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Abstract: Cold clouds are the main operation target of artificial precipitation enhancement, and its key
is to find a supercooled cloud water area where the catalyst can be seeded to promote the formation
of precipitation particles and increase precipitation to the ground. Based on the multi-spectral
characteristics of the Fengyun-4A (FY-4A) satellite, a methodology for identifying supercooled cloud
water is developed. Superimposed by a cloud top brightness temperature of 10.8 um, a combination
of 0.46 um, 1.6 um, and 2.2 um red—green—-blue (RGB) composites are used to identify the cloud phase
and to obtain the real-time supercooled cloud water distribution every 5 min and in a 2 km resolution
for the whole coverage of China. Based on the RGB composition, the supervised machine learning
method K-mean clustering was applied to classify the cloud top phase. The results were validated
extensively with Cloud—Aerosol Lidar with Orthogonal Polarization (CALIOP). It is worthwhile to
highlight that the corresponding hit rate reached 87% over the full disk domain for both the summer
and winter seasons. Furthermore, on 29 November 2019, microphysical properties were measured,
and the data of supercooled cloud droplets and ice crystals were obtained using YUN-12 transport
aircraft in Taiyuan. After simultaneously matching the satellite with an airborne track, the cloud
particle image data were obtained near the cloud top and within the clouds during the climb and
descending stages of the flight. The phase obtained from the microphysical properties of supercooled
cloud droplets and ice crystals was compared with cloud phase results identified by FY-4A and
Moderate Resolution Imaging Spectroradiometer (MODIS) cloud phase products. The case study
and comparison show that (1) the supercooled water clouds and ice particles identified by FY-4A
are in good agreement with those from the airborne measurement at the cloud top and within the
cloud and (2) the positions and shapes of water clouds and ice clouds identified by FY-4A correspond
well with MODIS cloud phase products. However, there is a small deviation in the extent of ice
clouds, which is mainly located in the transition area between ice clouds and water clouds. The
extent of ice clouds identified by FY-4A is slightly larger than that of MODIS products. Combined
with airborne detection, the comparison shows that the ice clouds identified by the FY-4A satellite
are consistent with aircraft detection. The supercooled cloud water identified by FY-4A can meet the
needs of the operational precipitation enhancement of cold clouds, improve operational effectiveness,
and promote the application of satellite technology for weather modification.

Keywords: supercooled cloud water; identification; FY-4A satellite; validity; precipitation enhancement
for cold cloud
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1. Introduction

Supercooled cloud water refers to liquid cloud droplets below 0 °C, and it is the main
target for precipitation enhancement operations within cold clouds [1]. Precipitation enhance-
ment has been addressed by local and central governments in China because it is important
to alleviate the shortage of water resources and mitigate drought disasters. Cold clouds
are one of the main seeding cloud bodies, and supercooled cloud water areas are critical to
learning the distribution and evolution of supercooled cloud water for the rational design
of operation schemes and the improvement of operational effects in advance [2-5]. How-
ever, supercooled cloud water has not been efficiently identified due to the limitations of the
detection methodology. Rain radar can observe precipitation particles in clouds (raindrops,
crystals, etc.) rather than cloud droplets. Cloud radar can detect cloud particles with a limited
detection range because of electromagnetic waves attenuated by cloud rain. Aircraft can only
detect supercooled cloud droplets along a flight route, while satellites can observe small cloud
particles in a wide range of clouds with high spatial and temporal resolutions. Hence, it
is urgent to develop a method to identify supercooled cloud water using the Fengyun-4A
(FY-4A) satellite and apply it to cold cloud rain enhancement operations.

The key to identifying supercooled cloud water with satellites is the identification
of the cloud phase, which is also related to the temperature of the cloud top. Because of
the different characteristics of the satellite sensor, multiple identification algorithms of
the cloud top phase have been proposed in many studies. Ackerman et al. [6] proposed
a tri-spectral cloud phase identification algorithm by analyzing the spectral properties
of cirrus clouds in the 8-12 um channels. Zhou et al. [7] examined the effectiveness of
the tri-spectral method for cloud phase identification using Moderate Resolution Imaging
Spectroradiometer (MODIS) data. Baum et al. [8] simplified the tri-spectral method to
a bi-spectral method with a difference of 8.5 um and 11 um brightness temperatures to
identify the cloud phase. Rossow and Schiffer [9] identified the cloud top phase with a
single-spectral threshold method using an 11 pm channel brightness temperature from the
Advanced Very High-Resolution Radiometer (AVHRR) data of the polar-orbiting NOAA
satellites. In addition to infrared (IR) identification algorithms, visible (VIS) and near-
infrared (NIR) channels are also used to identify cloud phases. King et al. [10] identified
the cloud phase using reflectance ratios of 1.6, 2.1, and 0.66 pm channels from MODIS data.
Arking et al. [11] retrieved cloud parameters and the cloud phase using VIS, 3.7, and 11 um
channel data from AVHRR. Using the multispectral threshold method, Liu et al. [12,13]
identified the cloud phase using VIS, NIR, or mid-infrared and IR channel data from the
Fengyun-1C (FY-1C) and Fengyun-2 (FY-2) satellites separately. Fengyun-3A/VIRR cloud
phase products can be obtained by using threshold methods for VIS, NIR, and IR data [14].
Miller et al. [15] described a physical basis for the detection of liquid-top mixed-phase
clouds from passive satellite radiometer observations, and provided an algorithm which
made use of reflected sunlight in narrow bands at 1.6 and 2.25 pm to optically probe below
liquid-topped clouds and determined phase, and Noh et al. [16] applied this algorithm
to the Himawari-8 satellite to identify the cloud phase of the middle and lower layers of
a liquid top mixed-phase cloud and tested the algorithm. Wang et al. [17] developed an
algorithm to identify supercooled water clouds from Advanced Himawari Imager (AHI)
data which onboard the Himawari-8 satellite. Hu et al. [18] used the 1.6 and 2.2 um
channel data of the Geostationary Operational Environmental Satellite (GOES)-16 satellite
to identify the cloud top phase by clustering methods. Gao et al. [19] carried out phase
identification with the FY-4 satellite using the method of ensemble-learning-based cloud
phase classification with image processing, and there have been many studies [20-23] using
the Back Propagation Neural Network algorithm to identify the phase of MODIS images.

The FY-4A satellite is the newest generation of Chinese geostationary meteorological
satellites, equipped with an Advanced Geosynchronous Radiation Imager (AGRI) with
14 spectral bands, including VIS and IR. The spatial resolution is 0.5-1 km in VIS, 2 km
in NIR, and 4 km in the remaining IR spectral bands. The full-disk temporal resolution is
15 min before and after the hour, and 5 min in other time periods in China [24]. Compared
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with the first generation of Chinese geostationary meteorological satellites (FY-2), the
channel number is expanded from 5 to 14, with the maximum spatial resolution increased
from 1.25 km to 0.5 km, and the full disk temporal resolution is enhanced from 30 min
to 15 min, which provides a new data source for the rapid identification of supercooled
cloud water. In this study, these three bands are combined to identify cloud top phases
based on the large differences in the absorption of solar radiation by water and ice at the
0.46, 1.6, and 2.2 pm channels. In addition, the methodological approach includes using the
referred three bands jointly with a brightness temperature of 10.8 um channel, featuring the
possibility of achieving the distribution of supercooled cloud water with a temporal and
spatial resolution of every 5 min and 2 km in China. The accuracy of the FY-4A cloud phase
is validated with the cloud phase from Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP), aircraft observations, and MODIS cloud phase products.

2. Data

The FY-4A/AGRI level 1 data for 21 May 2020 and 29 November 2019 used in this
study are from the Fengyun Satellite Remote Sensing Data Service Network, and the Earth
Observing System (EOS) Aqua satellite-borne MODIS MOD06_L2 C6.1 cloud product data
are from the NASA Atmospheric Data Service website.

CALIOP is a dual-wavelength (532 nm and 1064 nm) depolarization lidar onboard
the Cloud—Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satel-
lite [25]. Hu et al. [26] demonstrated that backscatter depolarization could be used for
cloud phase classification. The principle is that all water particles are spherical, while ice
particles are irregular in shape and subsequently result in multiple degrees of depolariza-
tion [27]. Based on this assumption, the latest CALIOP cloud phase product applied the
layer-integrated depolarization ratio method and added the spatial correlation of layer-
integrated attenuated backscatter as a key parameter for differentiating anisotropic ice
crystals from water particles, which improved overall ice clouds observation accuracy
significantly by a magnitude of 20% [26]. In this study, the CALIOP Lidar Level 2 Vertical
Feature Mask (VEM) Version 4.10 cloud phase product is used as the reference for evaluat-
ing the FY-4A retrievals of the cloud top phase. In accordance with the methodology of
Marchant et al. [28], 333 m resolution data are included to keep as much detailed phase
information as possible.

Besides the CALIOP and MODIS cloud phase products, aircraft measurements were
used to further validate the cloud top phase retrieved by FY-4A. A weather system of strati-
form cold clouds accompanied by light rain and snow on the ground occurred successively
in most of Shanxi Province in China on 29 November 2019. The Shanxi Province Artificial
Precipitation Enhancement and Lightning Protection Technology Center carried out cloud
penetration detection in the Taiyuan area using a YUN-12 transport aircraft carried with
cloud physical detection equipment from Droplet Measurement Technologies Inc. (DMT)
and obtained cloud particle images and environmental meteorological data within the
cloud and near the cloud top. The cloud particle image is measured with DMT’s Cloud
Imaging Probe (CIP), with a measurement range from 25 to 1550 pm and a resolution of
25 um [29]. It is mainly used to detect ice crystals and larger cloud droplets. If CIP didn’t
detect existing ice particles, it could be speculated that supercooled clouds exist when the
temperature is below zero degrees [30].

3. Methodology
3.1. Multispectral Absorption Characteristics of Ice and Water

The radiative properties of clouds can be described using their geometric features
and single-scattering properties. The single-scattering properties can be expressed using
parameters such as refraction index, particle size distribution, and particle shape. If the
shape, size, and density of water droplets and ice crystals are the same, the difference in
solar radiation reflected by water and ice clouds is only related to the complex refraction
index of water and ice. Kokhanovsky [31] showed that the real part of the complex refractive
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index of water and ice does not differ much in the VIS and NIR bands (Figure 1a), while
Warren [32] indicated the large difference of the imaginary part in some spectral bands (e.g.,
0.46 um, 1.6 um, 2.2 um) (Figure 1b). The difference in absorption between ice and water
in these channels affects the scattering ability of cloud particles, which, in turn, affects
the reflected radiation from clouds, and less absorption by ice and water results in more
reflection and a larger amount of reflected radiation received by satellites [33]. The cloud
particle phase significantly affects the magnitude of cloud-reflected radiation. The cloud
top particle phase can be retrieved using the reflectance of VIS and NIR bands [16,34-36].
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Figure 1. Real (a) and imaginary (b) index of refraction for water and ice with wavelengths ((a):
reproduced from Kokhanovsky [31], (b): reproduced from Warren [32]); the vertical blue, red, and
green lines correspond to absorption at 0.46, 1.6, and 2.2 um, respectively.

Figure 1b shows the variation in the absorption of water and ice at the 0.25-2.5 um
bands, and the vertical lines in the figure correspond to FY-4A/AGRI 0.46 pm, 1.6 um,
and 2.2 um channels. As shown in Figure 1b, the absorption of ice and water in some
bands has significant differences, which are useful for distinguishing cloud phases. At
0.25-0.45 um, the absorption of ice and water is very small; its value is less than 10~7. When
the wavelength is greater than 0.45 um, the absorption increases with the wavelength,
up to about 1073, At the 0.46 um and 1.6 um channels, the absorption of ice is more
than 2 and 5 times that of water, respectively. At the 2.2 um channel, water is slightly
more absorptive than ice. The difference in radiation absorption by water and ice in these
channels leads to the difference in their reflected radiation, which can be used to distinguish
the thermodynamic phase of clouds.

Finally, according to the cloud top brightness temperature and cloud top phase, the
clouds can be further classified into water clouds, supercooled clouds, and ice clouds.
Therefore, this study uses a combination of the 0.46, 1.6, and 2.2 pm channels of FY-
4A /AGRI to identify the cloud top phase and overlays with the brightness temperature
of the cloud pixels. In this sense, a distribution map of supercooled cloud water with a
temporal and spatial resolution of every 5 min and 2 km in China can be quickly obtained
(Figure 2).
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Figure 2. RGB composite image from FY-4A satellite at 06:30 UTC on 21 May 2020, superimposed
with a 10.8 um brightness temperature to obtain the distribution of supercooled cloud water. The
white solid line is an isoline of the cloud top brightness temperature (°C) at the 10.8 um channel of
the satellite. A, B, C, D, E, and F represent deep ice clouds, thin ice clouds, precipitable clouds, water
clouds, land, and sea, respectively.

3.2. Multispectral Combined Cloud Phase Color Scheme

The reflectance at the 1.6, 2.2, and 0.46 pum channels is assigned to red (R), green
(G), and blue (B), respectively, and combined to form an RGB color composition, i.e., a
multispectral combined cloud phase; the color scheme was inherited from Lensky and
Rosenfeld [37]. The color scheme is shown in Table 1, with 1.6 and 2.2 um reflectance
linearly normalized to 0-100% according to 0—40%, and for 0.46 pum reflectance, linearly
normalized to 0-100% based on an observation value of 0-100%. Since the reflectance
of ice and water is opposite in size in the 1.6 and 2.2 uym bands (Figure 1b), with 1.6 um
reflectance being red and 2.2 um reflectance being green, the color difference between ice
and water is obvious in the RGB composition, and the ice clouds and water clouds can be
visually identified by color (Table 2). The 0.46 um band is useful for cloud optical thickness
identification, as well as the identification of clouds and other target objects (e.g., land, sea,
desert). This RGB color composition is mainly focused on the cloud phase. Different RGB
color schemes can be used to represent different physical information. Five kinds of main
RGB compositions were proposed by Lensky and Rosenfeld [37], which are widely applied
to the analysis of clouds and precipitation formation by satellite.

Table 1. The color scheme of RGB composition.

Wavelength 1.6 um (Red) 2.2 um (Green) 0.46 um (Blue)
Reflectivity range 0-40% 0-40% 0-100%
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Table 2. Reflectance and RGB colors for different types of clouds, land, and sea (A1 4, App, and Ag4
represent the reflectance of 1.6, 2.2, and 0.46 um after normalization, respectively).

Type A1 Azp Apa Color
Deep ice clouds 0.52 0.66 0.79 /
Thin ice clouds 0.48 0.69 0.73 I

Precipitation 1 0.60 0.8 —

clouds
Water clouds 1 1 0.62 —1
Land 0.47 0.19 0.12 ]
Sea 0.03 0.02 0.12 [ ]

In this color scheme, deep ice clouds are mainly blue tones and appear as light blue,
because ice crystals’ reflectance at 0.46 um (blue) is larger than that of 1.6 (red) and 2.2 um
(green), and thin ice clouds appear gray-blue. Precipitation clouds with more red tones,
fewer blue tones, and the least green tones appear pink because water has the highest
reflectivity at 1.6 um, followed by 0.46 um, and the smallest at 2.2 pm. Nonprecipitating
water clouds normally have small cloud drops at the cloud top and appear in light yellow
due to high reflectance at 2.2 pum. The land appears brown because the reflectance at 1.6 pm
is larger than that of 2.2 and 0.46 um. The sea surface appears black because of the low
reflectance in all three channels. The reflectance of each type of cloud, land, and sea in each
channel after normalization and their RGB composition colors, are provided in Table 2.

Figure 2 shows the distribution of supercooled cloud water identified by the FY-4A
satellite, and the water cloud area with a temperature lower than 0 °C is the supercooled
cloud water area. Regions A, B, C, D, E, and F (Figure 2) represent deep ice clouds, thin ice
clouds, precipitable clouds, water clouds, land, and sea, respectively. After the cloud top
phase is identified by the FY-4A, the brightness temperature data of the 10.8 um channel are
interpolated from a 4 km to a 2 km resolution and superimposed on the cloud phase map.
Finally, we can obtain the supercooled cloud water distribution map with a 2 km resolution.

3.3. Cloud Phase Classification Based on K-Mean

As discussed in Section 3.1, based on the RGB composition, the ice and water clouds
can be distinguished based on color by the human eyes. In this work, the K-mean clustering
process, which consists of an unsupervised classification method, was used to separate
groups of targets and attribute each target to its closest cluster [38], which works analo-
gously to how human eyes differentiate color groups. Based on the above considerations,
the RGB composition was first converted to the L-a-b color space, which separates the
luminosity layer, represented by “L”, and the chromaticity layers, “a” and “b” [39]. The
K-mean clustering method is applied to the “a-b” color space where color information
exists without involving the luminosity layer. After an initial run, the number of clustering
attempts is limited to 20 to avoid the worst suboptimal local minima and false classifi-
cations [18]. All the above processes were performed by MATLAB functions as follows:
“rgb2lab” and “imsegkmeans”.

After K-mean clustering, cloud pixels are segmented into clusters corresponding to
the cloud top phases, which are the water or ice phases. On the other hand, it might be
unfeasible to use clustering to distinguish supercooled water from water clouds because
they have a similar color. The next step is taking into account the cloud top temperature and
applying it to the clusters. The cloud top temperature uses a 10.8 um brightness temperature
(BT198), as described in Lensky and Rosenfeld [37]. In this way, the warm water clouds
and supercooled water clouds can be easily identified by differentiating their cloud tops:
BT1ps at 273.15 K. The overall retrieval logic is shown in Figure 3. Complementarily,
Figure 4 shows the K-mean clustering results of the same domain from Figure 2 after only
selecting pixels with a 0.46 um channel reflectance larger than 0.4 to focus on optically thick
clouds [18], which are feasible for cloud seeding. The option has also been kept for users
to apply their own thresholds and to limit their focus on optically thinner clouds. For the
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results of the present study, the full three-cluster approach was employed to objectively
separate the unclassified optically thin clouds from the optically thick clouds, such as the
thin clouds or cirrus.

FY-4A cloud top

[ FY-4A ARGI ]
phase map

.

/I/ nput data\ N
\ structures > v
\ / - Separate super\\\
< cooled clouds from water
g clouds by BT108
Create microphysical /
RGB

R

[Cloud top phase only]

with water and ice

y

/ Separate\é\
{ Color identification ’ fater and ice phas

using K-mean based on K-mean
clusters

A

Y

Figure 3. FY-4A cloud top phase retrieval algorithm general logic flowchart.

The solar zenith angle (SolZ) is another important parameter that highly impacts
satellite data quality. A larger SolZ will lead to more light scattered in the forward direction
and a reduced zenith reflectance going to the satellite sensor, resulting in lower-quality
data [40]. Therefore, the SolZ was further limited to less than 65°.

The regions A, B, C, and D in Figure 4 are the same as those in Figure 2. A and B are
ice clouds, C is supercooled water clouds, and D is water clouds in Figure 4, which are
consistent with the identification results in Figure 2.
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Liquid Water Cloud Supercooled Cloud Ice Cloud
T

100" 130 E
110°E 120 E
Figure 4. Cloud phase of FY-4A satellite at 06:30 UTC on 21 May 2020 after K-mean cluster and
combined with a 10.8 pm brightness temperature to obtain the distribution of water, supercooled
water, and ice clouds. A, B, C, and D correspond to Figure 2.

4. Validation of Satellite-Retrieved Cloud Phase
4.1. Validation against CALIPSO VFM Products

To evaluate the accuracy of the FY-4A retrievals of the cloud top phase, we have con-
ducted a comparison of the cloud top phase FY-4A output against collocated cloud top phase
retrievals from CALIOP. The latter serves as the benchmark for the evaluation. Furthermore,
to test the overall performance and significance of FY-4A retrievals, we collected a total of 2245
FY-4A full-disk granules during the daytime from June 2017, which covers the summer in
the northern hemisphere and winter in the southern hemisphere. All the coincident CALIOP
cloud phases were collocated within a time difference of 5 min between CALIPSO and FY-4A
overpasses. In total, 66 CALIPSO trajectories were found, and a total of 135,374 pixels were
validated. Figure 5 demonstrates the validation method; the blue and red represent the ice
and supercooled clouds derived from both the CALIPSO VFM and FY-4A cloud top phase,
and the tracks are plotted on the upper panel. Since the VEM cannot provide supercooled
water information, the phases were categorized into ice and water. Therefore, only the ice and
water (supercooled and water) phases were validated with VEM. The lower panel shows the
vertical profile of the VFM-detected cloud phase, and the upper lines indicate the phase along
the track from both CALIPSO and FY-4A.

As demonstrated by Lensky and Rosenfeld [37], the brightness temperature difference
(BTD) between 10 pm and 12 pm can identify thin cloud indicators. Therefore, in order
to improve the retrieval accuracy, we also added an additional sensitivity test to the BTD
between FY-4A 10.8 um and 12 um, associated with the hit rate to CALIOP, as shown in
Figure 6. It is shown that when the BTD approaches 2.5 K—which means that the clouds
have BTD < 2.5 K and will be identified as the ice phase—the overall hit rate is the highest
at about 0.85.
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Figure 5. The FY-4A cloud top phase validated against CALIPSO VFM production at 07:00 UTC on
25 June 2017.

FY4 Clear
FY4 water
FY4 Ice

FY4 Total

o.... ......c
o084,
e ® %04,
. ® oo
°® ®eoe,

... 0......
° 000,
1.0 15 2.0 25 3.0 35 4.0 4.5 5.0

BTD
Figure 6. Sensitivity test between the FY-4A phase hit rate and BTD.

Based on the above considerations, a statistical result based on the comparison between
the FY-4A cloud top phase and the CALIOP cloud phase product is shown. The overall
hit rate based on different conditions is shown in Table 3. The total hit rate increases with
the added conditions, which optimized the methodology with an overall hit rate of 0.87.
Figure 7 shows the boxplot of the hit rate based on the individual CALIPSO tracks. It can be
seen that the water phase hit rate is generally high based on the K-mean, and the ice phase
hit rate increases when pixels that have a SolZ greater than 65° are rejected. Further, when
the influence of the thin clouds is considered both at high and low altitudes by adding the
conditions of BTD and a reflectance of 0.46 pm (Refly 46,:m), the overall hit rate reaches 0.87
with a compromised water phase hit rate that decreased by about 10%. This is probably
affected by the transition zone between ice and water, but, fortunately for the cloud seeding
process, their targeting clouds are homogenous supercooled clouds. For this kind of cloud,
this methodology has a very high hit rate when it is compared with aircraft measurements,
which are described in the next section.
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Table 3. The hit rate under different conditions.

K-Mean K-mean
Hit Rate K-Mean K-Mean +SolZ < 65° +SolZ < 65
+SolZ < 65 +BTD =2.5
+BTD =2.5
+Reﬂ0_46um >04
Clear 0.97 0.98 0.98 1.0
Water 0.87 0.86 0.79 0.77
Ice 0.51 0.61 0.76 0.83
Total 0.78 0.82 0.83 0.87
“+” indicates added conditions.
[ Clear
A
08 % + IL * % [ Water
© L I Ice
§ L[| [ Total
~ 0.6
I
0.4 median
A mean
Ori +So0lZ<65° +BTD=2.5 +Refl>0.4

Figure 7. Boxplot of FY-4A cloud top phase hit rate validated against CALIPSO VFM.

4.2. Validation against Aircraft Detections

Sounding profiles at Taiyuan sounding station (37.78°N, 112.55°E) at 00:00 UTC on 29
November 2019 show that there were two layers of clouds over this area. The cloud top
and base heights were 5327 m and 4609 m for high-level clouds and 3906 m and 2071 m for
low-level clouds, respectively. There was a single-layer cloud at 12:00 UTC, with the heights
of the cloud top and base being 5159 m and 4223 m, respectively. After taking off from the
Taiyuan Airport at 03:53 UTC, the aircraft climbed to a height of 3700 m and entered the
clouds at 04:26 UTC, and kept the horizontal flight and microphysical measurements for
16 min. Then, the aircraft continued to climb for 10 min to a height of 4600 m near the cloud
top and flew horizontally for 47 min. At 05:41 UTC, the aircraft descended. The whole
flight lasted from 03:53 to 06:05 UTC. The microphysical measurements were carried out
over a height of 0 °C isotherms from —5.2 to —11.5 °C (Figure 8), and it obtained cloud
particle image data in the clouds near the cloud top. The cloud particles with a temperature
below 0 °C and a round shape are identified as supercooled liquid cloud droplets, and the
irregular shape is identified as ice crystals.

Due to the difference in spatial resolution between satellite and aircraft measurements,
for each satellite granule corresponding to a different scanning period, a segment of the
CIP cloud particle image data is selected on the airborne detection track (black dashed line
in Figure 9). At the same time, the corresponding FY-4A is identified as a single phase (red
solid line in Figure 9) were selected for validation. Therefore, the cloud phase retrieved
from the FY-4A satellite can be validated against that of the in-situ aircraft measurement.
In order to make the validation more representative, the aircraft measurements at different
cloud penetration stages are chosen, which included flights in the clouds and near the
cloud top as well as at periods of ascent and descent. Since the CD segment has no CIP
data (Figure 8), by matching the satellite passing and aircraft measurement time, eight
valid cases are obtained, which are located in the BC and DE segments of Figure 8. Figure 9
shows the cloud phase of FY-4A along the flight trajectory. The aircraft took off and landed
at 37.76°N, 112.61°E (Figure 9) and flew from southeast to northwest; after 1 h, it flew to
the northeast, then to the south, and, finally, to the southeast to land.



Remote Sens. 2023, 15, 126

11 0f 18
6000 —Aircraﬁ Alt - 20
: 1 EEREEED Sounding Cloud Top Alt .
5500 ---- Aircraft Temperature - -18
5000 3 17
] 14
4500 3 < ;
: - -12
4000 3 Lo 1 =~
E 4 112
= 3500 Sy ] o
) ] /i I” — _8 83—
© ] L i % o =)
2 30004 Ao 46 o
- ] v
< 25003 14 £
) \ - )
2000 J Jo +
. b
1500 1°
1000 2
: Fl4
500 4

—7rt 1 rrrrr 111 1 1
04:15 04:30 0445 05:.00 05:15 05:30 0545 06:00
Time (UTC)

Figure 8. Evolution of flight height (black, red, and blue solid lines) and temperature (purple dotted
line) from the aircraft and the cloud top altitude (black dotted line) from sounding on November 29,
2019. The black AB and EF segments represent airborne CIP data that are not matched well with
satellites; the red BC (04:34-05:17 UTC) and DE (05:42-05:59 UTC) segments are compared with the
satellite; and the blue CD (05:17-05:42 UTC) segment is a lack of measurement.

As seen in Figure 9a—g of the multispectral composition, from 04:30 to 05:19 UTC, the
cloudy area north of 38.5°N is mainly blue tones, and the south is mainly red or yellow
tones, indicating that the cloud area north of 38.5°N is mainly ice clouds, and the south is
mainly water clouds. The cloud top brightness temperature is lower than 0 °C, indicating
that the water cloud area is a supercooled cloud water area. Similarly, Figure 9h shows
that from 05:45 to 05:59 UTC, the cloudy area north of 37.8°N is mainly ice clouds, and the
south is mainly supercooled water clouds.

Table 4 shows the comparison of the cloud phase identified by the FY-4A satellite
with the airborne CIP measurement, where the satellite cloud top height is calculated by
combining the satellite cloud top temperature with final reanalysis data (FNL) produced
by NCEP and NCAR of the United States.

The clouds along the red flight line appear pink and yellowish, respectively, in
Figure 9a,b, and they are identified as supercooled water clouds by the satellite. Mean-
while, the aircraft flies level in the clouds at the height of nearly 3700 m (Table 4). The CIP
images corresponding to the satellite scanning time in Figure 9a,b are 115 and 110 frames,
respectively, and the percentage of supercooled cloud drops reaches 97% and 96% (Table 4),
respectively, indicating that both are mainly supercooled water clouds. The cloud top
phase identified by the satellite is consistent with the one measured by the aircraft within
the clouds. Although the satellite detects the cloud top, while the aircraft measures in the
clouds, the results of the cloud phase agree well.
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20191129 04:34-04:38 20191129 04:38-04:42 20191129 04:45-04:49
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Aircraft: 04:38:21-04:40:17 Aircraft: 04:47:09-04:48:41

d 20191129 04:49-04:53 20191129 04:53-04:57 f) 20191129 05:00-05:14
( ) Aircraft: 04:49:50-04:51:22 e) Aircraft: 04:55:12-04:56:43 ( Aircraft: 05:03:15-05:05:11

( ) 20191129 05:15-05:19 (h) 20191129 05:45-05:59
g Aircraft: 05:15:07-05:16:37 Aircraft: 05:48:24-05:50:20
— 3 .

Thick Ice Cloud
Thin Ice Cloud
Precipitating Cloud

Water Cloud

Figure 9. Multispectral composite image of FY-4A satellite at different scanning times and aircraft
measuring times marked on the top of A to H on 29 November 2019. The black dashed line is the
aircraft flight trajectory (03:53-06:05 UTC) with the yellow arrow marking the flight direction, and the
asterisk indicates the location of the airport. The red solid line is the time of the cloud phase obtained
from the satellite and aircraft measurements at the same time. The white solid line is an isoline of the
cloud top brightness temperature (°C) at the 10.8 pm channel of the satellite.
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Table 4. FY-4A identified cloud phases validated against airborne measurements.

Satellite Airborne Satellite Airborne CIP Image Airborne Detected Satellite-
Order Scanning Detection Cloud Top Detection Flight Status (Frame% Phase (%) Identified Consistency
Time (UTC) Time (UTC) Height (m) Height (m) ° Phase
A 04:34-04:38 %i336705£§7 5325 3645 Level flight 115 Watercclt:)c;t(ljcls;Z €€ Water clouds Consistent
B 04:38-04:42 %ﬁ%ﬁlg 5272 3643 Level flight 110 W“ercﬂ)‘;‘is 4%' ® " Water clouds  Consistent
C 04:45-04:49 04:47:09- 5456 4186-4290 ascending 93 Water clouds 99,ice v ior dlouds  Consistent
04:48:41 clouds 1
D 04:49-04:53 04:_49:.50_ 5227 4296-4379 ascending 93 Water clouds 99, ice Water clouds Consistent
04:51:22 clouds 1
E 04:53-04:57 %i55561423_ 8857 4593 Level flight 1 Ice clouds 100 Ice clouds Consistent
F 05:00-05:14 o 6550 4572 Level flight 2 Ice clouds 100 lceclouds  Consistent
X . 05:15:07— Level flight Water clouds 99, ice .
05:15-05:19 05:16:37 5412 4568 near cloud top 41 clouds 1 Water clouds Consistent
H 05:45-05:59 PG 5728 3649-3577 Descending 113 Water dlouds 94, ic¢  yater clouds  Consistent

The clouds near the red line appear mainly light yellow in Figure 9¢,d, and the satellite
identifies them as supercooled water clouds. The aircraft ascends from about 4100 m to
4400 m in the clouds (Table 4). The CIP images corresponding to satellite scanning time in
Figure 9¢,d both have 93 frames, with 99% water clouds (Table 4). This shows that the cloud
particles phase measured by the aircraft ascending in the cold layer of clouds is consistent
with the result of the cloud top detection by satellite.

The clouds near the red line appear gray-blue in Figure 9¢,f, and they are identified
mainly as ice clouds by the satellite. The aircraft measures in the clouds at the height of
nearly 4600 m (Table 4). The CIP images corresponding to the satellite scanning time are 11
and 22 frames, respectively, and the proportion of ice clouds is 100% (Table 4). It shows
that the detected results from the satellite and aircraft are consistent.

The clouds near the red line appear mainly yellowish in Figure 9g and are identified
as supercooled water clouds by the satellite. The aircraft flies level near the cloud top at the
height of 4600 m (Table 4). The CIP images corresponding to the satellite in Figure 9g are
41 frames, and the water clouds reach 99% (Table 4). This shows that the detected results
by satellite and aircraft are consistent.

The clouds near the red flight line appear yellowish in Figure 9h and are identified
mainly as supercooled water clouds by the satellite. The aircraft descends from 3700 m.
The CIP images corresponding to Figure 9h are 113 frames, and the water clouds reach
94% (Table 4). This shows that the cloud phase in clouds measured by the aircraft during
descending is consistent with the one at the cloud top detected by the satellite.

In summary, the accuracy of the cloud top phase identified by the satellite is verified
by comparing the cloud phase observed by the aircraft within the clouds and near the
cloud top. The case study shows that the cloud top phase identified by the satellite is in
good agreement with the one detected by the airborne CIP. From this point of view, the
cloud top phase identified by the satellite can characterize the overall phase of the cold
layer in the clouds below the cloud top.

4.3. Comparison with MODIS Cloud Phase Products

The comparison between the cloud top phase detected by the FY-4A satellite with the
airborne measurement indicates the consistency of the cloud phase on the flight track. We
also compared the FY-4A cloud phase with MODIS cloud phase products in this study. The
overpass time of Aqua was 03:10 UTC on 29 November 2019, and the corresponding FY-4A
scan time was 03:15 UTC. The difference of 5 min is negligible for large-scale layer clouds.

Figure 10a,b show the cloud phase distribution from the FY-4A satellite and the MODIS
products. Only liquid and ice phases were determined for the MODIS products, while for
FY-4A, the liquid phase was further separated into water and supercooled water. Overall,
both phases from FY-4A and MODIS show consistent phase distributions. Due to the reso-
lution differences, MODIS shows a more detailed phase distribution than FY-4A, as shown
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by the blue pixels in the large area of liquid clouds in Figure 10b. Furthermore, MODIS
classified the pixels between liquid and ice as undetermined phases, which the method of
this study cannot provide. Most evident differences are located at the boundary between
the liquid and ice phases. Still, this slight difference does not influence the implication of
FY-4A supercooled water detection for guiding rain enhancement operations. This is mainly
because the operational rain enhancement process mainly targets supercooled clouds with
large coverage and geometric thickness, which means the targeting clouds should have
abundant cloud water. FY-4A shows the advantages of high temporal resolution and large
coverage in this case. Compared with MODIS, which only has two daytime passes (Terra
and Aqua) and cannot be applied for artificial rain enhancement operations, based on
the method of this study, FY-4A can rapidly provide for the distribution of supercooled
cloud water and dynamic updates in near real-time (every 5 or 15 min) to improve rain
enhancement operational efficiency.

(b)

Supercooled Cloud Ice Cloud Liquid Water Cloud Ice Cloud Undetermined Phase Cloud

-,r.- 3TN P"“

112 E 113 E 111 E 112 E 113 E

Figure 10. FY-4A cloud phase based on RGB composition at 03:15 UTC (a) and cloud phase products
at 03:10 UTC from MODIS (b) on 29 November 2019.

In summary, the positions and shapes of ice clouds and water clouds identified by
FY-4A correspond to MODIS cloud products with high consistency. However, there are
differences in the junction of ice clouds and water clouds. The extent of ice clouds identified
by FY-4A is slightly larger, while MODIS results are uncertain phase or water clouds for
this transition area. In this case, the accuracy of ice cloud identification by FY-4A was
verified via airborne measurement. At the transition area between ice clouds and water
clouds (Figure 11a,b), the FY-4A cloud phase were further validated. The satellite scanning
time were from 05:00 to 05:14 UTC (Figure 11a) and from 05:45 to 05:59 UTC (Figure 11b),
and the corresponding airborne detection periods were from 05:08 to 05:10 UTC and from
05:51 to 05:53 UTC. As shown in Figure 11a,b, at the transition of ice clouds to water
clouds marked by the red line, the clouds all appear gray-blue, they are mainly ice clouds
identified by FY-4A. For those two segments, the CIP images corresponding to Figure 11a
are 74 frames, with 100% ice clouds, and corresponding to Figure 11b are 64 frames, with
91% ice clouds. In this case, the cloud phases identified by FY-4A are consistent with the
aircraft measurement.
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Figure 11. Multispectral composite images of FY-4A satellite at 05:00-05:14 UTC (a) and at 05:45-
05:59 UTC (b) on 29 November 2019; the others are the same as Figure 9.

5. Discussion

In this study, a methodology is demonstrated that is applicable to distinguishing FY-4A
cloud top phases by using machine learning based on a microphysical RGB composite (red:
1.6 um; green: 2.2 um; blue 0.46 pm). The results show that K-mean clustering can imitate
the human eye in recognizing color to distinguish the cloud top phase. The comparisons
with in situ measurements and MODIS products also show good consistency in the cloud
top phase. K-mean clustering is also a high-efficiency algorithm with a small computing
resource requirement; therefore, it is well suited for operational command in artificial
weather modifications.

The validation statistics show that the FY-4A cloud phase based on K-mean clusters
shows a hit rate of 87%, which is consistent with that of the study of Hu et al. [18]. The
solar geometry also affects the phase detection accuracy. The high solar zenith angle
indicates that the sun’s illumination intensity strongly influences the color and hue of the
microphysical RGB composite. This will result in lower cloud top phase accuracy since the
K-mean clustering works in a similar way to human eyes. In addition, the visible channel
was used in the microphysical RGB composite, which limited the usage of this methodology
during the nighttime. On top of that, the comparison between the FY-4A phase and MODIS
phase product indicates that spatial resolution also plays a role when the cloud top phase
is classified with finer details. All the limitations discussed above remind us that more
efforts need to be made, such as correcting the SolZ, especially for the visible channels, and
finding a replacement for the blue channel (0.46 pm) to further retrieve the cloud top phase
during nighttime.

6. Conclusions

Based on the multispectral composite of FY-4A/AGRI and the cloud top temperature,
a method to identify supercooled cloud water by using a machine-learning method, the
“K-mean clustering process”, retrieved from the FY-4A cloud top phase was developed. The
results were validated using the CALIPSO VEM product with an overall accuracy of 87%
for cloud top phases. Further comparisons of the cloud top phase show good agreement
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identified by the FY-4A satellite with aircraft CIP measurement, which is comparable with
MODIS cloud products. The supercooled water clouds and ice clouds of cold cloud tops
identified by FY-4A show good consistency with the airborne measurement within the
clouds and at the cloud top, and it is feasible to characterize the cloud phase within the
cold layer clouds with the cloud top phase identified by FY-4A.

It is well known that the key to operational precipitation enhancement for cold clouds
is finding supercooled cloud water. By using the data at the 0.46, 1.6, and 2.2 um channels
of the FY-4A satellite, the multispectral composite cloud phase image is derived. Combined
with the cloud top temperature, the supercooled cloud water distribution can be obtained
in real-time or near real-time with a spatial-temporal resolution of every 5 min and 2 km,
which makes up for the current shortage of supercooled cloud water detection capability
and meets the operational demand of rain enhancement for cold clouds. Moreover, it is
important to improve the operational efficiency of rain enhancement. Compared with tradi-
tional aircraft detection, the FY-4A satellite has the advantage of real-time and continuous
observation of the distribution and evolution of supercooled water for a wide range of
cloud systems. However, the aircraft can only detect the cloud phase along the flight track
after entering the cloud, and its spatial-temporal detection range is limited. Compared
with a polar-orbiting satellite with only one daytime observation a day, the FY-4A satellite
has the advantage of continuous observation and can meet the demands of operational
applications. It also provides a new method for cold cloud supercooled water identification
and benefits operational rain enhancement.
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