIS and VIIRS. AHI has three visible
bands, three SIR bands, one midinfrared band, and nine thermal‐infrared bands, for a total of 16 indepen-
dent pieces of spectral information. The previous‐generation Japan Meteorological Administration geosta-
tionary meteorological satellite Multifunctional Transport Satellites (MTSAT) series imager (like those
imagers carried on NOAA's previous‐generation GOES series ending with GOES‐15) had only five spectral
bands. AHI obtains multispectral images at high temporal frequencies of 10‐min sampling of full‐disk ima-
gery and samples at 2.5 min for regional targets. The spatial resolution of the principle visible band and all
the infrared bands is about 4 times higher.

The current work uses AHI as a test bed for applying the LTMP cloud detection algorithm (Miller et al., 2014)
on GEO for the first time. Developed originally for S‐NPP VIIRS, the LTMP algorithm is in principle satellite
platform agnostic. For this work, the algorithm was transitioned to AHI to enable study of the temporal evo-
lution of LTMP clouds. The LTMP algorithm will be readily ported to GOES ‐16/17 and potentially the other
next‐generation geostationary satellites mentioned above.

Satellite cloud properties derived from AHI, used input to the LTMP detection algorithm, are processed
using NOAA's Clouds from Advanced Very High Resolution Radiometer Extended (CLAVR‐x) system.
CLAVR‐x is a NOAA Algorithm Working Group development/transition platform applicable to multiple
Low‐Earth‐Orbit and GEO satellites (Heidinger, 2013; Heidinger et al., 2012). In this study, we apply
CLAVR‐x to AHI full‐disk observations, available at 10‐min intervals. A wide range of cloud products are

Figure 1. Simulated heating rates for four maritime cloud scenarios (see text for details), showing the sensitivity of short-
wave heating rates to assumptions on vertical phase structure.
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available from CLAVR‐x, including cloud mask, cloud type, cloud top temperature and phase, optical thick-
ness, cloud top particle size, and liquid/ice water path; all provided at AHI's 2‐km infrared‐band spatial reso-
lution. Since CLAVR‐x does not conduct cloud retrievals at boundary pixels of AHI full‐disk data (owing to
high uncertainties arising from three‐dimensional cloud morphology, which violate the plane‐parallel
assumptions of the retrievals), we consider only areas extending down to 65° S.

3.2. CloudSat and CALIPSO

The results from the LTMP detection algorithm were compared against active remote sensing observations
from the CloudSat Cloud Profiling Radar (CPR) and Cloud‐Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the CALIPSO satellite.Whereas a combined lidar/radar observing systemwould likely out-
perform any passive radiometer algorithm, these active sensors are available only for a very limited curtain
slice through the atmosphere since they are nonscanning sensors and only twice per‐day over a region (exact
ground track repeat pattern for these sun‐synchronous satellites is 16 days). Here we use the active sensor
observations as a validation tool, taking advantage of their unique vertically resolving capabilities (Mace
et al., 2009; Mace & Zhang, 2014). A brief overview of these active instruments and relevant products follows.

The CloudSat CPR is a near‐nadir‐looking (0.16° forward) W‐band radar (94 GHz; 3‐mmwavelength) with a
field of view of ~1.3 km in the across‐track dimension and ~1.7 km in the along‐track dimension. During the
time it takes for CloudSat to observe one profile of the atmosphere, the subsatellite point has traveled
~1.1 km along the Earth's surface. This leads to overlap between adjacent profiles. The vertical resolution
of CPR range gates is ~480 m, with oversampling increases to ~240 m. Full details of the CloudSat CPR
are provided by Stephens et al. (2002, 2008) and Tanelli et al. (2008). In this work, the CloudSat 2B‐
GEOPROF data product (release version R04; Marchand et al., 2008) was used, which contains radar reflec-
tivity factor and cloud mask. The CloudSat spacecraft began experiencing issues with its main battery in
2011. Since then, the CPR has been configured to operate only during daylight (ascending overpasses), when
it can draw additional power from its solar panels.

The CALIPSO CALIOP (Winker et al., 2009) sensor provides direct observations of thin clouds and aerosols
from space via two channels 532 and 1,064 nm. Cho et al. (2008) and Hu (2007) investigate techniques for
cloud phase determination based on CALIOP depolarization and attenuated backscatter measurements.
Owing to strong attenuation of the lidar beam through optically thick media, CALIOP is best suited to the
detection of the top boundary of liquid layer clouds (Zhang et al., 2010). In contrast, CloudSat has difficulty
detecting the top boundary (due to smaller particles and low water content) but provides the ability to probe
down into levels of the cloud where CALIOP cannot, making for a complementary observing system when
the two colocated sensors are used in tandem. CALIPSO Validated Stage‐1 Level‐1B Profile data (the total
attenuated backscatter at 532 nm) and Level‐2 1‐km Cloud Layer data (layer‐integrated 532‐nm volume
depolarization ratio and feature classification flags) were used in this study. The lidar polarization capability
is useful for liquid phase discrimination near cloud top. The data also provide temperature values which are
obtained from the ancillary meteorological data by the NASA Global Modeling and Assimilation Office Data
Assimilation System.

The CloudSat CPR detects various clouds and precipitation but not all clouds in the troposphere. It is sensi-
tive to precipitation‐sized hydrometeors but has poor sensitivity to optically thin cirrus (with a small back-
scatter cross section) and boundary layer clouds due to ground clutter (Mace et al., 2009; Protat, Young,
McFarlane, et al., 2014). The shorter wavelength CALIOP lidar can detect much smaller cloud particles
and does not suffer from the same surface contamination effects as the CPR but attenuates significantly
for deep clouds with visible optical thickness greater than about 3. Mace and Zhang (2014) report global
cloud cover is about 76%, while the CloudSat CPR alone estimates ~55%. Boundary layer clouds, dominant
below 1 km, are the primary contributor to the missed cloud fractions in the Southern Ocean region. These
clouds are easily identified by the lidar. Thus, the complementary CloudSat radar and CALIPSO lidar obser-
vations form a powerful observing system for more comprehensive cloud detection and vertical structure
information (Forsythe et al., 2012; Miller et al., 2014; Yao et al., 2013).

After the CloudSat battery anomaly in 2011, it became challenging to maintain tight formation with
CALIPSO (Nayak et al., 2012). Thus, the official CloudSat‐CALIPSO combined products such as 2B‐
GEOPROF‐LIDAR are no longer available since then. However, the two satellites remained in the
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A‐Train for several years, at a slightly reduced space/time colocation window. The combined information
from both sensors was used in this study for evaluation of the LTMP algorithm performance over the
Southern Ocean.

3.3. Ship‐Based Remote Sensors

A recent field experiment (Clouds, Aerosols, Precipitation, Radiation, and atmospherIc Composition Over
the SoutheRN ocean or CAPRICORN) was carried out over the Southern Ocean from 13 March 2016 to
15 April 2016. The experiment featured the Australian Research Vessel (RV) Investigator equipped with a
suite of modern remote and in situ meteorological instruments. The cloud instrumentation on board the
RV Investigator included a 95‐GHz Cloud Radar called the Bistatic Radar System (BASTA) for
Atmospheric Studies with a vertical resolution of 25 m (Delanoë et al., 2016) and a cloud‐aerosol
Leosphere RMAN‐511 mini‐Raman lidar operating at 355 nm with a vertical resolution of 15 m. Its main
operation area was south of Tasmania, Australia. Most clouds in this region produced radar reflectivity less
than −20 dBZ (BASTA radar), and ~30% of the boundary layer cloud cover was observed by the lidar only
(consistent with CloudSat/CALIPSO statistics for these clouds). Detailed information and instrumentation
deployed for the ship experiment is described by Mace and Protat (2018a, 2018b). Here we utilize the com-
prehensive remote sensing data series including cloud phase from the combination of the shipborne active
sensor measurements during the CAPRICORN voyage for case studies evaluations of the LTMP algorithm
applied to AHI. Specifically, we examined two cases on 26 March 2016 and 6 April 2016. Synoptic conditions
and ship measurements for those cases are analyzed by Mace and Protat (2018b).

The cloud phase is determined by merging information obtained from the ship‐based cloud radar and lidar.
The first step is to determine cloud boundaries and phase using the lidar backscatter and depolarization data
only, following the procedure outlined by Alexander and Protat (2018). However, we replace their speckle
removal algorithm with one that retains clouds based on a threshold value of cloud pixel extent, which
we find is effective in removing most noise while qualitatively retaining more real clouds. Ice virga precipi-
tating out of super‐cooled liquid water clouds are readily identified by this cloud lidar algorithm—these are
flagged as “Ice” in the resultant cloud radar‐lidar data product. ERA (ECMWF Re‐Analysis)‐Interim reana-
lysis data (Dee et al., 2011) are interpolated around the ship's location to provide vertical profiles of tempera-
ture. Liquid and ice cloud phase are determined by considering the relationship between layer‐integrated
depolarization ratio and backscatter (as in Hu et al., 2010).

The cloud radar is used principally to refine the cloud phase category. The main addition to the classification
is a mixed‐phase category, which uses the simple rule that when there is no cloud radar signal for lidar pixels
classified as “Supercooled‐liquid water,” the classification remains the same, while if there is a valid cloud
radar signal, we reclassify these pixels as “Mixed‐phase.” The underlying assumption is that the cloud radar
does not have sufficient sensitivity to detect supercooled liquid water alone; therefore, the radar detection
must be due to large ice particles present in the mixture. The same approach is used in CloudSat‐
CALIPSO merged cloud phase products (e.g., Delanoë & Hogan, 2010). The second adjustment is when
the cloud radar detects a signal at subfreezing temperatures, but the lidar is fully attenuated by lower cloud
layers and therefore does not provide any information on cloud phase. In this case, we assign the pixel as a
new category, “Mixed‐phase or Ice.” The category is left nondefinitive since we do not have the information
content to separate the two. However, we can at least discern that the phase is not supercooled water or
liquid water. CloudSat‐CALIPSO products generally classify these pixels as “Unknown.”

4. Summary of the LTMP Detection Algorithm

In this section, we briefly summarize a daytime multispectral algorithm proposed by Miller et al. (2014) that
attempts to characterize and identify LTMP clouds from passive satellite radiometer. The objective of the
algorithm is to identify among a previously identified field of supercooled liquid‐topped clouds any that
show signs of having an ice‐or mixed‐phase below cloud top. It does so by utilizing reflected sunlight from
SIR bands (1.6 and 2.25 μm); wavelengths that probe to deeper (optical thickness of ~3, for nadir‐viewing)
levels below cloud top than the 3.9‐μm band traditionally used (e.g., Ellrod, 1996; Ellrod & Bailey, 2007; Lee
et al., 1997) for daytime cloud top phase analysis. The algorithm is based on differential absorption between
liquid and ice particles at these two SIR bands, noting that ice is more absorbing than liquid at 1.6 μmwhile
liquid is more absorbing than ice at 2.25 μm. The differential scattering/absorption behavior becomes more
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pronounced with increasing particle size and can be predicted for varying sun/sensor geometry and cloud
optical properties, forming the basis for casting the relationship as a simple retrieval algorithm. The requi-
site SIR bands are available on S‐NPP (Joint Polar Satellite System) VIIRS and geostationary satellite sen-
sors such as Himawari‐8 AHI, GOES‐16 ABI, and other forthcoming international constellation
geostationary members listed previously—making the LTMP algorithm potentially useful for
global analysis.

By the differential absorption arguments presented in Miller et al. (2014), a LTMP cloud with a subcloud‐top
ice or mixed‐phase layer will produce a different (2.25/1.6 μm) reflectance ratio than what would have been
observed for a purely liquid phase cloud. The test has its limitations. The depth of enhanced cloud‐top pene-
tration by the two SIR bands depends on the optical thickness of the liquid layer near cloud top and the
sun/sensor geometry. The departure of the observed reflectance ratio and idealized all‐liquid cloud that
shares the same bulk properties (i.e., simulated reflectance based on the same cloud optical thickness
[COT], EPS, and sun/sensor geometry as the current observations) is used to gauge the likelihood of the
LTMP condition. Considering these assumptions, a conservatively selected, cloud‐property‐dependent
threshold value is used for this determination, as described by Miller et al. (2014). If the difference between
the observations and the pure‐liquid baseline exceeded this dynamic threshold, then the presence of an
LTMP cloud is inferred and reported as a positive detection flag.

To simulate SIR reflectance measurements used for idealized LTMP clouds, radiative transfer calculations
for idealized clouds (a simple two‐layer cloud model composed of variable fractions of liquid and ice phase)
were conducted using the Santa Barbara DISORTAtmospheric Radiative Transfer model for numerous com-
binations of COT, cloud top EPS, and sun/sensor geometry over 43 million entries. As with most cloud prop-
erty retrieval schemes, the radiative transfer model used here assumes plane‐parallel cloud structure and
spherical particles (Mie theory)—an assumption that would be valid for marine boundary layer clouds as
considered for this study (see Ricchiazzi et al., 1998). The results of these calculations from look‐up tables
(LUTs) that are consulted for the current cloud properties and sun/sensor geometry when assessing the
LTMP status of a preidentified (by CLAVR‐x) supercooled liquid‐topped cloud.

The LTMP detection algorithm operates on a pixel‐by‐pixel basis, following the procedure shown in Figure 2.
Please note that solar and sensor geometry information is also used as input. The first determination is
whether the pixel has predominately liquid phase at cloud top and cloud top temperatures below 273 K
(i.e., supercooled liquid at cloud top). This determination is made via conventional passive‐based cloud‐
top phase methods operationally from the NOAA CLAVR‐x Level‐2 cloud products. It is noted that any
errors/uncertainties in this upstream input will thus be inherited by the LTMP algorithm. In particular, high
solar zenith angles (toward twilight) may degrade the accuracy of the input cloud retrievals and the current
algorithm performance. The likelihood of a liquid‐topped cloud at temperatures >273 K having a subcloud‐
top mixed phase layer (implying that the cloud resides in a temperature inversion) is deemed very small and
thus ignored. In contrast, the potential for a liquid‐topped to transition to mixed/ice phase via the Wegener‐
Bergeron‐Findeisen process (Bergeron, 1935) has been observed frequently in nature (Fleishauer et al., 2002;
Niu et al., 2008; Shupe et al., 2006, 2008), and thus is the focus of this algorithm.

Using CLAVR‐x retrievals of the COT and EPS, a minimum COT (COT_min; required for the LTMP analy-
sis) is selected. For cloud pixels satisfying this threshold, the observed reflectance ratio, RR_OBS, is com-
puted from AHI observations of the two SIR bands as (RR_OBS = R_sat(2.25) / R_sat(1.6)). Using the
retrieved COT, cloud‐top EPS, and sun/sensor geometry, the precomputed LUTs are consulted to obtain a
simulated reflectance ratio (i.e., R_sim(2.25 μm) / R_sim(1.6 μm)) for an all‐liquid cloud
(RR_SIM_Liquid) assumption. The two spectral ratios are then compared via a final ratio which provides
a value that varies about 1.0: (RR_OBS_COMP = RR_OBS / RR_SIM_Liquid). By construction, values of
RR_OBS_COMP greater than 1.0 would correspond to LTMP clouds (with increasing confidence as the ratio
increases). In practice, when RR_OBS_COMP is found to exceed a specified reflectance ratio threshold,
RR_THRESH, the algorithm returns a positive detection for a LTMP cloud at that pixel. Three conservatively
chosen RR_THRESH values (1.1, 1.2, and 1.5) are used here which have been obtained as a simple first‐order
solution, based on analysis of cumulative distribution functions of the liquid‐normalized reflectance ratios
(RR_SIM_COMP) for all LTMP clouds simulated in the LUT. This process is repeated on the pixel level, until
all candidate cloudy pixels in the image have been evaluated.
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To build the LUTs, we have used Mie theory for both the liquid and ice layers (spheres). The sublayer cloud
heterogeneity may be a complex factor in the current algorithm. To demonstrate that the current algorithm
maintains its performance under heterogeneous conditions, we have addressed the subinhomogeneity of
drizzle and nonspherical ice particle cases in Miller et al. (2014) and also briefly summarize here. In the pre-
vious work, liquid over drizzle idealized cloud scenarios with lower layer particle sizes varying over 30, 50,
100, and 120 μm, while the top particle size was fixed to 12 μm. The radiative transfer model was configured
in the same way as the LUT generation runs. The radiative transfer simulations suggest that the presence of
drizzle further reduces the observable 2.25‐μm/1.61‐μm reflectance ratio below values of 1.0 and thus are not
a source of ambiguity to the identification of LTMP. In terms of potential impacts to the LTMP algorithm, the
misclassification as LTMP for these drizzling clouds was less than 2% when reasonable algorithm thresholds
were assumed. It is further noted that the LTMP algorithm cannot determine whether the subcloud‐top

Figure 2. Flow chart of the LTMP cloud detection algorithm (modified fromMiller et al., 2014). CTT = cloud top tempera-
ture; COT = cloud optical thickness; EPS = effective particle size; LTMP = liquid‐top mixed phase.

Figure 3. Himawari‐8 Advanced Himawari Imager (a) full‐disk infrared image at 11 μm, (b) cloud phase from the CLAVR‐x system, and (c) liquid‐top mixed phase
detected pixels (positive liquid‐top mixed phase detections in red) based on a threshold value of 1.2 for the 15 October 2015 case (0500 UTC). The black lines in the
middle/right panels represent the concurrent CloudSat/ CALIPSO ground tracks (red‐ or yellow‐colored portions of the ground track correspond to profiles
shown in Figure 4).
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phase is in a mixed‐phase state or fully glaciated phase, although transition to the latter would presumably
become more likely in the lower portions (above the melting level) of deeper precipitating LTMP clouds,
where the Wegener‐Bergeron‐Findeisen process has had more time to establish the ice phase.

Spherical particle assumptions in this work may fail to capture the complex single‐scatter behaviors of com-
plicated ice morphologies. Tan and Storelvmo (2016) described the phase heterogeneity and associated
errors in mixed‐phase cloud parameterizations in global models. In Miller et al. (2014), we also conducted
sensitivity tests on the spectral single‐scatter albedo for sphere and nonspherical ice crystals from P. Yang
et al. (2000) and confirmed that the majority of ratios exhibit a similar behavior to the spherical ice

Figure 4. Detection algorithm performance tests with three different thresholds. (a) CALIPSO 532‐nm total attenuated
backscatter (with the integrated volume depolarization ratio between 0.1–0.3 in light yellow and water phase flags in
light orange at the top) and CloudSat (radar reflectivity) observations are shown together, corresponding to the ground
track subsets shown in Figure 3. (c) shows cross sections of CLAVR‐x‐based cloud phase determination, along with the
corresponding detection results. AHI = Advanced Himawari Imager.
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approximation used in this study. Since the sub‐ice layer may exist in the LTMP (our target here) is assumed
to reside below a semioptically thick (COT > ~1.0) scattering liquid‐top layer, the details of the ice scattering
phase function may be suppressed, and the global reflectance and transmittance are governed more by the
bulk cloud properties. Therefore, we could conclude the current algorithmmay performmoderately in those
subheterogeneous conditions. Part of the reason for implementing a reflectance ratio, as opposed to simply
comparing either the 1.61 or 2.25 μm against a simulated pure liquid cloud signal, was to mitigate such
heterogeneity effects. In a summary, our technique is not equipped to make a detailed assessment
considering many complicating factors arising from real‐world clouds, but the bulk absorption properties
offer a chance of at least inferring the presence of the LTMP clouds.

5. Results: Comparisons Against CloudSat/CALIPSO

The LTMP detection algorithm has been applied to S‐NPP VIIRS (a LEO platform) for supercooled (or mixed
cloud phase) pixels utilizing 1.6 and 2.25 μm to infer the sublayer cloud phase (Miller et al., 2014). It is again
noted that the algorithm is applied to only the subset of clouds in the scene that were predetermined to be
“supercooled liquid‐top” based on conventional passive radiometer phase‐determination techniques
included within the NOAA CLAVR‐x system. In this study, the application of the algorithm was extended
to the GEO platform, demonstrated on Himawari‐8 AHI.

Since the Japan Meteorological Administration‐supplied operational Level‐2 AHI cloud products were not
yet publicly available at the time of this study, the necessary cloud products used by the LTMP algorithm
(cloud mask, cloud phase, cloud top temperature, COT, and EPS) were processed by CLAVR‐x using AHI
Level‐1 full‐disk data. As CLAVR‐x is a generalized tool, the results shown here for AHI are readily transla-
table to other members of the next‐generation GEO constellation worldwide.

Three cases were considered which offered concurrent CloudSat/CALIPSO overpasses for evaluation of the
LTMP algorithm's performance. The target domain for these cases is a portion of the Southern Ocean, south
of Australia, and New Zealand where persistent cloud cover has been often observed by AHI. Here accurate
cloud phase information would be potentially valuable in determining the correct radiation budget impacts
and, by extension, help improve cloud parametrizations in weather/climate models for the Southern Ocean
in general.

5.1. Case Study 1: 15 October 2015

The first case study considered a large, ~750‐km‐wide frontal cloud system extending from the northwestern
Australian coast southeastward through Tasmania on 15 October 2015. The expansive cloud deck was com-
posed mostly of midlevel clouds. Figure 3a shows the Himawari‐8 AHI full‐disk infrared image (for the
11.2 μm “Band 14”), collected at 0500 UTC for this case. A red box drawn on this figure denotes the focus
region of the analysis to follow, where CloudSat and CALIPSO provided matching observations for verifica-
tion of the LTMP algorithm.

Figure 3b shows the CLAVR‐x determined cloud phases for this case. Supercooled liquid water (possibly
mixed‐phase since CLAVR‐x currently provides supercooled liquid category only), shown in cyan colors,

Figure 5. Same as Figure 3 but for the 26 October 2015 case (0300 UTC).
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is the dominant cloud top phase classification and is interspersed with ice. As described in section 4, the
LTMP algorithm only considers the supercooled liquid top cloud regions. Figure 3c shows as red pixels
the subset of those clouds determined as possibly LTMP (positive‐detection). Clouds that were not
considered by the LTMP algorithm (either due to their temperatures exceeding 273 K or being in the ice
phase at cloud top) are represented in gray in the domain. The LTMP detections correspond to a
threshold (RR_THRESH) of 1.2; detection results with thresholds of 1.1 and 1.5 are not shown here but
are considered in the CloudSat/CALISPO analysis to follow.

The CloudSat/CALIPSO ground tracks for this case are overplotted as black lines, with subsets of these
tracks shown in yellow/red colors of Figures 3b and 3c, respectively, corresponding to the exact range of pro-
file extraction for this analysis. These colocated active sensor observations were used in tandem to infer the
presence of possible LTMP clouds. The CALIPSO lidar depolarization and backscatter intensity information

Figure 6. As in Figure 4, but for the 26 October 2015 case (0300 UTC). AHI = Advanced Himawari Imager.
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(which provides phase discrimination per Hu et al., 2007) indicates the presence of supercooled liquid water
at cloud top along the cross‐section. In CALIPSO data, ice crystals produce less intense backscatter than
mixed‐phase clouds (Hu et al., 2007; Lawson & Gettelman, 2014). In contrast, liquid‐phase clouds exhibit
a strong backscatter followed by sharp gradient due to strong attenuation below cloud top (and often
devoid of a surface return). The integrated lidar depolarization ratio for liquid phase is in a range of 0.1–
0.3, while the ratio is generally greater than 0.3 for ice phase (Hu et al., 2007). Temperatures from the
NASA Global Modeling and Assimilation Office Data Assimilation System (embedded in the CALIPSO
data), matched to the observations, are shown as black contours in the CALIPSO backscatter cross
sections. CALIPSO‐inferred liquid water signatures that reside at altitudes above this numerical model‐
defined freezing were considered to be supercooled liquid‐top clouds. These supercooled liquid signatures
were present in much of the CALIPSO data for this case, with the exception of 41–43° S, where 10‐km
altitude ice‐topped clouds were present. These ice clouds were also identified by CLAVR‐x and screened‐
out from consideration by the LTMP algorithm.

The complete attenuation of CALIPSO in liquid‐topped clouds limits its ability to describe the full cloud pro-
file. Information below cloud top is revealed by the CloudSat and is used in conjunction with the CALIPSO
information to infer the full LTMP morphology. High radar reflectivity (exceeding 8–10 dBZe between
50–53° S and 59–61° S) suggests the presence of larger precipitation‐sized particles beneath CALIPSO‐
inferred regions of cloud top supercooled liquid water. However, without the presence of an obvious bright
band (a sudden increase in radar reflectivity as ice/snow passing through the melting level transitions into
drizzle/rain and appears briefly to the radar as very large and reflective liquid hydrometeors), it is difficult to
state definitively the presence of mixed‐phase particles for this case.

The cross sections of cloud phase and corresponding LTMP detection results were extracted along the
CloudSat/CALIPSO ground track (colored portions) shown in Figure 3. The CALIPSO and CloudSat
profiles along these segments are shown in Figures 4a and 4b, respectively. Liquid phase from the
Level‐2 feature classification flags is also shown at the top of the figure. Corresponding cross sections of
the LTMP detection results over the ocean for varying RR_THRESH values of 1.1, 1.2, and 1.5 are shown in
Figure 4c. The number of LTMP‐flagged pixels decreases as RR_THRESH increases, as is expected for more
conservative thresholds. At the most conservative value of RR_THRESH = 1.5, regions of positive detection
continue to correspond closely with CloudSat and CALIPSO regions of inferred LTMP structure. Also,
important to note is a region of supercooled liquid between 54° and 58° S, where the LTMP algorithm does
not produce positive detections (save for a few pixels at the most aggressive RR_THRESH value). Here the
CloudSat CPR gives no indication of significant reflectivity below the strongly attenuating CALIPSO‐
defined liquid cloud top—suggesting that this cloud was more likely to be pristine supercooled liquid
throughout its depth.

5.2. Case Study 2: 26 October 2015

The second case study was drawn from the same period (11 days later) and general location. Himawari‐8
AHI imagery for this case is shown in Figure 5a, collected on 26 October 2015 at 0300 UTC. The red box
drawn on Figure 5a encapsulates a portion of the scene that includes the east coast of Australia and New

Figure 7. As in Figure 3 but for the 2 August 2016 case (0220 UTC).
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Zealand. The imagery in this region shows a broad field of low level to midlevel clouds which, as in the pre-
vious case, were associated with a midlatitude frontal system.

Figure 5b shows amixture of cloud top phase categories over the domain, as identified by CLAVR‐x, with the
southern clouds dominated by supercooled and ice types. Our focus is on the cloud field south of New
Zealand, which includes a CloudSat/CALIPSO overpass. Figure 5c shows the LTMP algorithm results for
this region, where again, red pixels correspond to positive detections. The results indicate a region of confi-
dent LTMP detection, which then transitions into clouds that were not analyzed by the LTMP algorithm.
Inspection of Figure 5b reveals that the exclusion was due to CLAVR‐x identification of ice at cloud top
(a first‐level filter to the LTMP algorithm).

The CALIPSO and CloudSat profiles corresponding to the colored portions of the ground tracks shown in
Figures 5b and 5c are shown in Figures 6a and 6b, respectively. Using the same lidar/radar interpretation

Figure 8. As in Figure 4 but for the 2 August 2016 case (0220 UTC).
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as in case study 1, we see clear strong evidence for the LTMP structure. In Figure 6b, the CPR data show an
obvious bright band structure extending from 49.0° to about 51.75° S (1.6–1.8 km) along the CloudSat
ground track, confirming the LTMP structure. At CloudSat/CALIPSO ground track locations northward
of about 48.5° S, the cloud deck was observed to change in morphology from midlevel (tops between 4
and 6 km) supercooled liquid to upper‐level ice (tops between 8 and 10.5 km). Notice in Figure 6a the
marked differences in CALIPSO return strength and attenuation gradient between the supercooled liquid
and ice cloud phases. The ice cloud was confirmed by CALIPSO, some portions of CloudSat, and by AHI
via CLAVR‐x.

Figure 6c shows the LTMP algorithm detections extracted along the CloudSat/CALIPSO active sensor
ground track, analyzed for the subset of clouds identified with CLAVR‐x as being supercooled. The
AHI‐based LTMP detections occurred along a latitude range of 49.4–52.3° S. As before, the number of
positively identified LTMP pixels decreased when using more conservative thresholds

Figure 9. Himawari‐8 Advanced Himawari Imager infrared image (11 μm) with the ship location (upper) and liquid‐top
mixed phase detected pixels (using the threshold value of 1.2; cloud pixels in gray, supercooled cloud phase in cyan,
and positive detection in red) with the concurrent CloudSat/CALIPSO ground tracks (bottom) on 26 March 2016
(0510 UTC) during the field campaign. The ship location is indicated with orange or violet symbol.
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(RR_THRESH = 1.2 and 1.5), but the falloff in this case was not as sig-
nificant as in the previous case study. The colocated CloudSat and
CALIPSO confirmed these cloud structures were indeed LTMP, particu-
larly for the subset of clouds whose tops were below −10 °C (as inferred
from the CALIPSO and numerical model matched data). The bright
band structures seen in the CPR data and liquid phase signatures at
cloud top (high attenuated backscatter plus 0.1–0.3 integrated depolari-
zation ratios) in the CALIPSO data again make a definitive statement
on the presence of ice/mixed phase below cloud top, confirming that
the LTMP algorithm is performing nominally.

A more complex, mixed array of cloud features existed around 49–50° S,
with both ice and supercooled liquid phase cloud tops present. Here
CloudSat/CALIPSO data indicated that liquid precipitation was
occurring and likely reaching the surface based on the strength of CPR
reflectivity in the lowest available range gate (CloudSat profiles are
truncated at about 0.75 km above ground level due to ground
clutter contamination).

5.3. Case Study 3: 2 August 2016

The final case study analyzed was collected on 2 August 2016, during the
austral winter season. Figure 7a shows AHI data from this day, collected
at 0220 UTC. Figure 7b (CLAVR‐x cloud phase) indicates a large region
of frontal clouds, most of which is in the ice phase. However, to the
south of New Zealand is a widespread cloud deck whose CLAVR‐x
defined phase is predominantly supercooled. Among these clouds, only
a subset was positively identified by the LTMP algorithm (Figure 7c).
The CloudSat and CALIPSO active sensors crossed this region in an
ideal location to examine areas of both positive and negative
LTMP detection.

Figures 8a and 8b show the cross sections of CALIPSO and CloudSat for
this case study, respectively. The active sensor data show that those
clouds in general have much lower cloud tops compared to the other
two case studies. Throughout the latitudes between 46° and 54° S along
the ground track, CALIPSO indicates the presence of supercooled liquid
water at cloud top, consistent with the CLAVR‐x results. CloudSat shows

signals from only a subset of these clouds, corresponding to the larger‐sized particles. The LTMP results
suggest that the low boundary clouds between 51° and 54° S (1 km or lower) are liquid‐phase only, whereas
the slightly deeper clouds between 48.5° and 51° S may have a subcloud‐top ice/mixed phase. The strongest
signal corresponds to the clouds around 49° S, which correspond to the strongest CPR subcloud‐top signals
as well. While there is no obvious bright band in this case study, the growth of stronger CPR reflectivity
suggests the presence of larger particles and the increased likelihood of an established mixed phase in
the column. LTMP detections for other low clouds (46–47° S) along the track fall off rapidly when higher
RR_THRESH (1.2 and 1.5) values are applied. For these clouds, CloudSat also shows much weaker signals
below supercooled liquid cloud top, suggesting a weak/nascent mixed phase or none detected. This case
was included mainly for the purpose of illustrating how the LTMP is able to exclude some supercooled
cloud fields with skill (i.e., avoiding false alarms for the LTMP structure).

6. CAPRICORN Field Program Comparisons

Although spaceborne active sensors give useful insight to evaluate the LTMP algorithm, validation is still
the major challenge due to challenges in ascertaining the phase of the CloudSat‐observed fall streaks
below the CALIPSO‐inferred supercooled cloud top layer. In this regard, CAPRICORN experiment pro-
vides valuable data for evaluation to distinguish the subcloud phase and can provide a more direct

Figure 10. CALIPSO and CloudSat observations along the CloudSat/
CALIPSO ground track shown in Figure 9 (yellow segment). (a) Lidar 532‐
nm attenuated backscatter with the integrated depolarization ratio (0.1–0.3)
on the top and (b) radar reflectivity on 26 March 2016 (~510 UTC).
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assessment of the AHI LTMP algorithm performance. We considered two case studies to conduct
this assessment.

6.1. Case Study 1: 26 March 2016

The first case selected was from 26March 2016, shown in Figures 9 and 10 (with additional AHImovies from
0000 to 0600 UTC as Supporting Information S1). The RV Investigator was located southwest of Tasmania,
Australia, and sampled various cloud regimes including shallow convections for 24 hr. The shipborne radar
and lidar measurements were merged into 25‐m spatial and 1‐min temporal resolutions. Mace and Protat
(2018b) describe this case as a typical cold‐air advection scenario, often observed in this region during the
CAPRICORN voyage. They note that the majority of clouds were relatively thin nonprecipitating super-
cooled liquid stratocumulus near the base of the marine inversion, and the lidar depolarization ratios indi-
cated the presence of supercooled liquid for the most part (with temperatures about −7 °C) and occasional
ice formation near cloud base on that day.

Figure 11. Time series of (a) Himawari‐8 AHI reflectance ratios for the liquid‐top mixed phase detection together with
satellite cloud phase (processed from CLAVR‐x) around the ship location (black circles represent mean values and
gray dots are individual cloudy pixels within 0.1° distance), (b) 95‐GHz shipborne cloud radar reflectivity, and (c) cloud
phase from the shipborne lidar‐radar and ERA‐Interim data with temperature lines during the field campaign on
26 March 2016 (0150–0530 UTC).
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Figure 9 shows a sample Himawari‐8 AHI infrared image (11 μm) with the ship location at 0510 UTC on 26
March 2016. Broad areas of “supercooled” are observed (or possibly mixed in other satellite products since
the current CLAVR‐x does not provide mixed cloud phase category), and LTMP cloud pixels are widely
detected as shown in the figure (using the threshold value of 1.2 in this case). The simultaneous
CloudSat/CALIPSO observations confirmed the LTMP structures (Figure 10).

Thanks to the geostationary nature of AHI, consistent and frequent observations were available over this
region. Figure 11 shows time series of AHI reflectance ratios for the LTMP detection around the ship loca-
tion (0200–0530 UTC) on 26 March 2016. Cloudy pixels within 0.1° were averaged. Smaller gray symbols
represent the individual pixels in the distance range, and larger black circles depict mean values. Three
thresholds for the LTMP determination are shown together in Figure 11, with the 1.2 line emphasized
(in red). Cloud top phase as identified by CLAVR‐x was predominantly supercooled. For the case, we can
see the presence of these long‐lived supercooled (or mixed) phase clouds, particularly with LTMP detected
pixels. Over the same period, the shipborne 95‐GHz Doppler cloud radar reflectivity is shown with a 0 °C
temperature line from ERA‐Interim reanalysis data in Figure 11b. Cloud phase has been also derived from
the shipborne lidar‐radar and ERA‐Interim data during the experiment (Figure 11c) as described in
section 3.3. Compared with the ship observations, the algorithm performed well in detecting the LTMP
structured clouds over this region, despite an imperfect spatial matchup.

Figure 12. As in Figure 11 but for the 6 April 2016 case.
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6.2. Case Study 2: 6 April 2016

The second case, from 6 April 2016, is shown in Figure 12. It has been also well described byMace and Protat
(2018b) as being one of the best cases during the ship experiment from the standpoint of highlighting the
complementarity of lidar and radar instruments for observing supercooled/mixed phase cloud structures.
An extensive layer of supercooled stratocumulus clouds was sampled, and the ship radar/lidar observations
showed occasionally drizzling and the presence of the ice phase on that day that rarely reached the surface.
Cloud phase from CLAVR‐x with AHI again indicates consistent supercooled cloud top over the region. The
ship radar and lidar observations are shown together. Please note that the ship cloud phase in the figure,
“Mixed‐phase or Ice,” is flagged when the classification is not definitive but at least can tell it is not super-
cooled water only (as described previously).

Comparing to the AHI LTMP results, overall, a lower threshold of 1.1 gave a better fit to the detection for this
case. When compared with the ship observations, there are a few locations where the LTMP detection algo-
rithm gave false alarms (misidentified as LTMP), particularly for optically thin cloud layers only detected by
lidar (e.g., 0230, 0300, and 0410 UTC). However, the results still suggest a potential to reveal the sublayer
structures from satellites on a global scale. From the ship observation, it was reported that during the early
period between 0200 and 0220 UTC, there was a brief period of ice phase precipitation present scattered in
supercooled drizzle, and supercooled liquid drizzle was dominantly observed around 0450–0500 UTC by the
radar. These features were well diagnosed by the LTMP algorithm for both periods.

GEO satellite observations provide useful information to track the temporal and spatial evolution of clouds,
especially including the LTMP structures. When clouds transition to a mixed‐phase state (due to homoge-
neous freezing of supercooled liquid water droplets or activation of ice condensation nuclei), ice crystals

Figure 13. Time evolution of Himawari‐8 AHI cloud phase (from the CLAVR‐x system) and the liquid‐top mixed phase detection (using the threshold value of 1.2)
over ocean off the south coast of Australia, selected at 0200 UTC (left) and 0500 UTC (right) on 26March 2016. The ship location (near Tasmania off the south coast
of Australia) is indicated with violet symbols. AHI = Advanced Himawari Imager.
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begin to grow rapidly at the expense of liquid drops (the Wegener‐Bergeron‐Findeisen process). In the case
of a mixed phase cloud forming under conditions with weak or absent vertical motion, it is possible that
cloud particles in the mixed phase would evolve rapidly toward ice phase, and the growing ice crystals will
descend producing ice virga (or precipitating). Such transition of these clouds can evolve into the LTMP
structure over time. We may explore transitions of these clouds related to physical processes, tracking the
features with GEO satellite observations.

Persistence of the LTMP structure over 6 hr (daytime observations), as shown in this case study, could be
important to assess more accurate radiation budgets over this region. Figure 13 shows samples of cloud
phase and LTMP detection (threshold 1.2) at 0200 and 0500 UTC on 26 March 2016, which is at times when
daylight was present over the whole domain. The results demonstrate how these LTMP clouds can persist for
a significant duration over the Southern Ocean region, and particularly how the sublayer phase evolves into
ice phase over time. The latter aspect has not been revealed by conventional cloud‐top‐only phase products.
As briefly discussed in section 2.3, such longer‐lived clouds would have a better chance of radiatively influ-
encing the environment via their extended heating/cooling perturbations.

7. Summary and Conclusions

Since the dawn of the space era in the 1960s, satellite‐based passive radiometers have been used to deter-
mine cloud occurrence. As these measurements have advanced, the ability to glean additional information
about cloud morphology, cloud‐top phase, and certain cloud macro/microphysical and optical properties
has expanded our ability to understand not only cloud occurrence but also cloud processes. These
satellite‐based remote sensing techniques traditionally have taken advantage of visible, midinfrared, and
thermal infrared bands. Cloud phase is often determined via a combination of infrared channels with sen-
sitivity biased strongly toward cloud top. Information concerning phase properties below cloud top from
passive observations has proven difficult, even though inverted phase structures (liquid atop ice) are known
to be common. The LTMP structure is thought to be particularly frequent in marine boundary layer clouds
ubiquitous to the Southern Ocean, as have been observed in nature by many field studies (e.g., Chubb
et al., 2013).

Tomotivate the importance of this study, simple radiative transfer modeling for various cloud structures was
conducted, illustrating nonnegligible phase‐dependent heating/cooling effects through the vertical extent of
the cloud layer. From these simulations, significant heating rate changes were found in the shortwave spec-
trum. In particular, liquid over ice structures (equivalent to the LTMP in the current algorithm) showed
greater heating rates (~1 K/day) than the case with liquid only throughout the vertical layer. When consid-
ering the widespread and persistent nature of these midlevel clouds over the Southern Ocean, the results
suggest that the subcloud phase determination has the potential to considerably impact the total radiation
budget and regional circulation. New observations of cloud phase structure can help to provide GCMs with
more complete information for improved parameterizations and forecast skill.

Building on the work of Miller et al. (2014), an algorithm targeting the daytime detection of clouds having
liquid‐top phase and mixed‐phase or pristine ice below cloud top, exploiting SIR bands to determine cloud
phase, has been introduced and evaluated on geostationary‐based satellite observations for the first time.
The LTMP algorithm begins with upstream information about cloud mask, cloud‐top‐phase, cloud‐top par-
ticle size, and COT. This information is used to isolate candidate clouds for in‐depth analysis using SIR
reflective band ratios. Specifically, sunlight in the 1.6‐ and 2.25‐μm SIR bands is used to probe deeper into
the cloud (to about an optical thickness of 3), below cloud top, where phase can then be inferred by the ratio
of reflectance for these bands. The critical reflectance ratio for denoting the presence of a subcloud‐top
mixed phase varies as a function of sun/sensor geometry. Originally developed on synthetic (model) data
and demonstrated first on S‐NPP VIIRS, the algorithm was designed with future GEO satellites in mind,
such as Himawari‐8/9 AHI and GOES‐R ABI. The current work realizes that vision.

The performance with Himawari‐8 AHI data has been tested for clouds over the Southern Ocean. Net cloud
radiative effects are very sensitive to the representation of mixed‐phase clouds and supercooled liquid
(Lawson & Gettelman, 2014), and more comprehensive observations are essential over this region. These
clouds represent a critical source of shortwave albedo bias and uncertainty within GCMs, and thus a driving
key factor in overall uncertainties to the Earth radiation budget which govern the fidelity of climate

10.1029/2018JD029524Journal of Geophysical Research: Atmospheres

NOH ET AL. 2696



predictions. The hope is that the current work can assist with mixed‐phase cloud parameterizations, poorly
represented in current GCMs, to improve their representation and role in the energy budget of the
Southern Ocean.

Three cases over the ocean south of Australia and New Zealand were analyzed for AHI‐based LTMP detec-
tion, and the results were compared against CloudSat/CALIPSO overpasses. The coupling of lidar, radar,
and model temperature profiles provided a useful means of inferring supercooled liquid cloud‐top and sub-
cloud top mixed phase, particularly in cases when a bright band exists in the radar profile. The active obser-
vations from CloudSat and CALIPSO showed consistent performance of the LTMP algorithm both in terms
of positive detections and nondetections. Two additional cases were selected from the CAPRICORN ship‐
based field experiment which was conducted over the Southern Ocean from 13 March 2016 to 15 April
2016. The results have been compared with the shipborne radar and lidar observations and suggested the
LTMP detection algorithm can be applied as a useful tool to reveal the sublayer structures from satellites
on a global scale.

With advantages of geostationary orbits, frequent observations on transition and lifetime of these clouds
over the Southern Ocean are possible. Our case study analyses using Himawari‐8 AHI show that LTMP
clouds prolific to the Southern Ocean region are common, and the sublayer phase evolves into ice phase
over time. These findings have not been revealed by traditional cloud‐top‐only phase products. The
long‐lived nature of these mixed‐phase clouds lends to their importance in terms of radiative
heating/cooling effects.

The statistical significance of these results has not been investigated yet due to the small sample size.
Therefore, a detailed climatology of the LTMP results is a next logical step for this research. A more
rigorous validation of the current algorithm under a broader variety of conditions, including in situ
observations, would be required to help identify and characterize the performance in a comprehensive
way. Such detailed analysis could lead to further improvements, for example, via introduction of addition
spectral bands or fused with independent observations. Nonetheless, the current study shows promising
results and an important proof‐of‐concept for applications on the full complement of sensors to join the
next generation satellites. The international satellite constellation (such as Himawari‐8/9 AHI,
GOES‐16/17 ABI, GeoKOMPSAT‐2A AMI, and MTC FCI) provides global coverage over remote areas, pro-
viding key information to form the basis for improved understanding and a source for both improvement
and validation of global models.

In future developments, a dynamic threshold based on cumulative distribution functions of reflectance
ratios will be explored to provide more robust threshold values for various cloud scenes, although sev-
eral constant thresholds tested here showed good basic performance. GEO satellite sensors, AHI and
ABI matchups with CALIPSO, and/or the future active sensors such as the Earth Cloud Aerosol and
Radiation Explorer mission (EarthCARE; Illingworth et al., 2015; launch scheduled for August 2019)
will offer more opportunities to obtain robust observational measurement over the Southern Ocean.
In a similar sense to our opportunistic usage of CAPRICORN, the algorithm will continue to be
evaluated against in situ measurement programs whenever they happen to occur within the satellite's
field of view.

The LTMP algorithmwas developed on idealized assumptions, and as such, there exist many limitations and
areas for algorithm improvement. This daytime technique attempts to infer the LTMP cloud presence via
bulk absorption properties, but it cannot make a detailed assessment on what component of the LTMP field
is being missed due to lack of sensitivity and cannot be used at night. Some LTMP cloud cases may be missed
due to the presence of optically thin cloud layers or due to clouds with subpixel heterogeneity. The applica-
tions for multilayered clouds would be very limited due to the nature of this passive measurement technique.
As mentioned previously, this algorithm cannot provide a definitive statement on whether the subcloud‐top
layer is pure ice versus mixed phase. Finally, any errors in the upstream cloud products (from CLAVR‐x)
used as input to the LTMP algorithm will lead to false detections.

While keeping these important caveats in mind, there remains optimism for taking advantage of the LTMP
algorithm when and where it can provide useful information. As with most satellite applications, it repre-
sents a “piece of the puzzle” in terms of advancing our overall understanding and view of the complete
atmospheric picture.
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