
1.  Introduction
The accuracy of numerical model parameterization relies on a comprehensive understanding of the pre-
cipitation microphysical characteristics (Sun, 2005). As an important indicator of the precipitation micro-
physics, raindrop size distribution (DSD) is directly related to complex microphysical processes, such as 
accretion, collision–coalescence-breakup, and evaporation (Rosenfeld & Ulbrich, 2003). Therefore, knowl-
edge of the temporal and spatial variations of DSD is critical for understanding the microphysical processes, 
improving quantitative precipitation estimation (QPE), and evaluating microphysics parameterization in 
model simulations (G. Zhang et al., 2006).

Precipitation microphysics can be characterized through joint disdrometer and polarimetric radar measure-
ments (e.g., Bringi et al., 2003; Cao et al., 2008). As the disdrometer measurements are confined to a specific 
site at the surface, polarimetric radar parameters (i.e., differential reflectivity ZDR, specific differential phase 
shift KDP, and the correlation coefficient ρhv) can provide three-dimensional information on the bulk micro-
physical characteristics of precipitation over a wide area, such as the hydrometeor particle size, shape, and 
orientation (Doviak & Zrnić, 2006). With benefits from these microphysics-related parameters, researchers 
have attempted to estimate the three-dimensional distribution of normalized/constrained gamma DSDs 
(Ulbrich, 1983), which then helps to better reveal the evolution of precipitation microphysics (e.g., Bringi 
et al., 2009; Gorgucci et al., 2002; Vivekanandan et al., 2004; Zhang et al., 2001).

In East Asia, the quasi-stationary subtropical Meiyu front is a prominent feature during the summer mon-
soon season, which produces persistent heavy rainfall and severe flooding in East China, South Korea, 
and Japan (Ding & Chan, 2005). For disaster prevention and mitigation, precipitation microphysics of this 
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well in representing Meiyu DSDs. The vertical variability of polarimetric variables and retrieved DSD 
parameters are then investigated. The results show different patterns of vertical behavior for convective 
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7 km). In contrast, the convective rain shows a larger reflectivity with a relatively higher echo top at 8 km. 
Polarimetric signatures of convective rain above the 0°C isotherm imply the coexistence of rimed particles 
and aggregates, which is indispensable for the intense precipitation on the ground. However, with a 
bulk precipitation formed below the melting layer, warm rain processes are still critical pathways for the 
growth of raindrops and the subsequent generation of heavy rainfall. Furthermore, both convective and 
stratiform rain is dominated by raindrops <4 mm, and the increase in their rain intensity can mostly be 
attributed to the increase in raindrop concentration. The identified maritime nature of convective rain has 
a much higher (roughly more than two times) number concentration of raindrops than that of convection 
in a similar climate region. This study provides a more comprehensive picture of Meiyu precipitation 
microphysics in Eastern China.
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flooding and mudslide-produced Meiyu rainfall system have been the fo-
cus of many studies using observations from satellite, ground-based ra-
dar, and disdrometer (e.g., Luo et al., 2013; Oue et al., 2010; C.-Z. Zhang 
et al., 2006).

Results show that dominant convective cells are the primary contributors 
to the heavy Meiyu precipitation (Ninomiya & Shibagaki, 2007; Xu, 2013) 
in terms of accumulated rainfall amount (L. Wen et al., 2016). The typical 
meso-β-scale Meiyu convective cell has a median depth with a 15-dBZ 
echo top (reflectivity peak) lower than 8 km (4 km) through its lifetime 
(Shusse et al., 2009). Case studies concerning Meiyu precipitation micro-
physics in Okinawa, Japan, have been carried out in sequence by utiliz-
ing C-band polarimetric radar observations. Generally, Meiyu stratiform 
rain in Japan is composed of small raindrops with high concentration, 
and their averaged median volume diameter D0 is about 1.55 mm (Oue 
et al., 2015; Shusse et al., 2009), while convection in the stratiform and 
convective rain zone is differentiated from the concentration of small (D0 
∼1.2 mm) and large (D0 ∼2 mm) raindrops (Oue et al., 2010, 2011). S-band 
polarimetric radar observations further reveal the vital role of warm rain 
processes in Meiyu convective rain in Taiwan (Chang et al., 2015), with 
weak updraft and high precipitation efficiency (over 50%).

However, the literature is limited to case studies and thus may be un-
persuasive for a general insight view of Meiyu precipitation microphys-
ics. Moreover, due to the dynamical nature of the precipitation system, 
along with land surface interactions and many other factors, Meiyu mi-
crophysics in Eastern China may differ from those documented in Ja-
pan and Taiwan. One evidence can be seen in L. Wen et al. (2016) based 

on 2-year two-dimensional video disdrometer (2DVD) observations, which show that Meiyu in Eastern 
China is characterized by a maritime nature, with higher raindrop concentration and smaller diameters 
than that in Japan and Taiwan (Bringi et al., 2006; Y. Chen, 2009). Recently, the microphysics of Meiyu 
extreme rainfall and convective events in Eastern China were investigated by Yang et al. (2019) and G. Chen 
et al. (2019). However, the statistical characteristics of near-surface DSD observed by disdrometers are not 
well confirmed, and the statistics in terms of the evolution and structure of Meiyu stratiform and convective 
precipitation have not yet been resolved in this particular region.

In this study, observations from an S-band polarimetric radar and a third-generation 2DVD during the 
2013–2015 summer field campaigns of the Observation, Prediction, and Analysis of Severe Convection of 
China (OPACC; Xue, 2016) are utilized to (1) confirm our previous results (maritime nature of Meiyu con-
vection in Eastern China) from ground-based 2DVD observations in L. Wen et al. (2016) and (2) further 
characterize the vertical structure of Meiyu precipitation and investigate the related microphysical process-
es correspondent to DSD characteristics near the ground. This study is useful to facilitate the understanding 
of Meiyu precipitation microphysics in Eastern China and ultimately produce more accurate radar QPE and 
model forecasts in this specific region.

2.  Data and Methodology
The S-band polarimetric radar (hereafter referred to as LSRD) is located in Lishui (31.61°N, 119.03°E), 
southeast of Nanjing in Eastern China. The 2DVD is equipped at Jiangning site (JN; 31.93°N, 118.90°E), 
∼37 km northwest to the LSRD. The temporal resolution of 2DVD and LSRD is 1 and 6 min, respectively. 
The locations of LSRD and 2DVD are marked in Figure 1. Note that raindrops with diameter <1, 1∼4, and 
>4 mm are considered small-, medium-, and large-size in this study. In situ sounding data at the JN site 
are collected twice a day as well. As indicated by the averaged sounding profile (with standard deviation) 
in Figure 2, south to southwesterly wind dominates all the time during the Meiyu season (from mid-June 
to mid-July) over the Yangtze-Huaihe River Basin. The southerly/southwesterly moist advection produces 
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Figure 1.  Field site locations of 2DVD and LSRD. Triangle denotes the 
location of LSRD radar and the dot marks the location of the 2DVD. The 
large solid circle indicates the 150-km observation radius of LSRD radar. 
The gray shading represents the terrain height. 2DVD, two-dimensional 
video disdrometer; LSRD, S-band polarimetric radar.
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a humid environment (although there are variations among different periods) that are favorable for heavy 
precipitation occurrence in this region.

2.1.  Polarimetric Radar Data Processing

The LSRD operates in the volume coverage pattern (VCP-11) mode, with 14 elevations (from 0.5° to 19.5°). 
Its beam width and range resolution is 0.92° and 150 m, respectively. The polarimetric radar variables in-
cluded here are radar reflectivity ZH, ZDR, KDP, and ρhv during 2-year (2013 and 2014) LSRD observations 
covering nine Meiyu events (Table 1). ZDR is determined by the shape of particles, while KDP is related to 
the shape as well as the concentration of particles. Similar to WSR-88D, to maintain a 1-dB calibration 
precision for ZH, an internally generated test signal is used for every volume scan to calibrate the reflectiv-
ity of LSRD. The non-meteorological echoes with ρhv < 0.85 are excluded (H. Chen et al., 2017). Although 
some useful data may be removed, the results of statistics should not be affected by this ρhv threshold. 

A five-gate median average (running mean) is performed to reduce the 
random fluctuations of ZH (ZDR). To correct the observed ZDR, the ZDR 
bias is estimated from the vertical pointing observation of raindrops be-
low the melting level (2∼4 km) using the method developed by Gorguc-
ci et  al.  (1999). The comparison suggests that the LSRD-corrected ZDR 
agrees well with that derived from 2DVD measurements at disdrometer 
location with the differences within 0.2 dB (Wang et al., 2016). The cali-
brated ZH and ZDR satisfied the desired accuracy for further quantitative 
applications such as radar QPE and hydrometeor classification (Bringi & 
Chandrasekar, 2001).

After quality control, the Sorted Position Radar INTerpolation (SPRINT) 
software package from the National Center for Atmospheric Research 
(Mohr et al., 1986) is applied to interpolate the LSRD data onto a 1-km 
horizontally spaced and 0.5-km vertically spaced Cartesian grid. Then, 
3-km height Constant-altitude position indicators (CAPPIs) data are 
used to identify convective and stratiform rain by the reflectivity texture 
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Figure 2.  Profiles of (a) horizontal winds and (b) relative humidity observed by the sounding at 2DVD site from 2014 
to 2015. 2DVD, two-dimensional video disdrometer.

No. Dates (LST) No. VCP 11 volumes scans

1 June 23, 2013 55

2 June 25, 2013 137

3 June 27, 2013 110

4 July 05, 2013 109

5 July 06–07, 2013 228

6 June 25, 2014 123

7 June 26, 2014 154

8 July 01–02, 2014 130

9 July 04–05, 2014 268

Abbreviation: VCP, volume coverage pattern.

Table 1 
S-Band Polarimetric Dataset Used in This Study
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described in Steiner et  al.  (1995). This classification is a robust separation algorithm by examining the 
sharpness and intensity of the radar reflectivity peaks. The peaks of radar reflectivity are regarded as the 
convective centers, and precipitation outside the convective region is stratiform. As mentioned in Stein-
er et al. (1995), this procedure would not underestimate the stratiform precipitation, and can accurately 
capture the essential precipitation climatology features. Hence, it is appropriate for the study of Meiyu 
statistics.

2.2.  Disdrometer Data Processing

The third-generation 2DVD used in this study is a fast-scanning system. Its sample area is rectangular and 
approximately 10 × 10 cm2. It is newly designed and thus the splashing and wind-induced errors are well 
mitigated and reduced (L. Wen et al., 2016). This instrument has been applied worldwide to achieve more 
accurate precipitation microphysics measurement (e.g., Bringi et al., 2003; Schönhuber et al., 2007; L. Wen 
et al., 2016). Since the horizontal and vertical grid resolution is close to 0.2 mm, the equivalent-volume 
diameters are sorted into 0.2 mm size categories, with the range of 0.1–8.1 mm (41 bins) in tabulated rain-
drop diameters. The 2DVD data used in this study are collected during the 2014 and 2015 Meiyu seasons. 
To minimize sampling error, only 1-min DSDs with drop counts larger than 50 are used. This gives 11,997 
samples for further analysis.

Integral rain and DSD parameters are of interest in this study, i.e., the generalized intercept parameter 
(Nw, mm−1 m−3), mass-weighted mean diameter (Dm, mm), liquid water content (LWC, g m−3), and rain 
rate (R, mm h−1) are all directly calculated from 2DVD-observed DSD. The standard deviation of the mass 
spectrum concerning Dm (σm, mm) can be directly computed from the nth-order weighted moment of the 
measured DSD and fall velocity. For comparison with LSRD observations, the polarimetric variables of ZH 
(10log10(Zh)) and ZDR are also derived from 2DVD-observed DSDs using the T-matrix scattering technique 
(Vivekanandan et al., 1999; Waterman, 1965). Detailed expressions for the above-mentioned parameters 
can be found in L. Wen et al. (2016). Because the variation of S-band radar observables with temperature is 
negligible (Aydin & Giridhar, 1992), the temperature of the raindrop is set to 10°C. Moreover, the axis ratio 
proposed by Brandes et al. (2002) is adopted in this study.

2.3.  Polarimetric Radar-Based DSD Retrieval

The constrained-gamma (C-G) method and the beta (β) method are most widely used in the literature for 
DSD retrieval. The β method retrieval is subject to high uncertainty mostly due to the KDP noise (Anag-
nostou et al., 2008), while comparative analysis shows that DSD retrievals of the C-G method are more 
reasonable and closer to the disdrometer observations (Brandes et al., 2004a). The key of the C-G method 
is the empirical relationship between the two governing parameters of gamma DSD (the shape μ and slope 
Λ) with     0 exp ΛN D N D D  (Zhang et al., 2001). As documented in G. Zhang et al. (2003), the μ–Λ 
relation reflects the actual physical DSD characteristic and thus is practical for the retrieval of DSD from 
radar observations.

In this study, the three governing parameters of gamma DSD, that is, the intercept parameter 
N0 (mm−1−μm−3), μ (dimensionless), and Λ (mm−1), are calculated from 2DVD observations using the sort-
ing and averaging based on two parameters (SATP) method (Cao et al., 2008) and then the truncated mo-
ment fitting (TMF) method with the use of the second, fourth, and six moments of DSDs (Vivekanandan 
et al., 2004). For the SATP method, 2DVD-observed Dm and R are chosen to build a two-parameter grid to 
minimize error (see Figure 3a). Once the localized empirical μ–Λ relation is obtained from 2DVD observa-
tions, the three governing parameters of gamma DSD within the radar domain can be first retrieved from 
radar-observed ZH and ZDR following the C-G method (see details in Section 6.4 of G. Zhang, 2016), and then 
the other accompanied integral rain and DSD parameters can be directly calculated from the retrieved C-G 
DSD. The C-G method has been improved and generally proven to have good performance for DSD retrieval 
in Florida (Brandes et al., 2004a, 2004b; Vivekanandan et al., 2004; G. Zhang et al., 2006) and Oklahoma 
(Cao et al., 2008, 2010). Recently, polarimetric radar and 2DVD have been jointly employed in China for 
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C-G model methodology validation (Liu et al., 2018) and precipitation microphysics investigation purposes 
(L. Wen et al., 2018).

3.  Refined Constrained Gamma Model and Verification
3.1.  Refined μ–Λ Relation and C-G Model

The derived μ–Λ relation shows variability across different seasons, climate regimes, and precipitation types 
(e.g., L. Wen et al., 2019; G. Zhang et al., 2003), and is susceptible to the data processing procedure as well 
as instrument error (L. Wen et al., 2019). In this study, 2DVD data are processed using the SATP and TMF 
methods to derive the statistical μ–Λ relation for Meiyu precipitation in Eastern China. As shown in Fig-
ure 3a, a large portion of samples (29.67%) with R smaller than 0.1 mm h−1 are present, which are usually 
composed of a high quantity of small drops. If the SATP method is not used, a large amount of small rain 
rate samples that contain large instrumental sampling error (G. Zhang et al., 2003) will dominate the proce-
dure to fit the μ–Λ relation and thus produce significant bias. Therefore, the SATP data processing method, 
which balances the contribution of large and small rain rate samples by obtaining new DSD from each 
rain rate grid, is practical and necessary to reduce the statistical error of 2DVD observations. In Figure 3b, 
refined μ and Λ after data processing are fitted with a second-order polynomial to obtain the following 
statistical relation:

    20.029Λ 1.0686Λ 2.4799� (1)

For comparison, previously reported μ–Λ relations are included in Figure 3b as well. The μ–Λ relation in 
B. Chen et al. (2013) is derived using PARSIVEL disdrometer data for Meiyu convective rain in Nanjing. 
For most of the time, it has nearly 100% higher μ values compared with the 2DVD-derived relation for a 
given Λ. Such discrepancy can be partly attributed to the general underestimation (overestimation) of small 
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Figure 3.  (a) Occurrence frequency of sorted DSD with respect to Dm (step is 0.05 mm) and R (step is 10%). (b) μ–Λ 
relations. The solid line represents a polynomial fit of 2DVD observations of Meiyu precipitation, and the dash–dotted 
line and the dotted line are the relationships obtained by Cao et al. (2008) and B. Chen et al. (2013), respectively. (c) 
Scatter plot of mass spectral width σm and Dm together with fitted curves. Crosses denote σm–Dm pairs calculated from 
observed DSDs. Solid, dot-dashed and dotted lines are the σm–Dm relations derived from the μ–Λ relations obtained in 
this study, by Cao et al. (2008) and B. Chen et al. (2013), respectively. 2DVD, two-dimensional video disdrometer; DSD, 
raindrop size distribution.
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(large) drops by PARSIVEL disdrometer (L. Wen et al., 2017). Another possible reason for the discrepancy 
could be the different data processing procedures used in B. Chen et al. (2013), in which a filter of R and 
the number of raindrops (instead of SATP procedure) are applied. Therefore, their relationship is limited to 
heavy precipitation with Λ < 4 mm−1. Using the same SATP method for 2DVD data, the μ–Λ relation newly 
derived in this study is very close to that in Oklahoma (Cao et al., 2008). The remaining minor differences 
between Cao et al. (2008) and our study may imply the natural variability of precipitation microphysics in 
these two climate regimes.

To verify the refined μ–Λ relation (Equation 1), we further compared the σm–Dm relation recalculated from 
the μ–Λ relation with those directly derived from observed DSDs. G. Zhang (2015) documented that a μ–Λ 
relation is essentially equivalent to a σm–Dm relation in representing the C-G DSD model. As shown in 
Figure 3c, the σm–Dm relation derived from B. Chen et al. (2013) based on PARSIVEL is generally biased to 
have a smaller σm (up to ∼40%), while good agreement can be seen between the derived relation from the 
refined μ–Λ relation (Equation 1) and 2DVD observations. This suggests that the refined μ–Λ relation can 
represent Meiyu precipitation in Eastern China. Ultimately, the localized C-G model for Meiyu precipita-
tion is obtained.

3.2.  Verification of C-G Model

Observation of Meiyu event No. 9 (Table 1) is selected to verify the precision of C-G model retrieval. Fig-
ure 4 shows the LSRD-measured ZH and ZDR of this event at a 3-km height within a 100-km range, with 
convective rain area identified by the white contours identified by the Steiner et al. (1995) algorithm. As can 
be seen, the widespread stratiform rain area is usually embedded with medium- and small-sized convective 
cells, with relatively larger ZH and ZDR values (Figures 4a and 4b). A large ZDR value can also be seen in the 
stratiform rain area. In general, the majority of ZDR values are lower than 1.4 dB; this value corresponds 
to a retrieved Dm of ∼1.75 mm. Moreover, ZDR values for both precipitation types are generally lower than 
those observed in Japan (Shusse et al., 2009). These further confirmed the characterization of a smaller 
raindrop size but a higher concentration number of Meiyu precipitation in Eastern China than in Japan (L. 
Wen et al., 2016). Similar to typical meso-β-scale convective cells in C.-Z. Zhang et al. (2006), this Meiyu 
event also has a median depth with the echo top of 15 dBZ (reflectivity peak) lower than ∼8 km (5 km) 
(Figure 4c). The ZDR column coexists with the convective cells (Figure 4d). Detailed analysis of the vertical 
structure of Meiyu precipitation microphysics is provided in Section 4.

The evolution of 2DVD-observed DSDs during the mature stage of this Meiyu event (from 2000 to 2340 
UTC) is presented (Figure 5). The observed DSDs are used to derive the polarimetric variables of ZH and ZDR, 
and then the DSD governing parameters are determined. Retrievals from the C-G model and a traditional 
exponential distribution (EXP; Marshall & Palmer, 1948) (when μ = 0 in the Gamma model) model are giv-
en for comparison. As shown, the evolution of DSDs from stratiform (Figures 5a and 5b) to convective rain 
(Figures 5c–5i) and then the decaying period (Figures 5j–5l) are well characterized by the C-G model, while 
the EXP model shows large biases, especially at the small size end. The performance is consistent with G. 
Zhang et al. (2003) for the flexibility of the C-G model, especially for characterizing the instantaneous DSD 
variations in a wide range.

In Table 2, we further calculate the fraction bias of the estimated Dm, Nw, and R by using the C-G and EXP 
models, as well as the three-parameter gamma model fitted directly from the measured DSDs. As expected, 
the fractional error of Nw (Dm) from the C-G model is 6.29% (8.89%), which is much less than 18.9% (22.4%) 
from the EXP model but slightly larger than 1.35% (2.4%) from the directly fitted three-parameter gamma 
model. In the literature, retrieved results with a ∼5% (15%) bias for Dm (Nt) are applicable for further rain 
microphysics studies in Oklahoma (Cao et al., 2008). Our localized C-G retrievals show comparable results, 
indicating better performance in representing DSD characteristics by the refined C-G model than the EXP 
ones. Hence, the C-G model is more applicable for further DSD retrieval of Meiyu precipitation in Eastern 
China.
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3.3.  Radar-Disdrometer Measurement Comparisons

Figure 6 shows the comparison of LSRD-measured radar variables (ZH and ZDR) and retrieved DSD param-
eters (utilizing C-G and EXP models) aloft the JN site with that directly calculated from 2DVD observations 
for the selected Meiyu event. In general, ZH and ZDR from LSRD at 0.5° elevation match the 2DVD observa-
tion well (Figures 6a and 6b), with the correlation coefficients (and RMSE) of 0.87 and 0.75 (3.2 dBZ and 
0.25 dB), respectively. The discrepancies between LSRD and 2DVD measurements are mostly less than 2 dB 
(0.25 dB) for ZH (ZDR), except for a few brief periods (e.g., at 0900 UTC) that may result from inhomogeneity 
in the precipitation. These further demonstrated the reliability of the LSRD observations, which means that 
it is certainly adequate for subsequent analysis. For DSD retrievals, the overestimation of small drops with 
the EXP model results in significant overestimation of Nw and moderate underestimation of Dm, and subse-
quently an overestimation of R. Compared with the EXP model, the C-G model well improves the retrieval 
of Dm and also shows better retrieval of Nw and R. Considering the inconsistency of the sampling volume 
and measurement height between 2DVD and LSRD, we conclude that DSD retrieval from LSRD measure-
ments using the localized C-G model (with the refined μ–Λ relation) is satisfactory and can represent the 
physical variations well.

Utilizing the localized C-G model, the DSD governing and integral parameters retrieved from LSRD at a 
3-km height measurement of the Meiyu event at 0909 UTC (same as in Figure 4) are presented in Figure 7 
(within 60 km radius). As seen, the stratiform rain showed up with log10Nw lower than 4.6 and Dm between 
1 and 1.4 mm, with LWC lower than 0.6 g m−3. As a result, the stratiform R is typically <10 mm h−1. The 
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Figure 4.  LSRD measured at 3-km height: (a) ZH and (b) ZDR on 0909 UTC, July 4, 2014, and the corresponding evolution of (c) ZH and (d) ZDR over the 
2DVD site from 0000 UTC to 1200 UTC. The cross and filled triangles represent the locations of 2DVD and LSRD, and the white contours enclose the area of 
convective rain. Dashed circles delimitate the 20–60 km range of LSRD. 2DVD, two-dimensional video disdrometer; LSRD, S-band polarimetric radar.
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μ and Λ values are roughly around 2–6 and 4–12 mm−1, respectively. In contrast, the estimated log10Nw of 
embedded convective cells is much higher (typically >4.6), with Dm uniformly distributed between 1.2 and 
1.4 mm and seldom exceeding 1.6 mm. Convective μ ranges from 0 to 2 and Λ varies from 2 to 5 mm−1. 
Such parametric values suggest that the convective rain has a broader DSD. The LWC of convective cells is 
between 0.6 and 4 g m−3 while R ranges within 10–90 mm h−1.

Generally, during this Meiyu event, Dm shows a more inhomogeneous 
distribution (mostly around 1–1.4  mm) than the other rainfall system 
occurred in this region, that is, squall line (G. Chen et al., 2019; J. Wen 
et  al.,  2017). On the contrary, the distribution of log10Nw and LWC is 
highly relevant to ZH variation (see Figure 4a). A higher ZH value usually 
corresponds to a higher Nw and LWC, suggesting the major role of the 
increased number of small and medium-sized raindrops in increasing R.

4.  Statistical Rain Microphysics of Meiyu
With more polarization parameters, the 2-year LSRD dataset during the 
Meiyu season provides the first-ever opportunity to investigate the micro-
physical structure of Meiyu precipitation in Eastern China. Meanwhile, 
it is worth noting that the statistical results from radar, which can capture 
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Figure 5.  DSD evolution of the July 4, 2014 rain event at every 20 min time interval. Black dots are observed DSDs. 
Red lines and blue lines are fitted DSDs from ZH and ZDR using the C-G model and exponential distribution model, 
respectively. C-G, constrained-gamma; DSD, raindrop size distribution.

Gamma Exponential C-G

Log10Nw 0.0360 0.6433 0.1317

R 0.3359 1.5976 1.4608

Dm −0.0267 −0.2239 −0.0508

F(log10Nw) 0.0135 0.1893 0.0629

F(R) 0.0373 0.3997 0.1709

F(Dm) 0.0240 0.2236 0.0889

Abbreviations: C-G, constrained-gamma; DSD, raindrop size distribution.

Table 2 
Bias and Fraction Error of DSD Physical Attributes Using Different Models
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the evolution and spatial distribution of precipitation with a high temporal resolution, would be more rep-
resentative than disdrometer measurements at a fixed site.

4.1.  Vertical Structure of Meiyu Precipitation Microphysics

The stratiform and convective ZH, ZDR, and KDP contoured frequencies by altitude diagrams (CFADs, Yuter 
& Houze, 1995) are presented to investigate the vertical microphysical structure of Meiyu precipitation (Fig-
ures 8a–8f). The modal (outlier) distribution of CFAD is referred to as frequencies greater (less) than 50% 
of the maximum frequency (Hence & Houze, 2011). To make sure that the top of the convective cells could 
be detected and the bin width is restricted within 1 km, only values within the 20–60 km radius of LSRD 
(between the two dashed circles in Figure 4a) are analyzed.

For stratiform rain, the modal distribution of ZH is between 15 and 32 dBZ near the ground, with the max-
imum outlier not exceeding 38 dBZ (Figure 8a). The enhanced ZH area is detected around a 5-km height 
(known as the bright band near 0°C isotherm). The melting level is roughly located at the top of the bright 
band. Compared with the stratiform rain, the modal distribution of ZH for convective rain is narrower be-
tween 32 and 42 dBZ, and the outlier distribution seldom exceeding 48 dBZ (Figure 8d). The altitude of the 
35-dBZ modal distribution is ∼6 km, indicating the general formation of moderate Meiyu convection within 
warm clouds. Moreover, the modal distribution of 15-dBZ echo top height of convective rain is centered at 
the ∼7–9 km level, implying moderate convection with a relative weak updraft. As documented in previous 
studies (Carr et al., 2017; Xu, 2013), the rapid decrease of ZH with altitude above 0°C isotherm in warm 
rain events is an indicator of the limited amount of large frozen hydrometeors and/or supercooled water. A 
similar characteristic of Meiyu convection is shown in this study (Figure 8d).

The differences between stratiform and convective CFADs are visible for ZDR and KDP. The stratiform ZDR 
below 0°C isotherm is small with its modal distribution around 0.1–0.6  dB (Figure  8b). The KDP values 
of stratiform rain are also quite small (Figure 8c), suggesting limited LWC in stratiform rain. In contrast, 
with more water vapor transported to the upper level by updrafts in convective rain, raindrops aloft need a 
longer time for fallout and thus can grow larger while descending. As a result, the modal ZDR is between 0.4 
and 1 dB and the values of modal KDP are relatively larger (Figures 8e and 8f). Above the melting layer, the 
different patterns of both ZDR and KDP for convective and stratiform rain should be attributed to different 
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Figure 6.  Comparison between radar and disdrometer data: (a) ZH, (b) ZDR, (c) Nw, (d) Dm, and (e) R. The radar scan elevation angle is 0.5°. The black circles 
represent 2DVD measurements while the green triangles and red asterisks represent radar-retrieval parameters using the exponential and C-G models, 
respectively. 2DVD, two-dimensional video disdrometer; C-G, constrained-gamma.
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Figure 7.  Contour plot of radar-retrieved (a) log10Nw, (b) Dm, (c) μ, (d) Λ, (e) LWC, and (f) R, from 3-km height measurement at 0909 UTC, July 4, 2014 within 
60 km radius. The white contours enclose convective rain. LWC, Liquid water content.
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ice crystal microphysics at these altitudes. More compelling evidence is needed to better reveal the exact 
microphysical processes.

4.2.  Evolution and Involved Microphysical Processes of Meiyu Precipitation

To better understand the vertical evolution and associated microphysical processes of Meiyu precipitation, 
the profiles of retrieved Dm and Nw are shown in Figure 9 with the merit of the C-G model. Note that, the 
water vapor condensation process will heat the lifted air parcels (the release of latent heat) to a higher tem-
perature than the ambient air. Therefore, the melting layer in the precipitation system is slightly higher than 
the in situ sounding derived ambient 0°C isotherm level.

For stratiform rain above the melting layer, ZH increases with decreasing height, while ZDR and KDP generally 
decrease. These characteristics are consistent with the preponderant aggregation and diffusional growth 
processes of ice particles in stratiform clouds (Houze, 1997; Penide et al., 2013; Yuter & Houze, 1995). Below 
the 0°C isotherm, there is a quasi-constant stratiform ZH toward the ground, associated with a decrease (to 
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Figure 8.  CFAD of stratiform and convective (a and d) ZH, (b), (e) ZDR, and (c), and (f) KDP during Meiyu season. Data 
within radar range of 20–60 km are used. The horizontal black dashed lines from bottom to top, respectively, represent 
the level of 0°C, −5°C, −10°C, −15°C, and −20°C.

Figure 9.  Profiles of radar-retrieved (a) Dm and (b) log10Nw for stratiform (blue line) and convective (red line) 
precipitation during Meiyu season.

(a) (b)



Journal of Geophysical Research: Atmospheres

∼3 km) and then increase (toward the ground) of ZDR and KDP. The corresponding stratiform LWC stays 
near-constant toward the ground (not shown). These signatures imply the combined effects of coalescence 
and breakup processes. While the coalescence process increases drop size and decreases number concen-
tration, the breakup process does the opposite. These processes would change the drop spectrum that radar 
detected, and there can also be slight changes to the LWC due to the changes in the fall velocities. Moreover, 
since the environment is very humid below the melting level (Figure 2), the evaporation effect should be 
negligible. As further seen in retrieved DSD parameters (Figure 9), the stratiform Dm decreases while Nw 
increases from 4 to ∼2.5 km. This could be explained that large drops coming from melting ice particles 
breakup to form a bunch of small drops. From a 2.5-km height toward the ground, the increase (decrease) 
of Dm (Nw) with a near-constant LWC is likely attributed to the overpowered coalescence than the breakup 
process.

In contrast, the convective rain exhibits a different pattern of vertical behavior. Above −10°C level, the in-
crease of convective ZH is associated with a decrease of ZDR and KDP. Note that graupel and hail have a small 
ZDR due to random orientation (G. Zhang, 2016). The larger averaged convective ZH but smaller ZDR and 
KDP than that of stratiform rain at these altitudes may imply the presence of rimed graupel and/or hail in 
convective rain. With the continued increase of convective ZH, the mean ZDR and KDP also slightly increase. 
The melting of these particles is indispensable for heavy rainfall at the surface. However, warm rain pro-
cesses are still vital pathways for the growth of raindrops and the eventual production of heavy rainfall, as 
also documented in previous precipitation microphysics studies for Meiyu cases (e.g., G. Chen et al., 2019).

The retrieved DSD parameters show that Dm stays near-constant (at ∼1.36 mm) from a 4 to 3 km altitude 
while Nw slightly increases from 4.08 to 4.17 (Figure 9), suggesting that the rapid growth of convective LWC 
can be mostly attributed to the coalescence of raindrops and cloud droplets (autoconversion process to form 
drizzles). From 3 to 1 km, the Dm (Nw) starts to increase (decrease), while the LWC remains nearly constant 
∼0.48 g m−3. These signatures suggest the dominant role of the coalescence process. The humid environ-
ment during the Meiyu season (Figure 2) ensures that this warm rain process occurs over a large depth. 
Furthermore, the mean convective Dm is only ∼0.1 mm larger than stratiform Dm, but that of Nw is nearly 
eight times larger. The corresponding convective LWC is about four times larger than the stratiform ones. 
The discrepancies should be attributed to the competition of different microphysics processes involved in 
convective and stratiform rain as explained above.

Note that the mean liquid-layer ZH, ZDR, and KDP values of Meiyu convective rain are consistent with the typ-
ical warm rain cases documented in Carr et al. (2017), which is characterized by ZH values at ∼35–40 dBZ, 
ZDR ∼ 0.5–1 dB, and KDP ∼ 0.1°–0.5° km−1. The low ZH but relatively high KDP above the melting layer indi-
cate a high concentration of small ice particles aloft. This implies that the contribution of ice-formed parti-
cles which melted into raindrops is relatively minor compared with classical continental storms with deep 
convection (e.g., G. Chen et al., 2019). Meanwhile, both convective and stratiform Dm vary within ±0.1 mm 
while descending toward the ground, suggesting that the intensification of Meiyu rainfall largely benefits 
from the increase in raindrop concentration through the warm rain process. This finding is consistent with 
the results from 2DVD observations (L. Wen et al., 2016).

4.3.  The Frequency Distribution of DSD Parameters at 1 km Height

To further evaluate the statistical characteristics of Meiyu precipitation quantitatively, a joint frequency dis-
tribution in ZH versus ZDR and Dm versus log10Nw space for stratiform and convective rain at 1 km height is 
presented (Figure 10). Note that the data are normalized by the maximum frequency in the dataset. As can 
be seen, the convective rain has much larger ZH and slightly larger ZDR than stratiform rain, with the peak 
frequency of ZH and ZDR for convective (stratiform) rain at ∼37 (∼24) dBZ and ∼0.7 (∼0.4) dB, respectively 
(black cross in each panel). When ZH increases, the mean stratiform ZDR varies between 0.4 and 0.9 dB with 
a maximum (over 5% frequency) at ∼1.3 dB (Figure 10a). In contrast, the mean convective ZDR increases 
from ∼0.6 to 1.35 dB (with a maximum ∼1.6 dB) with the increase of ZH from 20 dBZ to a maximum at 
∼48 dBZ (Figure 10b). Generally, ZDR seldom exceeds 1.5 dB for both the two types of rain, indicating the 
dominance of small- and medium-sized raindrops in Meiyu precipitation.
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As seen in Figure 10c, Meiyu stratiform Dm–log10Nw pairs are plotted over a wide range, with the majority of 
them located to the left of the stratiform line in Bringi et al. (2003). As suggested by Bringi et al. (2003), the 
large variation of stratiform rain Dm–log10Nw pairs is consistent with the different microphysical processes, 
that is, the melting of snowflakes to form a larger Dm but lower Nw, and/or the melting of rimed particles 
or tiny graupel to form a smaller Dm but higher Nw. The averaged value of Dm ∼1.2 mm and log10Nw ∼3.5 
(log10 mm−1 m−3) suggests that aggregates/snowflakes contribute most to Meiyu stratiform precipitation, 
similar to that in Japan (Oue et al., 2015). Note that the two gray rectangles in Figure 10d correspond to the 
two identified clusters (maritime-like and continental-like convective) in Bringi et al. (2003). The Dm–log-
10Nw pairs of convective rain are mostly plotted close to the maritime cluster and barely appear in the con-
tinental ones, with the averaged Dm and log10Nw value at ∼1.4 and 4.2 mm, indicating a maritime nature of 
Meiyu convective rain in Eastern China. The LSRD retrieved characterization of Meiyu precipitation agrees 
well with 2-year 2DVD observations in L. Wen et al. (2016, 2017), which showed a mean Dm and log10Nw 
value of 1.45 and 4.32 mm, respectively (triangles in Figures 10c and 10d).

The occurrence frequencies of retrieved Dm, log10Nw, and R are further presented to resolve the DSD vari-
ability of stratiform and convective rain (Figure 11). The first noteworthy character is that both stratiform 
and convective rain have a small width of Dm that varies approximately from ∼0.9 to ∼1.9 mm, with the fre-
quency of convective Dm relatively higher when Dm > 1.3 mm (Figure 11a). The relatively larger convective 
Dm is likely related to the enhanced ice microphysics via the activation of the riming process in moderate 
Meiyu convection. In contrast, the convective Nw shows a narrower distribution and a much higher frequen-
cy for Nw > 3.7 (Figure 11b). This means that the stratiform and convective rain is mainly differentiated on 
raindrop concentration rather than drop diameter. Because of the significantly higher amount of small- and 
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Figure 10.  Frequency distributions of ZH versus ZDR for (a) stratiform rain, (b) convective rain at 1 km during Meiyu 
season, and (c and d) the corresponding frequency distribution of radar-retrieved log10Nw and Dm. The distribution is 
normalized by the maximum frequency in the dataset.

(a)

(c) (d)

(b)
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medium-sized raindrops, the corresponding convective R shows a much higher frequency for R > 5 mm h−1 
while the stratiform R seldom exceeds 10 mm h−1 (Figure 11c).

Figure 12 shows the frequency distributions of Dm and Nw versus R with different rain types. For the strat-
iform rain, Dm decreases slightly toward ∼1.2 mm while Nw increases rapidly (more than an order of mag-
nitude) with the enhancement of rain intensity (Figures 12a and 12c). The convective Dm converges to a 
constant value at ∼1.5 mm, while Nw increases with the increase of R through more efficient collision–coa-
lescence-breakup mechanisms. The frequency distributions of these three parameters (Dm, log10Nw, and R) 
with respect to 15-dBZ echo top heights are further given in Figure 13. The modal distribution of stratiform 
rain is between 6 and 7 km with a 5% maximum height lower than 9 km. The convective rain shows a 
relatively higher echo top with the modal distribution between 6 and 8 km (and the outlier not exceeding 
10.5-km height), corresponding to moderate convection with a relative weak updraft. Hence, warm rain 
processes play a vital role in the formation and evolution of both stratiform and convective Meiyu precipi-
tation in Eastern China. Along with the increase of R, the echo top increases slightly during low rain rates 
and then stays near constant at ∼7–8 km height because of the weak updraft. The similar echo top height 
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Figure 11.  The occurrence frequencies of (a) Dm, (b) log10Nw, and (c) R for stratiform and convective precipitation at 
1-km above sea level (ASL).

(a) (b) (c)

Figure 12.  Frequency distributions of (a), (b) log10Nw and (c), (d) Dm versus R at 1 km ASL for stratiform (left) and 
convective (right) precipitation.

(a) (b)

(c) (d)
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during heavy rainfall implies a homogeneous cloud and subsequent precipitation microphysics. Under this 
homogeneous condition, precipitation DSDs may easily reach the equilibrium state. With a constant Dm, 
the enhancement of R is mainly resulted from the increase in raindrop concentration, as is evident in the 
aforementioned analysis (see Figure 12).

5.  Conclusion
In this study, 2-year joint observations from a 2DVD and an S-band polarimetric radar are used to reveal 
precipitation microphysics during the Meiyu season in Eastern China. The major conclusions of this study 
are summarized as follows:

1.	 �Comparative analysis shows that the evolution of DSDs from stratiform to convective rain and the sub-
sequent decaying period are well characterized by the C-G model with refined μ–Λ relation from 2DVD 
observations, suggesting that the localized C-G model gives satisfactory retrieval results and maintains 
the physical variations well for Meiyu precipitation

2.	 �Meiyu convective and stratiform rain presents different patterns of vertical behavior due to the com-
petition of different microphysical processes. Warm rain processes dominate the evolution of Meiyu 
convective rainfall, with the mean liquid-layer convective ZH, ZDR, and KDP values consistent with typical 
warm rain cases in Carr et al. (2017). Below the 0°C isotherm, the mean retrieved convective Dm is only 
∼0.1 mm larger than stratiform Dm, but that of Nw is nearly eight times larger. Hence, the rapid growth 
of convective LWC should be attributed more to the increase in the number concentration of raindrops 
through the enhanced warm rain processes in a humid environment

3.	 �The retrieved convective Dm–log10Nw pairs at 1 km height are mostly plotted close to the maritime cluster, 
indicating a maritime nature of Meiyu convective rain in Eastern China. This agrees well with 2-year 
2DVD observations in L. Wen et al. (2016), with a much higher concentration of small- and medium-size 
drops than Meiyu/Baiu in the similar climate regimes of Japan and Taiwan. The similar moderate echo 
top height (7–8 km) of Meiyu convective rain implies a homogeneous cloud and subsequent precipita-
tion microphysics, under which the rain DSDs reach the equilibrium state with a constant Dm, as previ-
ously documented in L. Wen et al. (2016)

In this study, a comprehensive picture of Meiyu precipitation microphysics is provided based on long-term 
polarimetric radar observations in Eastern China. The refined C-G model is also applicable to develop 
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Figure 13.  Frequency distributions of log10Nw (left), Dm (middle), and R (right) with respect to 15-dBZ echo top height 
for (a–c) stratiform and (d–f) convective precipitation.

(a) (b) (c)

(d) (e) (f)
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algorithms in improving QPE for satellite and ground radar observations. To accurately simulate precipita-
tion systems, more efforts are still needed to apply polarimetric radar data in numerical model validation, 
initiation, and assimilation.

Data Availability Statement
The field campaign data used in this study are available at https://doi.org/10.5281/zenodo.3978822.
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