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ABSTRACT

We identified precipitating systems from May to August 2016 using data from the Global Precipitation

Measurement mission Dual-frequency Precipitation Radar instrument. Then, using this set of cases,

Himawari-8 10.4-mmbrightness temperature data from before and after each precipitation event were used to

identify three life stages of clouds: a developing stage, a mature stage, and a dissipating stage. Using statistical

analysis and two case studies, we show that the precipitating systems at different life stages of the clouds have

different systematic properties, including the area of precipitation, the convective ratio, the rain-top height,

and the brightness temperature. The developing systems had the largest convective ratio, whereas the dis-

sipating systems had the largest area of precipitation. The life stage of the cloud also influenced the vertical

structure of the precipitation. The microphysical processes within each stage were unique, leading to various

properties of the droplets in precipitation. The developing systems had large, but sparse, droplets; the mature

systems had large and dense droplets; and the dissipating systems had small and sparse droplets. Our results

suggest that the different properties of precipitating systems in each life cycle stage of clouds are linked to the

cloud water content and the upward motion of air.

1. Introduction

The vertical structure of precipitation reflects both the

thermal and dynamic properties of precipitation systems

and the microphysical processes of ice and water parti-

cles in clouds (Houze 1981; Hobbs 1989; Zipser and Lutz

1994; Fu and Liu 2001). Among the methods available

for observing precipitation, rain gauges only record

the near-surface rainfall at specific positions, whereas

precipitation radar systems give the three-dimensional

structure of precipitation, including the horizontal dis-

tribution and vertical profile (Barros et al. 2000; Inoue

andAonashi 2000; Fu et al. 2003; Fisher 2004; Chen et al.

2016). Precipitation radar systems include both ground-

and space-based systems, although ground-based radar

observations are limited by their geographical location

and are vulnerable to terrain shielding. Space-based

radar systems are therefore themost effectivemethod of

revealing the regional and global structure of pre-

cipitation (Simpson et al. 1988; Hou et al. 2014).

Numerous studies on precipitation structures have been

carried out based on observations from the Tropical

RainfallMeasuringMission (TRMM)PrecipitationRadar

(PR) and the Global Precipitation Measurement (GPM)

mission Dual-frequency Precipitation Radar (DPR) sys-

tems (Barros et al. 2000; Berg et al. 2002; Schumacher and

Houze 2003; Fisher 2004; Fu et al. 2006; Inoue and

Aonashi 2000; Liu et al. 2013; Liu and Zipser 2015). For

instance, Berg et al. (2002) conducted a statistical analysis

of precipitating features in the western and eastern Pacific

Ocean and showed that precipitation in the eastern Pacific

has higher tops, a larger proportion of stratiform pre-

cipitation, and a lower ice water content than precipitation

in the western Pacific. Fu et al. (2006) studied isolated

convection over the Tibetan Plateau and found a ‘‘tower

mast’’ shape of precipitation structures. Liu and Zipser

(2015) focused on the global distribution of the largest,

deepest, and most intense precipitation systems and found

that the zonal contribution of precipitation fromextremely

large precipitation systems was greater at mid- and high

latitudes than in the tropics. Using GPMDPR products in

June–September from 2014 to 2016, Zhang et al. (2018)

investigated the impact of surface flow on precipitating

systems in the southern Himalaya, suggesting various

triggers for precipitating systems with different

surface flows.Corresponding author: Yunfei Fu, fyf@ustc.edu.cn
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The effect of the three main stages of the life cycle of

clouds (the developing, mature, and dissipating stages;

Byers and Braham 1949; Fiolleau andRoca 2013a;Witte

et al. 2014) has long been a focus of cloud studies.

Takahashi (1975) suggested that the electrical proper-

ties of warm clouds are affected by their life stage. Cho

(1977) reported that the life stage of cirrus clouds in-

fluences the large-scale transportation of heat and

moisture. Other researchers have focused on heat and

moisture processes within clouds. Using data from the

Global Atmosphere Research Program Atlantic Tropi-

cal Experiment, Chen (1988) showed that the moisture

supplement exceeds the amount of precipitation during

the developing stage, and the water content of the cloud

increases, while the opposite occurs during the dissi-

pating stage. Zhao and Austin (2005) numerically sim-

ulated the life cycle of small and large cumulus clouds

and suggested that there are differences in heat and

moisture potentials between them. Witte et al. (2014)

indicated that the volume-averaged total water mixing

ratio is a useful way of identifying the life stages of

clouds. The scale and proportion of convective pre-

cipitation also have been reported to change during the

development of mesoscale convective systems (Mathon

and Laurent 2001). These studies have shown that the

life cycle of clouds has a huge impact on cloud properties

and therefore also on the properties of precipitation.

Unfortunately, as a result of the discontinuity of spa-

tiotemporal observations by space-based radar systems

(Hou et al. 2014), research on the relationships between

the life cycle of clouds and the characteristics of pre-

cipitation are limited. Observations from stationary

satellites and other spatiotemporal data therefore need

be introduced to determine the life stage of clouds.

Carbone and Nelson (1978) carried out radar observa-

tions and airborne droplet size distribution (DSD)

measurements and found that droplet concentrations

were low in the growth stage of clouds, but high in the

dissipating stage. Kondo et al. (2006) studied the de-

pendence of rainfall on the life cycle of clouds in the

Maritime Continent and western Pacific area using

TRMM PR and geostationary data, showing that strong

rain rates were observed in the early stage of develop-

ment of mesoscale convective systems, followed by a

gradual decrease in the rain rate. Inoue et al. (2009)

suggested the strong rain rates in the early stages may be

linked with the limited occurrence of cirrus clouds over

the eastern Pacific region. Fiolleau and Roca (2013b)

provided further quantified evidence that rainfall is

strong during the first third of the life cycle of clouds and

then decreases smoothly as the system shrinks and dis-

sipates over both land and oceanic regions. These

studies have laid a good foundation for studying the

effect of the life cycle of clouds on precipitation features.

However, most of these studies have been carried out at

the Earth’s surface or at a specific height. Research on

the relationship between the vertical structure of pre-

cipitation and the life cycle of clouds is limited, and the

microphysical features of precipitation particles have

yet to be determined.

We combined observations from the Himawari-8 geo-

stationary satellite and the GPM DPR instrument to fo-

cus on the effect of the life cycle of clouds on the vertical

structure of precipitating systems. High-spatiotemporal-

resolution data from the Himawari-8 geostationary

satellite were used to determine the life stages of pre-

cipitating systems detected by the DPR instrument. Us-

ing both case studies and statistical studies, we analyzed

the vertical features of clouds—including the radar re-

flectivity, rain-rate, and DSD profiles—and analyzed the

microphysical processes in droplets in each life cycle stage

of clouds. The results provide an observational basis for

numerically simulating the development of pre-

cipitation systems and help to refine forecasts of

precipitation.

2. Data and methods

a. Instruments and datasets

The precipitation data used in this study were from

the GPM DPR. As a follow-up to the TRMM PR in-

strument, the GPM DPR system began operating in

February 2014 with coverage from 658S to 658N. The

DPR system consists of a Ku-band radar (KuPR) and a

Ka-band radar (KaPR), which operate at 13.6 and

35.5GHz, respectively; see Kotsuki et al. (2014) for a

description of the samplingmethods. TheKuPR scans in

the same way as the TRMM PR, with a minimum de-

tectable reflectivity of 14.5 dBZ. The KaPR has two scan

modes: a matched scan and a high-sensitivity scan, with

minimum detectable reflectivities of 16.7 and 10.2 dBZ,

respectively (Hamada and Takayabu 2016). Because of

the shorter wavelength of Ka-band, KaPR is more sen-

sitive to small hydrogels but restricted in detecting

intense precipitation as a result of the Mie scattering

effect, while it is just the opposite for KuPR (L’Ecuyer

and Stephens 2002; Kojima et al. 2012). As a result of the

different responses, the GPM has developed dual-

frequency algorithms to provide users with a dual-

frequency precipitation product 2ADPR (Rose and

Chandrasekar 2006; Iguchi et al. 2012). In the dual-

frequency algorithm, first the DSD profiles are retrieved

from radar reflectivity of KaPR and KuPR, and then the

rain-rate profiles are provided based on the DSD pro-

files. The effectiveness of the 2ADPR product has been
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verified by a number of researchers (Hamada and

Takayabu 2016; Kotsuki et al. 2014; Zhang et al. 2018).

In this study, we used radar reflectivity, rain-rate pro-

files, rain type, DSD profiles, and other precipitation

parameters from the 2ADPR product. In the 2ADPR

product, precipitation pixels are classified into three rain

types: convective, stratiform, and other. The shallow

type is contained in the convective type. These profiles

are provided at a vertical resolution of 125m and a

horizontal resolution of 5 km.

Himawari-8 is a geostationary satellite developed by

the JapanMeteorological Agency.Himawari-8 has been

operating at 140.78E longitude since July 2015 and is

equipped with the Advanced Himawari Imager, which

has 16 observing bands from 0.47 to 13.3mm. The Ad-

vancedHimawari Imager scans the full disk once in each

10-min period, and its pixels are sampled at spatial res-

olutions of 0.5, 1, and 2km in different channels (Bessho

et al. 2016). Measurements made by the Advanced

Himawari Imager were preliminary assessed by Da

(2015). This study used the 10.4-mm brightness tem-

perature, which is provided at a spatial resolution of

2 km. The Himawari-8 data were matched to the

2ADPR data using a closest point algorithm.

b. Identifying precipitating stages

Considering the cloud stage is unique within one

precipitating system, we first need to identify the DPR

precipitating systems. Precipitation systems were de-

fined here as contiguous DPR rainfall pixels (Nesbitt

et al. 2000). This identification method has been used

previously in many TRMM PR and GPM DPR studies

(Liu and Zipser 2005; Houze et al. 2007; Liu and Zipser

2015; Zhang et al. 2018).

We next identified the life stage of the cloud in each

precipitating system with .100 DPR pixels. The algo-

rithm used previously to identify the life stage of MCSs

used a brightness temperature threshold to delineate

contiguous cloudy pixels and track them based on the

overlap of the MCS between two consecutive images

(Williams and Houze 1987; Arnaud et al. 1992; Mapes

and Houze 1993; Machado et al. 1998). However, be-

cause the DPR precipitating system pixels are not al-

ways the same as the Himawari-8 mesoscale convective

system pixels, the method may introduce uncertainties.

We therefore manually compared the brightness tem-

perature changes before and after precipitation events.

Based on the stage division of thunderstorms in Byers

and Braham (1949), the life cycle of a cloud consists of a

developing stage, amature stage, and a dissipating stage.

In the developing stage, the brightness temperature of

cloud gradually decreases, while the cloud area grad-

ually increases. In the mature stage, the brightness

temperature of precipitating cloud changes little before

and after precipitation events. In the dissipating stage,

the brightness temperature of cloud gradually increases.

Figure 1 shows the identification process of a developing

cloud, in which the labels (24, 23, and 22h) represent

the time difference between theHimawari-8 images and

the precipitating system. The brightness temperature

gradually decreases over time as the area of the cloud

increases, showing that the precipitation system is at the

developing stage.

This method of identification was used in eastern

China (Fig. 2) during the monsoon season (May–

August) in 2016. Table 1 shows the number of pre-

cipitating systems, the average near-surface rain rates,

and the convective ratio for each stage of the pre-

cipitating systems. As a precipitating system contains

several precipitation pixels, the convective/stratiform

ratio is defined as the percent of convective/stratiform

pixels to the total pixels in the precipitating system. The

numbers of precipitating systems in the developing,

mature, and dissipating stages were 80, 106, and 94, re-

spectively. Precipitating systems in the developing stage

had the smallest area (12 188km2) and the largest pro-

portion of convection (26.2%), indicating strong

convective activity in this stage. The convective ratio in

mature precipitating systems (21.5%) was slightly

smaller than in the developing stage, although the av-

erage near-surface rain rate (4.16mmh21) was at its

highest. This suggests that there is sufficient water and

therefore a large amount of precipitation in mature-

stage clouds. The precipitating systems in the dissipating

stage had the smallest convective ratio (14.45%) and the

largest area (21 057.9 km2). Therefore, although the av-

erage convective rainfall intensity (8.46mmh21) and the

average stratiform intensity (1.95mmh21) in the dissi-

pating stage were slightly larger than in the developing

stage (7.15 and 1.9mmh21, respectively), the average

rainfall intensity in the dissipating stage (2.85mmh21)

was smaller than in the developing stage (3.23mmh21).

Additionally, the regional distributions of precipitat-

ing systems in developing stage, mature stage, and dis-

sipating stage were shown in Fig. 2. There was no

significant difference in the regional distributions of

precipitating systems at each stage. The reason for this

phenomenon is likely that precipitation has been af-

fected by the topography of eastern China, which needs

to be further studied in detail in the future.

3. Case studies

Before studying the structural properties of pre-

cipitating systems statistically, we focused on two

examples of the mature and dissipating stages of
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precipitation (the developing stage of precipitation

was discussed in section 2b). These case studies pro-

vide detailed insights into the various stages of pre-

cipitation structures and lay a good foundation for the

statistical study.

Figure 2 shows the Himawari-8 10.4-mm brightness

temperature within64 h of the precipitating events. The

mature stage of a precipitating cloud was recorded near

Hainan Island at 0220 UTC 2 August 2016 (Fig. 3e). At

the time of precipitation, the lowest cloud brightness

FIG. 1. Identification of a precipitating system in the developing stage of a cloud. (left) The distribution of the near-surface rain rate

measured by theDPR instrument. (a)–(i) Distribution of theHimawari-8 10.4-mmbrightness temperature at different times related to the

precipitating events.

FIG. 2. Regional distribution of precipitating systems in (a) developing stage, (b) mature stage, and (c) dissipating stage.
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temperature was ,190K (Fig. 3e), and the area inside

the cold cloud with a brightness temperature ,200K

was obviously larger than the area 2h earlier (Fig. 3c) or

later (Fig. 3g), indicating that the event was a typical

precipitating system at the mature cloud stage. After the

precipitating event, the cloud system gradually dissi-

pated over time (Figs. 3g,i), and the area of the cloud

reached its peak size during the dissipation stage

(Fig. 3g), consistent with the results in Table 1.

The dissipating stage of the precipitating cloud was

recorded in the northeast of Taiwan Island at 0510

UTC 14 June 2016 (Fig. 3f). From 6h before to 2h after

the precipitation event (Fig. 3, right-hand panels), the

cloud brightness temperature continuously split and

dissipated; the area of the cloud was at a maximum 4h

before the precipitation event (Fig. 3d). At the time of

the precipitation event, there were only a few areas of

cold cloud with a brightness temperature ,200K and

irregular boundaries. These variations in the infrared

temperature show that the precipitation event occurred

during the dissipation stage of the cloud, corresponding

to the diffusion and dissipation of the cloud.

Figure 4 shows the horizontal distribution, the cross

section, and the contoured frequency by altitude dia-

gram (CFAD) analysis for these two case studies. The

precipitation system for themature event consists of two

parts: intense precipitation in the central region, sur-

rounded by weak precipitation (Fig. 4a). The echo-top

altitude in the central area reached 17km (Fig. 4c), in-

dicating penetrating convection (Liu and Zipser 2005;

Xian and Fu 2015). The echo top in the surrounding area

was seen at about 11 km, and the echoes above the fro-

zen layer (;6 km) were significantly stronger than those

below (Fig. 4c). These observations suggest that the

surrounding weak precipitation was an example of anvil

precipitation. The air below the anvil was still dry, so

droplets of water evaporated when falling into the

lower-level air, resulting in a decrease in reflectivity

(Li and Schumacher 2011). The CFAD distribution

(Fig. 4e) also showed two central intervals of 17–20

and 28–34dBZ below the frozen layer, corresponding

to the surrounding anvil precipitation and central pre-

cipitation, respectively.

The horizontal distribution of the dissipating event

was fairly uniform, without obvious zoning (Fig. 4b).

The precipitation echoes were 9–13km tall and ap-

peared as typical stratiform rainfall with clear, uniform

bright bands (Figs. 4d,f). The echoes below the bright

band were significantly stronger than those above,

whereas the near-surface echoes were ,50dBZ. These

results show that the convective activity was weak dur-

ing the dissipating stage and that the precipitation was

dominated by stratiform precipitation, consistent with

the statistical results given in Table 1.

4. Statistical results

a. Brightness temperature and near-surface rain rate

The 10.4-mm channel is an infrared split-window

channel. It is less affected by the atmosphere and re-

flects information about the cloud top or Earth’s surface.

To obtain the differences between precipitating cloud

tops at different stages, we analyzed the Himawari-8

10.4-mm channel brightness temperature (TB10:4) for the

precipitation events. The following statistics were all

obtained from Himawari-8 images or DPR pixels in

precipitating systems.

Figure 5 shows the probability distribution function

(PDF) of the Himawari-8 TB10:4 data corresponding to

the DPR precipitation pixels in each stage. In general,

the mean brightness temperature of the mature stage of

clouds was 10K lower than the temperature of the other

two stages, indicating that the precipitating cloud top of

the mature stage was the highest. The mean brightness

temperature of the dissipating stage was slightly lower

than that of the developing stage, consistent with the

conceptual model of Fiolleau and Roca (2013a). The

PDFs of both the mature stage and the dissipating stage

showed a single peak structure, both peaking at a

brightness temperature of 220K. However, about 43%

of the total precipitating pixels were accompanied by a

TABLE 1. Sample sizes, average near-surface rain rate, convective ratio, and stratiform ratio for precipitating systems in each life stage

of clouds.

Developing stage Mature stage Dissipating stage

Number of precipitating systems 80 106 94

Area of precipitating system (km2) 12 188.4 17 987.3 21 057.9

Near-surface rain rate (mmh21) 3.23 4.16 2.85

Proportion of stratiform precipitation (%) 70.95 72.23 82.86

Near-surface rain rate of stratiform precipitation (mmh21) 1.9 2.24 1.95

Proportion of convective precipitation (%) 26.2 21.46 14.45

Near-surface rain rate of convective precipitation (mmh21) 7.15 11.72 8.46
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FIG. 3. Horizontal distribution of the Himawari-8 10.4-mm brightness

temperature before and after the occurrence of a precipitating system in the

(left) mature stage and (right) dissipating stage. The labels (24, 22, and

12 h) indicate the timebetween theHimawari-8 images and theprecipitating

system. The diagonal lines represent the edges of the DPR swaths.
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FIG. 4. (a),(b) Horizontal distributions, (c),(d) vertical cross sections of the Ku-band attenuation corrected re-

flectivity, and (e),(f) contoured frequency by altitude diagram of the Ku-band reflectivity for precipitating systems

in the (left) mature (occurring at 0220 UTC 2 Aug 2016) and (right) dissipating (occurring at 0510 UTC 14 Jun 2016)

stages. Specifically, Figs. 3e and 3f were plotted from the entire precipitating system instead of the cross sections.
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brightness temperature ,220K in the mature stage,

whereas this ratio was only 32% for the dissipating stage.

We suggest that in the dissipating stage, the high clouds

with the lowest brightness temperature collapsed much

faster than the lower clouds. In the developing stage, the

PDF of TB10:4 showed a unique trapezoidal structure

at 220–260K, corresponding to a cloud-top height of

6–9 km (Lau andWu 2011), indicating that precipitation

mostly formed at this height.

PDF analyses of near-surface rain rates were also

performed for each cloud stage. Figure 6a shows that the

average rain rate was highest in the mature stage and

lowest in the dissipating stage (also shown in Table 1).

The total fraction of precipitation pixels with near-

surface rain rates .10mmh21 were 6.66%, 8.41%, and

4.99% for precipitating systems in the developing, ma-

ture, and dissipating stages, respectively. The PDFs of

the near-surface rain rates for stratiform and convective

precipitation are shown in Figs. 6b and 6c. The PDFs of

stratiform precipitation were similar, and all peaked at

;1mmh21 for every cloud stage, consistent with the

TRMM statistical results reported by Yang and Nesbitt

(2014). Except for the slightly stronger stratiform pre-

cipitation in the mature stage, the differences in strati-

form precipitation between each stage were small

(Fig. 6b). By contrast, the PDFs of convective pre-

cipitation in each stage were very different (Fig. 6c).

Convective precipitation in the mature stage was ac-

companied by the largest near-surface rain rate, while

convective precipitation was weakest in the developing

stage. This suggests that the amount of water vapor

was less in the developing stage, despite the largest

proportion of convective precipitation. The PDFs of the

rain rate for convective precipitation all showed bimodal

peaks at 1 and 10mmh21, corresponding to shallow and

deep convection, respectively. Convective precipitation

in the mature stage showed smaller proportions of

shallow convection than in the other stages.

b. Vertical structures

The CFAD analysis of precipitation radar reflectivity

gives a good representation of the three-dimensional

structural features of precipitation and has been used in

numerous studies (Chen et al. 2017; Yuter and Houze

1995; Zhang et al. 2018). Figure 7 shows the CFADs of

the DPRKu-band reflectivity, which illustrate the impact

of cloud stage and rain type. In general, the echo top of

mature stage clouds is the highest (reaching ;14km),

followed by the echo top of developing stage clouds

(reaching ;13km), and the echo top of dissipating stage

clouds is the lowest (reaching ;12km) (Figs. 7a–c). The

reflectivity of mature stage clouds is the strongest, and

that of dissipating stage clouds is the weakest.

The CFADs of stratiform precipitation (Figs. 7d–f)

show a clear bright-band feature at 5 km, representing

partially melted ice particles (Mason 1972). The echo

top of stratiform precipitation was the highest in the

mature stage, whereas the echo top in the developing

stage was similar to that in the dissipating stage. The

difference in stratiform reflectivity corresponding to the

three life stages of clouds was also small, consistent with

the near-surface rain rate for stratiform precipitation.

No obvious bright band was found in the CFADs of

radar reflectivity for convective precipitation, and the echo

top and intensitywere both larger than those for stratiform

precipitation (Figs. 7g–i). Comparing the CFADs of con-

vective precipitation in each stage, it was found that con-

vective precipitation in themature stage was accompanied

by the highest echo top and the strongest echo intensity.

Convective precipitation in the developing stage showed

more intense radar reflectivity than the dissipating stage

above 8km, although the opposite was observed below

5km. This shows that convective precipitation in the de-

veloping stage hadmore large ice particles, but fewer large

water particles. Consistent with Fig. 6, the near-surface

radar reflectivity of convective precipitation showed bi-

modal peaks at 18 and 38dBZ, corresponding to shallow

and deep convection, respectively.

The vertical difference among the rainfall profiles in

each stage is one of the main items of interest to the

study. Figure 8 shows the average rainfall profiles of

total, stratiform, and convective precipitation in each

stage of the life cycle of clouds. The rain rate in the

mature stage was the strongest for the total precipitation

(Fig. 8a), whereas it was weakest in the dissipating stage.

FIG. 5. PDF of the Himawari-8 10.4-mm brightness temperature

for precipitation at different life stages of clouds derived from the

2ADPR product and Himawari-8 data for May–August 2016. The

labels 227, 232, and 236K are the mean brightness temperature of

each line.
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At a height of 8 km, the average rain rates for the de-

veloping stage, mature stage, and dissipating stage

were 1, 1.11, and 0.71mmh21, respectively, whereas

they were 3.03, 4.05, and 2.89mmh21 at 1-km height.

The rainfall intensity in the mature stage was strongest

for stratiform and convective precipitation (Figs. 8b,c),

but the intensity relationships between the developing

and dissipating stages were fairly complex, especially for

convective precipitation. At a height$6 km, the rainfall

intensity of convective precipitation in the developing

stage was stronger than in the dissipating stage, in-

dicating stronger convection and a greater precipitation

of ice in the developing clouds. The opposite was ob-

served at a height of #4 km, indicating less liquid pre-

cipitation in the developing clouds. We therefore

suggest that the strong upward flow in the developing

stage brings large amounts of moisture from the lower

layer to the upper layer. The differences between the

average profiles of total precipitation and those of

stratiform or convective precipitation should be linked

with the different convective ratios in each stage.

c. Microphysical features

The DSD parameters provide an excellent opportu-

nity to study the microphysical structure of precipitation

(Hashimoto and Harimaya 2005; Ulbrich and Atlas

2007; Cao et al. 2008; Zhang et al. 2018). The DSD pa-

rameters from the GPM 2ADPR product include the

effective droplet radius D0 and the droplet concentra-

tion parameter (dBN0). The dB stands for the mathe-

matical operation of 10log10().

To understand themicrophysical processes in droplets

for each life cycle stage of clouds, the average D0 and

dBN0 profiles are shown in Fig. 9. For the total pre-

cipitation, the dBN0 was largest in the mature stage and

smallest in the developing stage, indicating the different

droplet concentrations in each cloud stage (Fig. 9a).

Precipitation in the dissipating stage had the smallestD0

value, indicating that the droplets were small, but rela-

tively dense, in the dissipating stage (Fig. 9d). The

droplets in the mature stage were largest below 4km,

but smaller than in the developing stage above 4 km,

which can be linked with the frequent convective ac-

tivities in developing clouds. Further analysis of the

DSD parameters of stratiform and convective pre-

cipitation was carried out to determine the causes of the

differences among the three cloud stages.

For stratiform precipitation (Figs. 9b,e), the DSD

parameters were less affected by the life stage of the

cloud. The order of D0 or dBN0 depended on the total

water content at each life stage, with the highest water

content in themature stage and the lowest water content

in the developing stage.

By contrast, the DSD parameters of convective pre-

cipitation were significantly affected by the life stage of

the cloud (Figs. 9c,f). In the developing stage, the droplet

concentration was lowest in convective precipitation, but

the effective radius of the droplets was large. In the

dissipating stage, the droplet concentration was highest

for convective precipitation, but the effective radius of

the droplets was small. We suggest that the effective

radius of droplets is linked to the strong upward motion

observed in the developing stage of convective pre-

cipitation. The strong upward flow holds ice particles

together, and the droplets grow by sublimation. In the

mature stage, droplets fall to the ground accompanied by

collision growth due to the presence of sufficient mois-

ture in the clouds (Hocking 1959). As a result, convective

precipitation in the mature stage consists of large, high-

density droplets, especially at lower levels.

FIG. 6. PDF of near-surface rain rate for (a) total precipitation, (b) stratiform precipitation, and (c) convective precipitation in different

life stages of clouds.
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In addition, it is shown inFig. 9f that the lines ofD0 above

8km begin to increase for convective precipitations of de-

veloping stage, which might be linked with the strong up-

ward air in the developing stage. In the case of strong

upward air in the cloud, ice crystalsmust grow large enough

in the ice layer before falling into the supercooled layer

(Langmuir 1948).

Table 2 gives the standard deviations of the rain rates

and DSD parameters and shows that the standard de-

viation was proportional to the value.

FIG. 7. Contoured frequency by altitude diagrams for the Ku-band reflectivity data for May–August 2016 for (a)–(c) total precipitation,

(d)–(f) stratiform precipitation, and (g)–(i) convective precipitation in different life stages of clouds.
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The liquid water path (LWP) and ice water path

(IWP) reflect the overall water vapor content of the

atmosphere and are associated with micro-processes

in clouds. The LWP and IWP change during the life

cycle of clouds as a result of the accumulation of

water vapor and the fall of hydrogels. As a result of

the material changes between the ice and liquid

layers, the ratio of the LWP to the IWP also changes

constantly.

To quantify the differences in the LWP to IWP ratio in

precipitation systems during the three different life

stages, Fig. 10 shows the PDFs of the LWP and IWP. For

total precipitation (Figs. 10a,d), the LWP and IWP were

largest in the mature stage, showing the abundant water

vapor present in mature stage clouds. The difference in

the IWP was greater than the difference in the LWP,

indicating that the difference in the moisture content

was more significant above the freezing layer. There was

no significant difference in the PDFs of the LWP

(Fig. 10b) for stratiform precipitation, whereas the IWP

of mature-stage clouds was larger than that of the de-

veloping or dissipating stages (Fig. 10e). This is related

to the higher cloud-top height in the mature stage

(Figs. 5, 6), which resulted in a thicker ice layer. For

convective precipitation (Figs. 10c,f), the PDFs of the

IWP showed a single peak, whereas the PDFs of the

LWP showed double peaks, corresponding to shallow

and deep convection, respectively. The LWP of con-

vective precipitation in the developing stage was less

than that in the dissipating stage, whereas it was

the opposite for the IWP of convective precipitation.

This confirms that there is more ice water, but less liquid

water, in developing-stage clouds, which is linked to the

strong upward airflow in these clouds.

Numerous studies have focused on the relationship

between the top height of storms and the infrared

brightness temperature (Masunaga et al. 2005). Specif-

ically, two features were seen in the two-dimensional

histogram of the PR echo-top height and the Visible and

Infrared Scanner (VIRS) brightness temperature: a peak

in shallow convection with echo-top heights of 2km and a

vertical ridge at 5km in the PR echo-top height

(Masunaga et al. 2005). We studied the relationships

between the DPR storm-top height and the Himawari-8

10.4-mm brightness temperature based on our classification

method.

Figures 11a–c show the two-dimensional PDF in

echo-top height and brightness temperature for the

total precipitation in each stage of the cloud life cy-

cle. When the storm-top height was .5.5 km, the

height of the freezing layer, the storm-top height

decreased as the brightness temperature increased.

However, because the Ku band is extremely sensi-

tive to partially melted ice particles (Mason 1972),

the storm-top height did not decrease with the in-

crease in brightness temperature when the storm-top

height was ,5.5 km. There is only one noticeable

feature in the two-dimensional PDFs: the brightness

temperature corresponding to this feature was larg-

est in the developing stage, whereas the storm-top

height corresponding to the feature was lowest in

the dissipating stage, consistent with the statistics

(Figs. 5, 7).

The characteristics for the two-dimensional PDF

of stratiform precipitation (Figs. 11d–f) were basically

the same as those for the total precipitation, but with a

more concentrated distribution. Two noticeable features

were found in the two-dimensional PDFs for convective

FIG. 8. Average rain-rate profiles for (a) total precipitation, (b) stratiform precipitation, and (c) convective precipitation in different life

stages of clouds derived from the GPM 2ADPR product for May–August 2016.
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precipitation (Figs. 11g–i), showing a shallow convection

feature at a storm-top height of 2–4 km and a vertical

bridge similar to that seen for the total precipitation.

Compared with the results from the Pacific Ocean

reported by Masunaga et al. (2005), the storm-top

height of the shallow convection was higher in east

China. A comparison of the two-dimensional PDFs

of convective precipitation in each stage showed that

the developing stage was accompanied by the largest

proportion of shallow convection, followed by the

dissipating stage. The mature stage had the smallest

proportion of shallow convection.

TABLE 2. Standard deviations of rain rate (dBN0) and droplet effective radius (D0) at heights of 10, 5.5, and 1 km for precipitations in each

stage of the cloud life cycle.

Height (km) Developing stage Mature stage Dissipating stage

Standard deviation of rain rate (mmh21) 10 1.713 2.223 0.602

5.5 3.302 4.23 3.015

1 7.013 10.837 6.791

Standard deviation of dBN0 10 4.401 4.182 3.792

5.5 3.983 3.898 3.362

1 4.312 4.193 3.706

Standard deviation of D0 (mm) 10 0.35 0.323 0.187

5.5 0.339 0.325 0.26

1 0.386 0.386 0.314

FIG. 9. Average values of the (a)–(c) droplet concentration and (d)–(f) droplet effective radius in different life stages of clouds derived

from the GPM 2ADPR product for May–August 2016.
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5. Discussion and conclusions

In an attempt to understand the effects of the life cycle

of clouds on the vertical structure of precipitation in east

China, precipitating systems were identified using pre-

cipitation data from the GPMDPR fromMay toAugust

2016. The precipitating systems were classified into

three cloud life stages (developing, mature, and dissi-

pating) based on the Himawari-8 10.4-mm brightness

temperature before and after the precipitation event.

Using both case studies and statistical studies, we fo-

cused on the structural characteristics of precipitation in

each life cycle stage, including the radar reflectivity,

rain-rate profile, and DSD parameters, and analyzed

their microphysical properties. Figure 12 is a schematic

diagram of the properties of precipitation in each life

cycle stage.

We first focused on the overall characteristics of pre-

cipitating systems at different stages, including the scale,

convective ratio, rain-top height, and brightness tem-

perature. In the developing stage of the cloud, convec-

tive activities were strong, but there was less water

vapor. The precipitating systems at this stage had the

highest convective ratio and high rain tops, but only

small areas of precipitation. The corresponding infra-

red brightness temperature of the precipitating pixels

identified by DPR mostly appeared in the interval

220–260K. As the cloud entered the mature stage, the

convective ratio in the precipitating systems decreased,

and the rain top reached its peak height. The area of

precipitation in the mature stage was larger than that in

the developing stage, and the infrared brightness tem-

perature was the lowest of all three stages. The cloud

continued to spread horizontally after the mature stage.

However, due to the lack of upward flow in the cloud,

the upper cloud layer collapsed, and the cloud water

content decreased, indicating that the cloud had entered

the dissipating stage. Precipitating systems occurring

in the dissipating stage covered the largest area, but had

the lowest rain top and lowest convective ratio.

Based on the type of rain, the reflectivity profiles, and

the rain-rate profiles provided by the DPR instrument,

we studied the vertical structures of precipitating

FIG. 10. PDF of the (a)–(c) LWP and (d)–(f) IWP for precipitation in different life stages of clouds.
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systems in each stage in more detail. The precipitation

intensity for the total precipitation was highest at the

mature stage, followed by the developing stage, and then

the dissipating stage. This sequence of precipitation

intensity followed the sequence for the cloud water

content in each stage. However, for convective pre-

cipitation, further analysis showed that convective pre-

cipitation in the developing system was more intense

than that in the dissipating stage below 5km, but the

opposite was observed above 5 km. This reflects the

FIG. 11. Two-dimensional PDF in echo-top height (STH) and 10.8-mm brightness temperature (TB10.8mm) for (a)–(c) total precipitation,

(d)–(f) stratiform precipitation, and (g)–(i) convective precipitation in different life stages of clouds.
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impact of strong convection in developing clouds. The

CFAD analysis of the radar reflectivity of convective

precipitation showed large proportions of shallow con-

vection in the developing and dissipating stages, but

smaller proportions in the mature stage.

As a result of the joint detection of dual-frequency

radar, the GPM center provides particle spectrum in-

formation through dual-frequency algorithms. Based on

the DSD profiles from 2ADPR, we investigated the mi-

crophysical structures of precipitation systems at each life

cycle stage. In the developing stage, the strong upward

motion forced by frequent convective activity can hold

small particles and prevent them from dropping. Hence,

the effective radius of precipitation in the developing

stage was large, especially for ice particles above 5.5km,

whereas the droplet density was the lowest of all three

stages. The LWP and IWP were abundant in the mature

stage, so the precipitating systems in this stage were ac-

companied by the highest droplet concentration and the

largest radius. The upward flow was weakest in the dis-

sipating stage, making it easy for small particles to fall.

Hence, the droplets of the precipitating systems in the

dissipating stage were the smallest, although the droplet

concentration was higher than in the developing stage.

Some of the uncertainties and limitations of the study

include the following. Because the brightness temperature

of large-scale stratiform systems does not change much

before and after precipitation, large-scale stratiform pre-

cipitating systems were removed from our algorithm of

cloud life stages. Therefore, the actual proportion of

stratiform precipitation should be slightly higher than that

in our results. In addition, due to the limitations of data

acquisition, only precipitating systems in China from May

to August 2016 were studied. The concentrated research

period and small sample size may limit our results. Future

studies using joint observations of precipitation radar and

geostationary satellites over a longer time period will re-

duce the uncertainty in the results, and an optimized stage

identification algorithm for large-scale stratiform systems

will help us to more comprehensively understand the re-

lationship between precipitation stage and the character-

istics of precipitation.
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