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Abstract Based on matched scans from the FY‐4A satellite's Advanced Geostationary Radiation Imager
(AGRI) and the NASA/JAXA Global Precipitation Measurement (GPM) Core Observatory's Dual‐frequency
Precipitation Radar (DPR), the microphysical mechanisms of the derived vertical evolution of cloud
effective radius (Re) and its correspondence with precipitation droplet growth modes are revealed in this
study. The results show that there were two turning points in the Re vertical evolution, which divided the Re

profile into solid‐phase, mixed‐phase, and liquid‐phase zones from top to bottom. There were also two
turning points in the upper layer of DPR reflectivity, which showed good correspondence with Re turning
points in both height and physical sense. The main droplet growth modes in the three zones are
nucleation/glaciation, deposition, and riming, respectively. The linkage between Re vertical evolution and
droplet growth modes would be useful in real‐time monitoring of cloud microphysical processes.

1. Introduction

The vertical evolution of precipitating clouds indicates the processes of movement, transformation, and
phase change of water vapor, cloud particles, and precipitation droplets and is key to revealing the physical
nature of these clouds and improving precipitation predictions (Houze et al., 2015; Rosenfeld, Andreae,
et al., 2014). There are potentially numerous liquid cloud and supercooled water vapor particles within
clouds below temperatures of 0°C. This not only affects our accurate understanding of cloud microphysics
but threatens flight safety, due to the possibility of aircraft icing (Caliskan & Hajiyev, 2013; Fu, 2014).

The limitations of ground‐based observations and model simulations mean that satellite observations have
been exerting a continuously growing impact on researches of cloud vertical evolution (Geer et al., 2017).
Since the 1990s, several satellites have been launched with instruments to detect the vertical structures of
cloud and precipitation. For instance, the Cloud Profiling Radar (CPR) onboard CloudSat can accurately
retrieve the effective radius (Re) and water content of cloud particles within each vertical layer (Stephens
et al., 2002), which has been widely used for studying the vertical structures of clouds (Stephens et al., 2008);
the Cloud‐Aerosol LIDAR with Orthogonal Polarization (CALIOP) detects high‐resolution reflectivity pro-
files of the cloud top and is applied in studying the cloud microphysics of cirrus clouds (Chen & Fu, 2018;
Winker et al., 2009); and satellite precipitation radars, including the Tropical Rainfall Measuring Mission
(TRMM) Precipitation Radar (PR) and the Global Precipitation Measurement (GPM) Dual‐frequency
Precipitation Radar (DPR), provide three‐dimensional information about rain rate and droplet size distribu-
tion (DSD) for precipitation studies (Awaka et al., 2009; Iguchi et al., 2012). However, despite the diversity
and high detection accuracy of these active instruments, they all work on low Earth orbits with a narrow
scanning swath and long revisit period, which mean they are limited in continuous monitoring and cannot
meet the needs of severe weather warning systems.

Compared with those active instruments, passive visible and infrared instruments are much more common
and are carried on various meteorological satellites. Using multiple near‐infrared channels and weighting
functions, Platnick (2000) attempted to directly retrieve the vertical evolution of cloud parameters, but the
application of this method is restricted by high requirements on cloud uniformity and channel sensitivity
(King & Vaughan, 2012). Currently, using bispectral reflectance (BSR) to obtain the cloud‐top Re and estab-
lishing the relationship between Re and cloud‐top temperature (or height) is the key method for indicating
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the vertical evolution of clouds (Ansmann et al., 2008; Campos Braga et al., 2017; Rosenfeld & Lensky, 1998;
Zheng & Rosenfeld, 2015). This method relies on two core assumptions: (1) all cloud pixels in a certain
region have similar Re‐Temperature function (Re(T)), so that Re(T) of a single pixel is identical to composite
Re(T) within this region; (2) Re near the cloud top is similar to that inside the cloud at the same height.

The vertical evolution of clouds derived from passive satellite instruments has been used in a wide range of
microphysical studies. For instance, the shape of Re(T) was used to identify five microphysical zones of dif-
ferent dominant cloud microprocesses (Rosenfeld & Woodley, 2003). Using matched observations from the
TRMM Visible and Infrared Scanner (VIRS) and PR, the anthropogenic aerosols suppressing precipitation
were observed and attributed to greatly reduced Re (Rosenfeld et al., 2007). Re(T) was also applied in studying
the impacts of aerosols on clouds' glaciation temperature and mixed‐phase precipitation, the vertical micro-
physics of severe convective storms, and other studies about cloud‐aerosol‐precipitation properties (Rudich
et al., 2002; Woodley et al., 2008).

These previous studies have laid a good foundation for studying cloudmicrostructures. However, the linkage
between cloud particle microphysics and precipitation droplet growth is still unclear and worthy of further
investigation. In addition, the application of instruments for measuring Re(T) on geostationary satellites is
still rare (Lensky & Rosenfeld, 2006), hampering efforts for continuous or real‐time monitoring of the
vertical evolution of clouds. China's last‐generation FY‐2 series lacked near‐infrared channels around the
2 μm wavelength, which resulted in huge uncertainty in the retrieved cloud parameters. Fortunately, this
shortcoming has been resolved in the latest FY‐4A geostationary satellite (Yang et al., 2017). Recently, we
developed a method for retrieving the vertical evolution of Re based on the FY‐4A Advanced
Geostationary Radiation Imager (AGRI) (Chen et al., 2020), although further validations are urgently
needed (for instance, whether this algorithm is suitable for snowfall clouds in winter).

In this manuscript, we focused on a disastrous rainfall‐blizzard event around Wuhan, in China's Hubei
province, in February 2020. Based on the matched detections from FY‐4A AGRI and GPM DPR, we could
recognize the relationship between various cloud particle microphysics and precipitation droplet growth
modes, which can provide a scientific basis for real‐time monitoring of cloud and precipitation microphysics
using geostationary observations.

2. Data and Methods

FY‐4A was launched in 2016 with a central longitude of 104.7°E (Yang et al., 2017). After several
calibrations, it started operation in 2018, and data were released by FENGYUN Satellite Data Center
(http://data.nsmc.org.cn). The AGRI onboard FY‐4A scans the Earth on 14 channels, among which the
visible channels (centered at 0.47, 0.65, and 0.825 μm) have a resolution of 1 km, the near‐infrared channels
(centered at 1.375, 1.61, 2.225, and 3.75 μm) have a resolution of 2 km, and the resolution of the infrared
bands is 4 km (centered at 3.75, 6.25, 7.1, 8.5, 10.8, 12.0, and 13.5 μm). AGRI can perform disk scans as fast
as every 15 min, which is effective for tracking clouds. Currently, there are some official products based on
AGRI observations, such as cloudmask and cloud‐top height (Min et al., 2017). In this study, we used Level 1
AGRI data at the 0.65, 1.61, and 10.8 μm channels, and Geo data, including solar zenith, satellite zenith, and
relative azimuth. We also used a cloud‐top height official product with 4 km resolution.

Recently, we developed a retrieval algorithm of Re vertical evolution based on FY‐4A AGRI, which was
applied in this study with slight modifications. First, a BSR lookup table was established using 0.65 and
1.61 μm reflectance for retrieving cloud‐top Re; then the Re profile in a certain region was established by com-
bining the Re and the cloud‐top height at each pixel. The retrieved cloud‐top Re has a correlation coefficient
of over 0.9 with MODIS Re (Chen et al., 2020). After establishing the relationship between Re and cloud‐top
height, we calculated the 25th, 50th, and 75th percentiles of Re at each 0.25 km interval with a sample size
greater than 150. Otherwise the percentiles would not be given, to eliminate errors caused by extreme values.

GPM DPR is the first spaceborne dual‐frequency precipitation radar to contain a Ku‐band radar (KuPR,
13.6 GHz) and a Ka‐band radar (KaPR, 35.5 GHz). KuPR works in normal scan (NS) mode with 49 pixels
per track, which is similar to TRMM PR. KaPR has two scan modes including a matched scan (MS) mode
on the central 25 pixels of NS track, and a high‐sensitivity scan (HS) mode on the outer 24 pixels of NS track
(after 21 May 2018). Based on the different responses of Ku‐ and Ka‐band echoes to hydrometers, the GPM
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precipitation processing system provides a dual‐frequency precipitation product, 2ADPR (Iguchi
et al., 2012). In this study, the precipitation information mainly comes from 2ADPR on NS tracks
(Ku‐band reflectivity, near‐surface rain rate, etc.) and MS tracks (DSD profiles) with a horizontal resolution
of 5 km and a vertical interval of 125 m.

3. Results

On 15 February 2020, a disastrous rainfall‐blizzard event brought by a cold front swept through Wuhan and
the surrounding area. The strong winds, rapid cooling, and road icing that accompanied this event caused
extremely adverse effects for the contemporaneous epidemic control and material transportation in the
region (Sun et al., 2020).

GPM DPR happened to capture this event at 0744 UTC, when the cold front had moved southeasterly to the
southeast of the study region (supporting information Figure S1). In the lower right of the study region (the
dashed rectangle in Figure 1), near‐surface precipitation mainly appeared in its liquid phase, accounting for
around one third of the total precipitation pixels with a central rain rate of 5–10 mm/hr (Figures 1a and 1b).
In the top left area of the study region, near‐surface precipitation appeared as snowfall, accounting for about
two‐thirds of the total pixels, with central intensity reaching 0.8 mm/hr (Figures 1a and 1b).

Figure 1c shows the 10.8 μmbrightness temperature, which indicates the temperature on an object's surface,
at 0730 UTC on 15 February 2020 from FY‐4A. The study region was completely covered by clouds at the
time, with a brightness temperature of less than 263 K. In the rainfall region, the lowest brightness

Figure 1. Horizontal distributions of the rainfall‐blizzard event on 15 February 2020: GPM DPR (a) near‐surface rain
rate and (b) near‐surface precipitation phase, (c) FY‐4A AGRI 10.8 μm brightness temperature, and (d) the
retrieved Re. The dashed rectangle indicates our study region.
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temperature was even less than 220 K, showing that the highest cloud top was there. The distribution
features of the brightness temperature indicate the existence of clouds at multiple heights, which ensures
the representativeness of the retrieved Re vertical evolution. In addition, Figure 1d presents the retrieved
Re using the BSR method. Re reached 30 μm in the top and bottom right of the study region, while it was
less than 12 μm in the bottom left and middle.

For detailed insight into the precipitation microphysics within this event, we carried out cross‐section ana-
lysis along the AB line in Figure 1b. The AB line was taken from the 5th pixels of MS swaths (the 17th pixels
of NS swaths). As shown in Figure 2, precipitation pixels along the AB line can be divided into two regions.
In the top region (left in Figure 2), the Ku‐band echo‐top height was mostly 4–6 km, with the strongest echo
about 24–28 dBZ (Figure 2a). These precipitation pixels were dominated by snowfall, and the droplet phase
did not change vertically (Figure 2b).

In the bottom region of the AB line (right in Figure 2), the echo top reached about 6–8 km (Figure 2a). There
were obvious bright bands in the vertical profiles, indicating stratiform precipitation. The near‐surface
precipitation was mainly liquid, while the melting layer was about 2.5–4 km (Figure 2b). Generally, due
to the changes of volume and surface features of droplets during melting, droplet reflectivity reaches its
strongest at some time within the melting process, which corresponds to the single bright band in the
reflectivity profile (Sánchez‐Diezma et al., 2000; Zhang & Fu, 2018). However, there were two bright bands
in the reflectivity profile of the lower region (Figure 2a), which might be due to the existence of an atmo-
spheric inversion layer at 1–3 km height (Figure S2), in which droplets may condense again after melting.

Correspondingly, Figures 2c and 2d show cross‐sections of DSD parameters provided by dual‐frequency
algorithms, where dBNw represents droplet density and Dm is the effective droplet diameter. Droplet

Figure 2. Vertical cross‐sections along the AB line in Figure 1b: (a) Ku‐band reflectivity, (b) precipitation phase,
(c) droplet density (dBNw), and (d) effective droplet diameter (Dm).
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density of snowfall in the upper region was significantly lower than that of rainfall in the lower region
because of the colder and drier environment behind the cold front (Naud et al., 2015).

For the surface precipitation phase, we divided the radar observations into two categories, rainfall and snow-
fall, and conducted contoured frequency by altitude diagrams (CFADs) of their Ku‐band reflectivity (Yuter
& Houze, 1995). Each CFAD was normalized by its overall maximum at a horizontal interval of 1 dBZ and a
vertical interval of 0.25 km. Compared with normalization by level maximums (McMurdie et al., 2018), this
method is more suitable for comparing results at different heights (Zagrodnik et al., 2019; Zhang et al., 2018).

The rainfall CFAD (Figure 3a) showed typical stratiform characteristics with five obvious turning points
(marked as 0–4), which correspond to the boundaries of different microphysical processes. In stratiform
precipitations, the vertical air motion is generally small compared with fall velocities of precipitation
droplets (Houze, 1981). Precipitation droplets undergo various microphysical processes during dropping
and eventually fall to the ground. The top zone from 0 to 1 corresponds to the deposition growth of ice
droplets, which is the slowest microphysical growth mode. The microphysical process that occurs in this
zone is also called the Bergeron–Findeisen process, by which ice crystals form precipitation droplets and
slowly grow by “grabbing” water vapor from water crystals (Bergeron, 1935; Korolev, 2007). In the layer
between 1 and 2, ice droplets continue to grow by deposition, riming, and aggregation. The riming process,
by which ice droplets directly collect cloud water which freezes on contact, significantly accelerates the
growth rate of precipitation droplets (Rutledge & Hobbs, 1983). The zone from 2 to 4 is where the melting
process of precipitation droplets occurs. There was a clear bright band in this zone (Figure 3a), which
indicated the most prominent feature of stratiform precipitation (Mason, 1972).

The snowfall CFAD (Figure 3b) is similar to that for rainfall above the melting layer. There was no bright
band in snowfall's CFAD, since ice droplets fall to the ground without melting. The deposition layer (points
0–1) in snowfall's CFAD at 5–6.25 km is 2 km lower but equally as thick as that for rainfall at 7–8.25 km.
When ice droplets fell below 5 km, the change of reflectivity accelerated, due to riming and aggregation
processes. The reflectivity no longer increased with height below 3 km, indicating that precipitation droplets
had left the cloud.

The corresponding Re vertical evolution over the study region is shown in Figure 3c. Because cloud particles
develop from cloud base to top, Re increases with height, with the increase rate influenced by various cloud
microphysics. Rosenfeld and Lensky (1998) divided Re vertical evolution into five distinct vertical zones from
cloud base to top, namely, diffusional growth zone, coalescence droplet zone, rainout zone, mixed‐phase
zone, and glaciated zone. These zones do not all necessarily exist in a given cloud system, and sometimes
they may also overlap with each other (Rosenfeld & Lensky, 1998). In this case, there were three vertical
cloud zones divided by two turning points (marked 0 and 1 in Figure 3c). The cloud particles in different
zones were of different size and phase properties, which showed impressive consistency within the precipi-
tation partitions.

Figure 3. CFAD distributions of Ku‐band reflectivity for (a) rainfall pixels and (b) snowfall pixels and (c) the derived Re vertical evolution in the study region. The
labels 0–4 indicate the turning points in the figures. The three lines in Figure 3c are, respectively, 25th, 50th, and 75th percentiles of Re at each 0.25 km interval.
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The cloud zone below point 1 is the diffusional growth zone (Figure 3c) at the cloud base; the mean Re here
was about 10 μm, which hardly changed with height. Cloud particles in this zone are completely liquid
including overcooled cloud water, which provides a favorable cloud environment for the riming growth of
precipitation droplets (Wang & Ji, 2000).

The cloud zone between points 1 and 0 is the mixed‐phase zone (Figure 3c); Re changed rapidly with height
from 10 to 34 μm. The coexistence of cloud ice and cloud water in this zone is conducive to the formation of
precipitation droplets, which corresponds to the Bergeron–Findeisen process and deposition growth of
precipitation droplets (Bergeron, 1935). The cloud layer above point 0 is the glaciated zone, where hardly
any cloud water exists and which is inconducive to the formation or growth of precipitation droplets.

4. Discussion

The consistency of cloud zones with precipitation partitions could be additionally verified by the numerical
heights of the turning points. Each turning point of the Re vertical evolution was exactly located between the
corresponding turning points in the CFADs of rainfall and snowfall. The height of point 0 was 6.25, 7.75, and
8.25 km for snowfall's CFAD, Re vertical evolution, and rainfall's CFAD, respectively, and 5, 6.75, and 7 km
for point 1.

Synergistic application of passive and active satellite sensors shows unique advantages in the research of
in‐cloud microphysical processes. Previous studies have pointed out that aerosol invigorates cold rain and
suppresses warm rain (e.g., Guo et al., 2018). Here, affected by air pollution aerosols, Re maintains ~10 μm
up to 6.75 km, suppressing rain initiation (strong suppression of warm rain) below this height. The rapid
increase of Re between point 1 and point 0 makes the cloud water available for the formation of

Figure 4. Conceptual diagram of cloud and precipitation particles within this event.

10.1029/2020GL088312Geophysical Research Letters

CHEN ET AL. 6 of 9



mixed‐phase precipitation. The cloud particle size retrieved by the passive sensor is also critical. If Re is still
10 μm at the homogeneous ice nucleation temperature, there will be no effective mechanism for precipita-
tion formation process (Rosenfeld, Liu, et al., 2014). Figure 3c shows that the Re of this event reaches 34 μm
before glaciation, which is undoubtedly beneficial to precipitation formation. If only the active sensor was
used, it would be a challenge to recognize the intermediary role of cloud microphysics in the aerosol‐
cloud‐precipitation interaction.

In contrast, passive sensor can only measure information on the cloud surface (Chen et al., 2019). Even if the
vertical evolution of Re can be obtained through appropriate assumptions, the structure at low level is still
unknown. After introducing the active sensor, in‐cloud microphysics below point 1 including riming, aggre-
gation, melting, landfall, and possible evaporation can be clearly seen in Figures 3a and 3b. By combining
active and passive sensors, a panoramic view of the microphysical processes was given simultaneously,
including the vertical evolution of cloud particles from the bottom up and the formation and growth of
precipitation droplet from the top down.

5. Conclusions

These results are summarized in the conceptual diagram in Figure 4. As the cold front passed through our
study region (Figure S1), the low‐level temperature changed drastically with the horizontal gradient
exceeding 10°C/100 km. The Re vertical evolution and DPR profiles showed two comparable turning points
(marked 0 and 1). Above point 0, the cloud microphysics is dominated by glaciation and nucleation. Cloud
water is completely frozen in this zone, which is inconducive for the formation of precipitation‐size droplets.
The area between points 0 and 1 is the mixed zone with coexisting cloud ice and cloud water. Ice precipita-
tion droplets begin to form and slowly grow here due to deposition (the Bergeron–Findeisen process). Below
point 1, cloud water dominates, and the zone provides a favorable environment for the riming growth of
precipitation droplets. Re hardly changed with height, while radar echo increased rapidly with decreasing
altitude. Subsequent precipitation processes including melting and landfall are located at lower altitudes
and often outside the clouds and therefore less related to cloud particles.

The development of China's new generation of geostationary satellites will provide observational basis for
real‐time weather monitoring and early warning systems (Yang et al., 2017). This study shows that the
derived Re vertical evolution from geostationary observations can be used to identify the zones of different
cloud microphysics. Continuous spatial‐temporal observation of the vertical evolution of clouds may also
provide information for determining the existence and height of supercooled water in cloud (Figures S3–S5).

Data Availability Statement

The GPM 2ADPR precipitation data used in this study were collected from the Precipitation Measurement
Mission website (https://pmm.nasa.gov). The ERA5 reanalysis data used in this study were collected from
the ECMWFwebsite (https://apps.ecmwf.int/). The FY‐4A AGRI data used in this study were collected from
the FENGYUN Satellite Data Center (http://data.nsmc.org.cn/).
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