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Abstract The information on cloud properties and microphysical characteristics is critical for
environmental research and application, such as that on weather, climate, hydrology, and green energy
and Earth energy budget. The launch of the new‐generation geostationary satellite, for example, the
Japanese Himawari‐8, enables retrieval of cloud information through multichannel observation. To confirm
the retrievals from the Advanced Himawari Imager (AHI) onboard Himawari‐8 (Himawari‐8/AHI), this
study accessed the cloud retrievals from AHI and compare them against those obtained from spaceborne
passive and active sensors on the low Earth orbit satellites, such as NASA's CloudSat, Cloud‐Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO). The atmospheric thermodynamic state from
in situ radiosonde provides another dimension for evaluating the retrieved cloud‐top temperature and
height, which were obtained and analyzed during two research cruises over the South China Sea during
monsoon onset season with large cloud variability to ensure the comprehensive intercomparisons. The
findings show that the cloud‐top altitude, cloud optical thickness, and cloud effective particle radius
retrieved from AHI are consistent with passive Moderate Resolution Imaging Spectroradiometer (MODIS)
data. Furthermore, both spaceborne active Cloud Priofiling Radar (CPR) and Cloud‐Aerosol Lidar with
Orthogonal Polarization (CALIOP) data confirm the low uncertainty of cloud‐top altitude, particularly when
the cloud is optically thick. Large cloud‐top altitude discrepancy among these data in the optically thin
cloud might be due to the limited AHI spectral channels or instrumental spatial resolutions. The cloud‐top
temperature and altitudes in either liquid or ice phase cloud agree well with collocated sounding profiles,
with low difference of 1 K and 170 m, respectively.

1. Introduction

Clouds play a unique and crucial role in Earth climate and environment because of their strong influence on
incident solar and outgoing thermal radiation. Furthermore, extreme weather such as storm or heavy preci-
pitation can be associated with specific cloud microphysical processes, and hence, knowledge of cloud‐top
properties is essential for nowcasting and warning. For example, cloud‐top height (CTH) is the upper bound-
ary in altitude where atmospheric moisture condenses into cloud particles during a fair weather, and cloud
optical thickness (COT)might affect both downward solar and upward terrestrial radiation. Change in either
CTH or COT will lead to the modification of the Earth energy budget (Stephens et al., 1990). Therefore,
understanding the cloud microphysics is crucial for phenomenon interpretation, mechanism analysis,
model simulation, and scale verification (Bayler et al., 2000).

Because of cloud complexity, satellite observation for advanced, cloud‐related derived products must be
conducted through multichannel and high‐spectral resolution observation, which is being implemented since
late 1970s and 1990s, respectively. Cloud properties obtained using instruments onboard a spaceborne
platform, in particular on low Earth orbit, were used to investigate the differences. Coakley and
Bretherton (1982) and Molnar and Coakley (1985) use multichannel observation to detect cloud layers
and apply a statistically equivalent spatial coherence (SESC) formula to detect two‐layered cloud system
and its horizontal coverage. Ackerman et al. (1998) and Menzel et al. (2016) have applied
High‐resolution Infrared Radiation Sounder (HIRS) observation to derive the cloud‐top pressure (CTP)
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and COT and address the uncertainties with spectral sensitivity and variability. Li et al. (2001) and Li,
Huang, et al. (2005) used both 1DVAR and minimum residual algorithms to determine cloud microphysi-
cal properties from high‐spectral resolution Atmospheric Infrared Sounder onboard National Aeronautics
and Space Administration's (NASA's) Aqua satellite. Weisz et al. (2007) and Yao et al. (2013) conducted a
detailed comparison for the CTH retrievals between a passive sensor, such as Moderate Resolution
Imaging Spectroradiometer (MODIS), and an active radar/lidar instrument, such as Cloud Profiling Radar
(CPR) onboard CloudSat and Cloud‐Aerosol LIDAR with Orthogonal Polarization (CALIOP) onboard
Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO). The CTH retrievals obtained
from polar‐orbiting satellites are in agreement with a root‐mean‐square difference, and bias of approximately
2 and −1 km was noted from the synthetic analysis of passive and active observation, respectively.

The cloud information obtained from a geostationary orbit can be used to analyze and monitor its relation-
ship to extreme weather. For example, Hamada and Takayabu (2016) estimated the convective cloud‐top
vertical velocity from the decreasing rate of infrared (IR) brightness temperature (BT) over the south of
Japan through rapid scan observation in boreal summer. Kobayashi and Masuda (2008) indicated the rela-
tionship between COT and cloud particle size associated with precipitation. Bedka et al. (2015) also suggest
that rapid cooling in the cloud‐top temperature (CTT) and increase in CTH are typically followed by severe
hail and damaging gust wind at the ground level. These confirmed the potential links between cloud proper-
ties along with microphysics parameters and the high impact weather or climate studies. Therefore,
obtaining cloud information from a geostationary orbit might maximize the benefit to these studies.

Since the launch of the Japanese weather satellite Himawari‐8 in October 2014 and its operation from July
2015, the Advanced Himawari Imager (AHI) is the primary payload on this geostationary satellite, and it has
a 16‐channel multispectral imager for capturing images from visible to IR bands over the Asia‐Pacific region
(Bessho et al., 2016). The AHI has spectral and spatial characteristics similar to Advanced Baseline Imager
(ABI) (Schmit et al., 2005), Advanced Meteorological Imager (AMI), Advanced Geostationary Radiation
Imager (AGRI) on the U.S.'s GOES‐16 (Geostationary Operational Environmental Satellite‐16), Korea's
GEO‐KOMPSAT‐2A (Geostationary Korea Multi‐Purpose Satellite‐2A), and China's Feng‐Yun‐4A, respec-
tively. The AHI can observe with resolutions of 500 m (0.64 μm), 1 km (0.47‐0.51 μm) to 2 km (1.6‐13.3 μm)
full‐disk coverage at every 10 min in its regular mode. These channels are designed to observe the Earth's
surface, atmospheric moisture, clouds from the shortwave reflectance, and longwave radiances.
Therefore, associated atmospheric thermodynamic state, clouds, and surface properties can be inferred
from multichannel observation. Community Satellite Processing Package for geostationary satellite
(CSPP‐GEO) package has been developed at the Cooperative Institute for Meteorological Satellite
Studies (CIMSS) at University of Wisconsin‐Madison and is able to provide not only calibrated and geolocated
sensor observation but also cloud retrievals from raw satellite telemetry (Martin et al., 2016) as a research algo-
rithm. With the localized lookup tables (LUTs) for AHI's spectral bands and the use of high‐resolution atmo-
spheric thermodynamic states (Liu, Kuo, et al., 2016) at 3‐kmhorizontal grid resolution, the cloud products are
inferred fromABI with CSPP‐GEO and hereafter referred to as AHI retrieval. The retrieval is a result of sophis-
ticated procedure, based on calculation of Planck thermal radiation LUTs for pixel by pixel of latitudes, long-
itudes, sensor azimuth/zenith angles, land/sea mask, and ecosystem type for surface IR emissivity/shortwave
albedo as well as elevation. A Pressure layer Fast Algorithm for Atmospheric Transmittances model (Eyre &
Woolf, 1988) had been modified by CIMSS to compute clear‐sky atmospheric radiances and transmittances
for AHI's IR bands from atmospheric thermodynamic states at a given pixel. Hence, observed and calculated
radiances are used in the retrievals of cloud properties (Li et al., 2001; Li, Liu, et al., 2005; Liu et al., 2008;
Yao et al., 2013) through one‐dimensional variational (1DVAR) technique. The retrieved science products
were mainly focused on cloud phase, cloud‐top features, cloud effective particle radius, cloud ice water path,
and so on (Heidinger et al., 2012; Liu et al., 2012; Menzel et al., 2008; Strabala et al., 1994).

The primary objective of this study was to assess the performance of cloud retrievals from AHI onboard
Himawari‐8 (Himawari‐8/AHI) observation by using CSPP‐GEO. Although similar studies had been con-
ducted (e.g., Huo et al., 2020; Lai et al., 2019; Letu et al., 2019; Tan et al., 2019), the cloud properties have
not been comprehensively evaluated with either active or passive instrument (e.g., CPR, CALIOP, or
MODIS) in an unstable atmospheric condition. In particular, the variability and bias of AHI cloud properties
will be quantified as a function of cloud phases, CTH, and COT, which will lead to improved utilization of
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AHI radiances such as the assimilation of cloudy radiances in numerical weather prediction models.
Moreover, CTT and moisture information are compared with data from radiosonde soundings so that the
clouds are analyzed not only for their microphysical properties but also thermodynamic state.

Section 2 describes the data and method adopted in this study. The comparison and evaluation of data are
discussed in section 3. Finally, conclusions are summarized in section 4.

2. Data

While Himawari‐8/AHI in the geostationary orbit was primarily designed to provide new capacity levels for
identifying and tracking rapidly changing weather phenomena and derive quantitative products for the
weather and climate application (Bessho et al., 2016), it also represents a big contribution for research.
AHI has a higher radiometric, spectral, and spatial resolution than what was available on previous radio-
meters in the geostationary orbit. Similar instruments, such as ABI, AMI, and AGRI, enable retrieval of
cloud information,motion vectors, and associated environmental parameters as well (Greenwald et al., 2016;
Martin, 2007; Schmit et al., 2005). Navigated and calibrated reflectance and radiance in Level 1, along with
AHI cloud products in Level 2, are obtained and retrieved using CSPP‐GEO.

To evaluate cloud products from a geostationary orbit, the cloud products retrieved fromMODIS are used as
reference. MODIS is a radiometer onboard the NASA Terra and Aqua polar‐orbiting platforms and has 36
spectral bands whose wavelengths range from 0.4 to 14.4 μm. With 2,330‐km swath from approximately
700‐km orbital altitude, MODIS achieves global coverage every 1–2 days (King et al., 1992). In this study,
the operational MODIS Level 2 cloud products from Standard Collection 6.1 (MOD06/MYD06) (Platnick
et al., 2003) with 5‐km spatial resolutions are used.

In addition to passive MODIS cloud products, cloud properties from active radar, the CPR, are used as well.
The CPR on CloudSat is a 94‐GHz nadir‐looking active radar, which measures the energy backscattered by
both clouds and precipitationwithin 1.7 along track by 1.4 across‐track radar footprint (Stephens et al., 2009).
The CloudSat/CPR can penetrate all nonprecipitating clouds but has low sensitivity to thin cirrus, particu-
larly those with small ice particle size. Extended cloud boundaries can be resolved at every 240 m vertically
for up to 125 layers from the ground.

Spaceborne active lidar is sensitive to clouds, in particular thin cirrus and aerosols, owing to its optical wave-
length. Cloud‐Aerosol Lidar with Orthogonal Polarization (CALIOP) on CALIPSO can provide measure-
ments at 0.532 and 1.064 μm, which are used to obtain the vertical structure of clouds and aerosols as its
designed mission (Winker et al., 2007). CALIPSO/CALIOP provides information regarding layers down to
the level in which the lidar signal is fully attenuated even in the case of multilayer clouds. In this study, spatial
resolution of 5 km in the Level 2 cloud layer information (Version 3) is used to identify the existence of cloud
and its altitude information in a confidence. The highest altitude of the cloud was used in this study, although
CALIOP provided the cloud layer top altitudes in the case of multilayer clouds.

For comparing cloud properties obtained from various instruments onboard multiple platforms, analysis for
a large variability of cloudsmust be conducted in complex types, in terms of CTHs from low to high, optically
thin to thick, scatted cloud coverage to overcast within single‐pixel instantaneous field of view, and cloud
phases from liquid warm water stratus to solid cold ice convective clouds. Therefore, the comprehensive
cloud microphysics properties, during the East Asian summer onset (EASMO) period over the South
China Sea (SCS), provide a great opportunity for the purpose of this study because of extremely unstable
atmospheric dynamic and thermodynamic conditions. Moreover, the retrieval of cloud properties might
presence the biases that correlate to sensor's view angle (Várnai & Marshak, 2007). The sensor's scan
angles in this region of Himawari‐8/AHI are from 35° to 45°, which are comparable with the MODIS max-
imum scan angle. Thus, several types of clouds with complex structures under similar sensors' scan scenes
are suitable for this assessment study.

We retrieved the cloud products from 21 to 25 May 2016, over the latitudes of 5°S to 30°N and longitudes of
105–130°E following the definition of EASMO by B. Wang et al. (2004). Identical cloud retrievals were per-
formed during two field campaigns in December of 2016 and 2017 for additional intercomparisons to the
radiosonde soundings as well. All AHI cloud products were retrieved at its original 2‐km spatial resolution
and resampled to 5‐km spatial resolution to fit MODIS cloud product. As some of the cloud properties are
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based on shortwave channel measurement, such as COT and cloud effective particle radius (CDe), the
comparisons are performed during daytime only.

In addition to the spaceborne instrumental data set, in situ observation from traditional radiosonde might
provide an additional dimension to evaluate the cloud property retrieval. Owing to the measured physical
quantity of radiosonde, the atmospheric temperature and moisture along with sensor's geographical infor-
mation (e.g., latitude, longitude, and altitude) are transmitted back to the receiver immediately during the
drifting and ascending of the balloon. Therefore, using a precise spatial and temporal colocation procedure,
considering location and altitude against each individual cloud retrieval fromHimawari‐8/AHI observation,
the CTH and CTT could be evaluated from the radiosonde measurement. During the SCS Two‐Island
Monsoon Experiment (SCSTIMX) from 2016 to 2019, data from two cruises of Research Vessel Ocean
Research 1 (R/V OR1) were used, namely, 11–21 December 2016 and 3–21 December 2017 (Sui et al.,
2020). The Vaisala MW41 sounding receiver acquires and processes the Vaisala RS41 radio signal to obtain
atmospheric soundings during these two R/V cruises, twice (00 and 12Z) per day and up to four times (00, 06,
12, and 18Z) when intense observation is needed.

3. Comparison and Evaluation Analysis

Although Himawari‐8/AHI is an onboard geostationary satellite that enables 24‐hr continuous full‐disk
observation at 10‐min interval, CloudSat/CPR, CALIPSO/CALIOP, and Aqua/MODIS are polar‐orbiting
satellites, and each orbital swath covers only a limited area within the Himawari‐8/AHI full‐disk imagery.
Therefore, a spatiotemporal collocation procedure was performed to ensure the observation and retrieved
cloud parameters from different platforms are comparable in the close spatial regions and temporal win-
dows. This resulted in five MODIS data granules, at 0610Z, 0520Z, 0600Z, 0640Z, and 0550Z, on each indi-
vidual day from 21 to 25 May 2016 within the target domain for the following analysis. Figure 1 shows
the example for MODIS and AHI observations at bands 31 (11.02 μm) and 14 (11.24 μm) at 0550Z 25 May
2016, respectively. We could identify a developing deep convective system in the center of SCS and west vici-
nities of Luzon Island in the Philippine that the system had a very low BTs. Associate COT, CDe, and CTH
are shown in Figure 2. An agreement was observed not only in spatial patterns but also in the magnitudes of
either IR window channel BTs or retrieved COT (Figures 1 and 2). However, products based on AHI data
exhibit larger cloud coverage, in particular, over the northern SCS. This is because not only the MODIS

Figure 1. Comparison of Himawari‐8 (left panel) and Aqua/MODIS (right panel) IR window channel brightness temperature at 0520Z 22 May 2016:
(left panel) AHI band 14 (11.24 μm) brightness temperature; (right panel) MODIS band 31 (11.02 μm) brightness temperature.
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has higher spatial resolution in shortwave channels than AHI has but also the AHI instrument has coarser
resolution than MODIS; thus, the chances of having the cloud in the field of view are higher.

We analyzed the COT and CDe retrieval differences between AHI andMODIS in five concessive days during
21–25 May 2016, and the result are shown in Figures 3 and 4 as the probability distribution function curves.
Figure 3 indicates the COT from AHI is slightly larger than that fromMODIS among all clouds (black curve)
because the discrepancy histogram is centered slightly greater than 0 with the standard deviation
(STDE) < 3. Ice phase cloud (red curve) dominates the major sample because it shows higher probability
than water phase cloud (blue curve). The STDEs of three cloud phases are all lower than 3 and reveal that
both AHI and MODIS COT are highly correlated with each other. This can be verified from the bars with

Figure 2. Comparison of Himawari‐8 and operational Aqua/MODIS (MYD06) retrieved COT (left column), CDe (middle column), and CTH (right column)
at 0520Z 22 May 2016. The panels in the top (bottom) row are the retrievals from AHI (MODIS) observation.
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similar frequencies in all COT bins. Generally, frequencies on AHI COT are
larger than on MODIS COT except for COT lower than 2 and reveal positive
biases in the discrepancy histogram curves.

We also investigated the retrieved CDe differences at low, middle, and high
cloud‐top altitudes based on CTH threshold categorization in earlier studies
(Diaz et al., 2015; Wang et al., 2016). Figure 4 shows that the occurrence fre-
quencies of AHI and MODIS CDe were observed up to 50 μm. AHI tends to
have a high frequency in 15–30 μm (blue bars), and MODIS has frequent
radius spectrum between 10 and 40 μm with highest and secondary peaks
at 35 and 12.5 μm (orange bars). As a result, the histogram of the difference
between the retrieved CDe between AHI and MODIS has two peaks (black
curve). Because of large sample number in low cloud (CTH < 4 km), so that
the red curve closes to the black curve and contributes the larger difference
in negative values when compare red and black curves. CDe difference in
high cloud (CTH> 7 km; blue curve) has smaller and positive bias, alongwith
similar pattern for the clouds at medium altitudes (4 km≤CTH< 7 km; green
curve). The differences between the CDe from AHI and MODIS retrievals at
both middle and high clouds are closer to each other and contribute to the
positive peakwith smaller values in black curve. Due to the retrievals of cloud
microphysical parameters are based on the 1DVAR technique, the successful
estimation of variables depends on not only the minimized cost function but
also low residuals between observed and calculated radiances during itera-

tions. The cloud properties from other platforms must be analyzed to quantify the discrepancy of the retrieved
cloud properties.

We performed a synthetic CTH analysis using passive sensors (i.e., AHI andMODIS) as well as active instru-
ments (i.e., CALIOP and CPR; Figure 5). Pixels along the CALIOP/CPR ground track that were covered by
AHI (0550Z) and three granules MODIS granules (from 0545 to 0555Z) CTH retrievals on 25 May 2016 were
investigated. Table 1 lists the mean difference (bias) and the STDE of the differences between the CTH
obtained using the given instruments. The highest level of CPR L2 Cloud Mask product was a cloud mask

value >30 (high confidence in the cloud detection) (Sohn et al., 2015; Yao
et al., 2013), and the first layer on top of CALIOP cloud product was defined
as CPR and CALIOP CTH. In general, the CTH retrieved from AHI and
MODIS agrees well along with the tracks of CloudSat and CALIPSO vertical
profiles, and these retrievals are closer to the values from CPR than from
CALIOP. Mean differences of AHI CTH with respect to CPR and CALIOP
are smaller than MODIS CTH product.

The vertical cross section along the CloudSat/CALIPSO ground track is
shown in Figure 5b. CloudSat L1 CPR reflectivity in dBZ (in colorscale) is
overlaid with CTHs in kilometers from AHI (pink triangles), MODIS (green
diamonds), CPR (blue dots), and CALIOP (orange stars). It illustrates the
difference between the lidar and radar instruments in characterizing
clouds. Lidar is highly sensitive to ice crystals in optically thin cloud and
therefore detects high cloud‐top altitudes (e.g., between latitudes 0°N
and 17°N). By contrast, radar is unable to measure optically thin clouds
but receives reflectivity from large cloud particles. Thus, CTHs from the
radar are lower than from the lidar (Figure 5b). Synthetic observations
from both lidar and radar could provide a better description of cloud vertical
structure and extent.

IR sensitivity of optically thick clouds is better than that of thin clouds
owing to large differences between cloudy and clear radiances for CTP
retrievals. Thus, the agreement between AHI and MODIS CTH is good for
thick and high clouds with strong radar reflectivity from latitudes 7°N to

Figure 3. Histogram of COT retrieval difference between AHI and
MODIS for all cloud (black curve), ice phase cloud (red curve), water
phase cloud (blue curve), and cloud with undertrain phase (pink curve).
Bars indicate the occurrence frequency for AHI and MODIS at 2.5
incrimination of COT bins, which is labeled on the top x axis.

Figure 4. Histogram of CDe retrieval difference between AHI and
MODIS for all cloud (black curve), high cloud (red curve), middle
cloud (green curve), and low cloud (blue curve). Bars indicate the
occurrence frequency for AHI and MODIS at 2.5‐μm incrimination
of CDe bins, which is labeled on the top x axis.
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15°N and 26°N to 30°N. The area in‐between (i.e., from latitudes 7°N to 15°N) the lidar retrieves high altitudes
of cirrus, which the radar does not observe. MODIS CTH occasionally has extreme values (e.g., latitudes from
18°N to 23°N for close‐to‐surface or higher‐than‐lidar CTH) might due to coarser spatial resolution of the used
atmospheric thermodynamic state in MODIS retrieval. Overall, AHI CTHs are closely parallel to the radar
CTH. Results from MODIS are similar, although in some areas, MODIS attempts to reach high altitudes
(e.g., latitudes 4°S to 2°S) because of its high spatial resolution to observe broken clouds as lidar does.

To define the in situ atmospheric thermodynamic state of the cloud top, radiosonde could be one of the eco-
nomic and accurate methods other than aircraft direct measurement. In December 2016 and 2017, two
cruises conducted as part of SCSTIMX. These two winter field campaigns were designed to investigate the
cloud‐precipitation and large‐scale dynamic processes over the SCS (Sui et al., 2020). Up to 32 and 10 radio-
sondes were released during 11–21 December 2016 and 1–10 December 2017, respectively (Figure 6). All the
Vaisala RS41 radiosondes' drifting information while ascending were recorded by Vaisala MW41 receiver
onboard Taiwan's RV/OR‐1. As per the radiosonde horizontal tracks shown in Figure 7a, certain radiosonde
drifts up to 100 km horizontally, and an individual radiosonde may take approximately 1 hr to travel from
the surface to upper troposphere. Therefore, a spatiotemporal collocation is performed to consider the
ascending and drifting of radiosonde at each scan time of the AHI data at every 10‐min interval. This ensures
the radiosonde is closely sampling the atmospheric thermodynamic state during ascending at collocated
AHI pixel. Those soundings are collocated with AHI cloud phase as liquid and ice phases as shown in
Figures 7a and 7b, respectively. The x and y axes are the sounding altitude and temperature deviations from
collocated AHI CTH and CTT, respectively, where the zeros are considered the perfect match between AHI

CTH/CTT and sounding profiles. Figures 7a and 7b show that when
the CTHs had matched the collocated radiosonde altitudes exactly,
the temperature differences among soundings and CTTs are almost
within 1 K. This is equivalent to a 170 and 100 m of CTH uncertainty
if the temperature follows the moist and dry adiabatic lapse rate,
respectively. Thus, CTT, CTH, and atmospheric thermodynamic state
information may be used to estimate cloud‐top emission in future.

It is also interesting to analysis the relative humidity (RH) profile in
the ±200‐m layer from CTH. The vertical moisture profile reveals

Figure 5. (a) The brightness temperature in kelvins for AHI band 14 (11.2 μm) at 0550Z on 25 May 2016, with outlines of three MODIS granules (black) (viz.,
0545Z, 0550Z, and 0555Z from south to north), and CloudSat/CALIPSO track (black dash line). (b) AHI retrieved CTH and operational MODIS CTH (MYD06)
along with CPR; CALIOP CTH products are shown in (a) as indicated in the legend at the top right corner. Color shading indicates CloudSat/CPR reflectivity
in dBZ. The cloud‐top heights from AHI, MODIS, CPR, and CALIOP are represented as magenta triangles, green diamonds, blue dots, and orange
pentagrams, respectively.

Table 1
CTH Statistics of Instrument Differences

Differences Bias (km) STDE (km)

AHI‐CPR −0.49 2.16
MODIS‐CPR −0.04 1.91
AHI‐CALIOP −1.96 3.82
MODIS‐CALIOP −1.51 3.02
AHI‐MODIS −0.61 2.90
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that a relative low (high) RH when CTP is below (above) 440 hPa, while
the cloud is commonly in the phase of ice (liquid). This phenomenon is
shown that the ice phase cloud is in a lower RH environment than the
water phase cloud, and in parallel with the finding from in situ aircraft
observations (Korolev & Isaac, 2006). A decreased RH tendency was noted
when the altitude was higher than collocated CTH. Thus, moisture within
a cloud is more than that atop a cloud.

4. Summary

Using synthetic data sets on cloud properties observed or derived from
passive and active instruments onboard the low Earth orbit satellites such
as Aqua/MODIS, CloudSat/CPR, and CALIPSO/CALIOP, cloud informa-
tion (e.g., CTH, COT, and CDe), retrievals from geostationary orbit
Himawari‐8/AHI measurements can be evaluated properly. Furthermore,
the atmospheric thermodynamic state from in situ sounding profiles can
estimate the CTT and moisture when radiosonde is effectively collocated
with cloud geographical location and associated CTH in 3‐D geometry.
These data could help quantify the uncertainty of Himawari‐8/AHI cloud
retrievals comprehensively.

The 5‐day intercomparison between AHI and Aqua/MODIS cloud pro-
ducts during the unstable atmospheric condition in the EASMO period
over the SCS is presented. Mean statistics show that reasonable CTHs
are generally obtained from AHI and MODIS. Inconsistencies between
AHI and MODIS CTH might be due to the limited spectral observation
of AHI in the CO2 absorption region. Thus, the ability to retrieve optically

thin cirrus has relatively high uncertainties. However, AHI still provides cloud retrievals continuously due to
its geostationary location. In addition, both AHI andMODIS have similar COT and CDe retrievals; however,
AHI has slightly larger values. Further evaluation with CloudSat/CPR and CALIPSO/CALIOP confirmed
that both AHI and MODIS mirror CPR cloud top; however, MODIS covers higher cloud‐top altitude prob-
ably due to its advantageous spatial resolution. Therefore, the effective cloud‐top retrieval is higher with
MODIS than with AHI when double layers of clouds are present. This might influence both COT and cloud
particle size retrievals because of the limitation of 1DVAR technique.

The independent evaluation of CTH and CTT using in situ radiosondes during two RV cruises in SCSTIMX
over the SCS support the retrieval of AHI clouds. The spatiotemporal collocation, by considering of AHI's

Figure 6. The radiosonde drifting tracks during the SCSTIMX in 2016 and
2017. The radiosondes were released from R/V OR1 during 11–21
December 2016 (blue curves) and 3–21 December 2017 (red curves).

Figure 7. The temperature difference from CTT (y axis) and collocated CTH (x axis). The zero at y axis is considered the perfect match of radiosonde temperature
at CTT. The positive (negative) values of x axis correspond to the altitude below (above) the altitude of cloud top. The color shading of each dot in the panel
is the RH. Panel (a) presents the analysis of water phase clouds, and panel (b) presents the analysis of ice phase clouds.
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scan time and radiosondes' geolocation in 3‐D geometry, ensures the radiosonde could probe the cloud‐top
thermodynamic state. The result shows that AHI CTH retrievals are within 170 m from the cloud‐top alti-
tudes which are determined by using the radiosondes' temperature and moisture (i.e., RH) profiles as
reference.

Because the cloudy radiance is a nonlinear function of the atmospheric and cloud parameters, multichannel
or high‐spectral resolution observation is expected to provide good cloud retrievals. MODIS has spectral
observation of 13.4–15 μm, which is crucial for upper tropospheric and lower stratospheric clouds. Cloud
retrievals with synergistic use of multiple sensors (Liu et al., 2008, 2014; Liu, Li, et al., 2016) may be better
than with using either one of them individually. Additional observation, such as aircraft, will help to quan-
tify and ensure the estimated cloud microphysical properties in future, which might benefit the satellite pre-
cipitation product estimates as well (e.g., Liu et al., 2020). New retrieval techniques such asmachine learning
that can avoid large uncertainty of radiative transfer model in cloudy skies (Li et al., 2017) and well handle
the nonlinearity between IR radiances and cloud properties, can be used for improving the cloud‐top pro-
duct through combining both active and passive remote sensing measurements (Min et al., 2020). Placing
an advanced IR sounder onboard the geostationary platform (Schmit et al., 2009) would also enhance the
cloud‐top property retrievals when used together with measurements from the advanced imager onboard
the same platform, such as the cloud clearing on polar‐orbiting satellite (Li, Huang, et al., 2005) could be
conducted at current Feng‐Yun‐4A.

Data Availability Statement

MODIS data were obtained from the NASA Goddard Distributed Active Archive Center (DAAC) data
archive. CALIOP data were obtained from the NASA the Atmospheric Science Data Center (ASDC).
MODIS and CALIOP data used are listed in the references or archived online (https://ladsweb.modaps.eos-
dis.nasa.gov/search/repository). CloudSat data are freely available via the CloudSat Data Processing Center
(http://www.cloudsat.cira.colostate.edu/).
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