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Chunguang Cui1

1Hubei Key Laboratory for Heavy Rain Monitoring andWarning Research, Institute of Heavy Rain, China Meteorological
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Abstract The vertical characteristics of raindrop size distributions (DSD) and Z‐R relationships for
monsoon frontal rainfall have been investigated using the co‐located two‐dimensional video disdrometer
and micro rain radar at the Xianning surface site, and the S‐band weather radar at the Wuhan radar
site during the Integrative Monsoon Frontal Rainfall Experiment (IMFRE). In this study, a total of 1,896 rain
samples (1‐min resolution) were collected and classified into three categories of convective rain (CR),
stratiform rain (SR), and light rain (LR), and their corresponding rain microphysical properties were
explored. The LR category is dominated by the evaporation of smaller raindrops and the break‐up processes
of larger raindrops, resulting in decreasing trends in radar reflectivity and rain rate as the raindrops fall.
The SR category undergoes a competition of break‐up and coalescence processes, with weak increases in
radar reflectivity and rain rate. Whereas, for the CR category, the coalescence process is dominant on
the falling path of raindrops, especially below 1 km, leading to sharp increases in radar reflectivity and rain
rate. The microrain radar data at height of 200 m is quantitatively compared with the two‐dimensional
video disdrometer data, and a good agreement is found between them. Further, the number concentrations
of raindrops are negatively correlated with the diameters of raindrops and discrepant significantly at
different heights among the three rain categories. The height‐dependent Z‐R relationships found for LR, SR,
and CR categories will provide insightful information for improving radar rainfall estimate of monsoon
frontal rainfall over central China in the future.

1. Introduction

Heavy rainfall and flooding events over central China during the monsoon season from June to July, often
triggered by the multiscale monsoon frontal systems, have caused economic losses up to billions of dollars
andmore than thousands of deaths in the past decades (Cui et al., 2015; Ding & Chan, 2005). However, there
continues to be lack of available observations for monitoring and predicting the monsoon frontal rainfall.
Therefore, it is necessary to investigate the characteristics of monsoon frontal rainfall through integrated
observations with high spatial and temporal resolutions.

As a fundamental characteristic of rain microphysics, the raindrop size distribution (DSD) is defined as the
number concentration of raindrops as a function of the diameter, which is important for calculating rain
parameters used in radar meteorology (such as radar reflectivity and rain rate [RR]) and understanding dro-
plet growth mechanisms (Maki et al., 2001; Radhakrishna et al., 2009; Rosenfeld & Ulbrich, 2003). Low and
List (1982) showed that the variation of the DSD is associated with different processes, such as coalescence,
break‐up, and evaporation. Chandrasekar et al. (2003) noted that the DSD significantly impacted the radar
quantitative precipitation estimate (QPE) by determining a particular Z‐R relationship, a conventional tech-
nique for converting radar reflectivity into RR. However, the QPE products generated from ground‐based
single‐pol operational weather radars, even with appropriate Z‐R relationships, cannot accurately represent
the surface rainfall information because the measured radar reflectivity is obtained at increasing height with
increasing range. Therefore, the ability of detecting high spatial resolution of DSDs and Z‐R relationships is
crucial for providing accurate QPE of typical monsoon frontal systems over central China.
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The typical rainfall estimates obtained from tipping‐bucket rain gauges and operational weather radars lack
detailed information in the microphysical properties of the rain. Disdrometers have the ability to detect both
heavy rain and light rain (LR) with high resolution of RR (greater than 0.1mm/hr) and also provide DSD
information near the ground using different measurements, such as drop‐impact and video analyses, laser
measurements, and microwave returns from raindrops (Adirosi et al., 2015). Limited to measured height
of disdrometers, additional high‐resolution and near‐surface DSD observations are required for interpreting
aloft weather radar observations to actual surface conditions.

Microrain radar (MRR), vertically pointing K‐band radar systems with much higher vertical resolution than
operational weather radar systems, was deployed at the Xianning surface site during summer 2018 to pro-
vide vertical profiles of DSDs from the ground to a height of 3 km (Metek, 2012). As suggested by Atlas
et al. (1973), the MRR measured Doppler velocities and spectra of raindrops can be translated into DSDs
using a well‐known relationship between raindrop diameters and terminal fall velocities under the assump-
tion of zero vertical wind. Then, the profiles of various rain microphysical parameters can be calculated
directly from the profiles of the DSDs without any assumptions. Several methods to estimate the vertical
air motion from K‐band precipitation spectra have been proposed (e.g., Hauser & Amayenc, 1983; Rogers,
1964), but vertical air motion “corrections” may even deteriorate the quality of precipitation parameters.
That is the reason why the assumption of no vertical wind is usually made for the MRR measurements.
Peters et al. (2005) concluded that these vertical profiles of the rain parameters can efficiently represent dif-
ferent rainmicrophysical properties and different cloud processes during raindrops fall down rather than are
merely artifacts of the retrieval process although with the assumption of zero vertical wind. Therefore, the
zero vertical air motion was assumed in this study. Earlier studies also demonstrated that there was a good
agreement in the radar reflectivity between the MRR and the C‐band weather radar (Peters et al., 2002;
Wagner et al., 2003), which paves the way to effectively study the profiles of rain parameters using the
MRR data.

Over the past few decades, studies regarding to MRR mainly focused on the characteristics of the DSDs and
the Z‐R relationships. Harikumar et al. (2012) noted that the vertical variations of the DSDs were usually
caused by the evolution processes of perceptible particles via melting, coalescence, break‐up, and evapora-
tion, which were associated with precipitation types, geographical locations, and climatic regimes
(Rosenfeld & Ulbrich, 2003; Tokay et al., 2002). An integrative study of both MRR and two‐dimensional
video disdrometer (2DVD) measurements during a BBC‐2 campaign in Cabauw (Netherlands) showed that
a highly variable and ambiguous Z‐R relationship was strongly related to the DSD (Diederich et al., 2004).
Peters et al. (2005) also illustrated that the height variability of the Z‐R relationship depended on the shape
of the DSDs at high RRs over the Baltic Sea. Similar conclusions were also drawn in the tropical region of
Ahmedabad (India) by Das, Maitra, & Shukla, 2010; Das, Shukla, & Maitra, 2010). All these studies focused
their analyses on particular regions of interest. However, limited numbers of DSD observations and their
derived profiles of rain properties over central China have been reported so far.

To provide a much‐needed source for the dynamics and microphysics of monsoon frontal rainfall, a field
campaign, referred to as the Integrative Monsoon Frontal Rainfall Experiment (IMFRE), was conducted
during the monsoon period from 10 June 2018 to 10 July 2018 in the middle reaches of the Yangtze River
of central China, a region strongly affected by the east Asian summer monsoon systems. Among the
ground‐based instrument suite, the measurements from the 2DVD and the MRR were used in this study.
The S‐band weather radar at Wuhan radar site was also collocated during IMFRE as a great addition to
the 2DVD andMRRmeasurements. Through an integrative analysis of theMRR data, the S‐band radar data,
and the 2DVD data, detailed profiles of the DSDs and associated rain parameters can be accurately obtained,
which could potentially fill in the gaps between the aloft weather radar measurements and the actual
surface rainfall.

This manuscript is organized as follows: Section 2 contains information on the instruments and datasets
used in this study as well as methods of data quality control and precipitation classifications. The results
of vertical mean structures of the precipitation parameters retrieved by the MRR are presented in
section 3. Section 3 also provides an evaluation of the MRR measurements using the 2DVD surface rainfall
measurements and tentatively establishes the parameter‐free Z‐R relationships at different heights. Finally,
section 4 summarizes the results and conclusions of this study.
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2. Data and Method

During IMFRE, the 2DVD and the MRR were co‐located at the Xianning surface site (29.85°N, 114.37°E)
with an approximate distance of 20 m. The S‐band weather radar at the Wuhan radar site (30.52°N,
114.71°E) was approximately 74 km northeast of the Xianning surface site. The S‐band weather radar data
were used to reconstruct the radar reflectivity profiles for the vertical columns above the Xianning surface
site, which were then combined with the MRR and 2DVD measurements to examine the vertical variations
of the DSD and Z‐R relationship of the monsoon frontal rainfall during IMFRE.

2.1. Instruments and Data Sets

The MRR used in this study is a vertically pointing Doppler radar manufactured by METEK GmbH, operat-
ing at 24.230 GHz using frequency modulated, continuous‐wave scheme to estimate the Doppler spectra in
64 bins over 32 range gates at a range resolution of 100 m. As illustrated in the MRR manual (Metek, 2017),
the MRR consists of a radar with parabolic antenna for transmitting radar signals and receiving backscat-
tered signals, a radar control and processing device to calculate the Doppler spectral and assign it as “raw
spectra,” a compact PC to collect and preprocess the “raw spectra,” and a junction box used to communicate
between the radar control and processing device and the PC. The operational algorithm of the MRR follows
the method described by Strauch et al. (1976) to retrieve Doppler velocities and DSDs of raindrops. Also, sev-
eral important microphysical parameters, such as radar reflectivity (Ze), RR, and liquid water content, are
straightforwardly computed from the MRR‐derived DSD without any assumptions. Due to its compact size,
light design, and plug‐and‐play installation, MRR has been increasingly used for studying the vertical struc-
tures of precipitation and QPE (Peters et al., 2002).

The 2DVD, manufactured by Joanneum Research mbH of Graz, Austria (Schönhuber et al., 2007), consists
of two line‐scan cameras with a 90° distribution on the horizontal plane. The two line‐scan cameras are
equipped with single‐line photo detectors, which detect particle shadows and record the particle images
from two sides when particles fall through the measurement area (100 mm × 100 mm). Every particle is
recognized and matched at the data processing end to obtain particle size, fall velocity, and shape. Then,
by integrating the particles in 1‐min time, the DSD is calculated in 22 diameter bins with 0.2‐mm intervals.
Finally, all related quantities, such as Ze, RR, and liquid water content, are quantitatively estimated and
served as an independent data source for validating the MRR data. A more detailed description of the
2DVD process can be found in Kruger and Krajewski (2002).

The S‐band radar is part of the China New Generation Weather Radar Network, performs repeated volume
scanning modes (VCP21) with nine elevation angles approximately every 6 min, whose characteristics are
similar to those of the WSR‐88D radars in the operational S‐band Weather Surveillance Doppler Radar
Network (Crum et al., 1993). Raw radar reflectivity data in spherical coordinates from the S‐band radar were
quality processed in the Severe Weather Automatic Nowcast (SWAN) systems by data preprocessing, iso-
lated noise echo filtering, and super‐refractive echo suppression. The Ze profiles of the adjacent two azi-
muths and two range gates at each elevation over the Xianning surface site were extracted and bilinearly
interpolated to obtain complete profiles of hydrometeors over the Xianning surface site, which were then
saved as a supplement to the MRR observation with a 3‐km upper limit.

2.2. DSD Model

The widely used shapes to represent DSD are the exponential distributions, such as the Gamma distribution
with three unknown parameters as follow (Willis, 1984):

N Dð Þ ¼ N0 D
μexp −∧Dð Þ; (1)

where N(D) represents the number concentration of raindrops per cubic meter per interval of diameter, D is
the center diameter (mm), N0 is the intercept parameter, ∧ indicates the slope parameter, and μ represents
the shape parameter of the DSD.

Since the three parameters of the Gamma distribution are not mutually independent, attempts were made to
derive rain DSDs from a set of mutually independent parameters, such as raindrop spectral parameters of the
mass‐weighted mean diameter and the normalized number concentration, which are calculated by the
method of ith‐order moment as follow (Zhang et al., 2003):
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Mn ¼ ∫
Dmax

Dmin
DnN Dð ÞdD; (2)

whereDmin andDmax represent the lower and upper limits of the drop sizes with a range of 0.246 to 5.03 mm
for MRR (Metek, 2012) and 0.1 to 8.1 mm for 2DVD (Schönhuber et al., 2007).

Themass‐weighted mean diameterDm (mm) can be calculated by the ratio of the fourth to the third moment
of the DSD as follow (Cao & Zhang, 2009):

Dm ¼ M4

M3
; (3)

whereDm represents the mean raindrop diameter of the DSD, which has physically the samemeaning as the
median volume diameter traditionally used in radar meteorology.

The normalized number concentration Nw(mm−1 · m−3), representing the generalized intercept parameter
(number of raindrops with zero diameter) of an exponential distribution, can also be calculated by the third
and the fourth moments of the DSD as follow (Bringi et al., 2003; Testud et al., 2001):

Nw ¼ 43

πρw

103LWC

D4
m

¼ 128 M3ð Þ5
3 M4ð Þ4 ; (4)

where ρw represents the water density (1.0 g/cm3).

Furthermore, there are some well‐known existing relationships between Mn and the integral rain para-
meters, such as the Ze and the sixth moment ofMn. This study combined the simultaneous and continuous
data (1‐min resolution) of the DSD, Ze, RR, multistage moments of the DSD (for example, Dm and Nw) from
the MRR and 2DVD, and additional Ze from the S‐band radar to investigate the vertical distributions of the
DSDs and the Z‐R relationships during IMFRE.

2.3. Data Quality Control Methods

The MRR‐averaged Doppler spectra have a total of 31 range gates to provide the measurements from 100 to
3,100 m above ground level with a vertical resolution of 100 m and a temporal resolution of 1 min. The first
gate (100m) is highly affected by near‐surface effects and has been excluded from analysis. Also, the last gate
(3,100 m) has also been excluded due to its noisy signal. Moreover, the effects of Mie scattering, microwave
attenuation, flattening of large raindrops, and variations in the terminal falling velocities of the raindrops
with height are already considered in the operational algorithm of the MRR (Peters et al., 2002, 2010).
However, the influences of vertical wind and turbulence conditions are neglected, which may cause some
errors for individual DSDs and corresponding rain parameters. Strong vertical winds may cause Doppler
aliasing in the MRR data by folding the spectra of higher values to that of lower ones and subsequently pro-
duce unrealistic DSD and bulk properties (Kim & Lee, 2016; Rajopadhyaya et al., 1998; Tridon et al., 2011).
In this study, we removed the data due to this effect to provide reliable results. The uncertainties of the MRR
data are quantitatively estimated using the 2DVD data, as detailed in section 3.2.

The velocity‐based filtering method conducted by Thurai and Bringi (2005) has been applied for the 2DVD to
minimize the measurement error, which is accomplished by removing the outliners outranging ±40% of the
theoretical velocity‐diameter relationship line (Atlas et al., 1973). In addition, a similar definition used in
Tokay and Bashor (2010) has been adopted to select rainy samples. For each 1‐min DSD sample, if the
2DVD‐derived DSD count is less than 10 or RR is less than 0.1 mm/hr, then the sample was eliminated.
On the other hand, if the MRR‐derived RR is less than 0.1 mm/hr or unrealistically high (for example,
greater than 900 mm/hr), then it was also deleted (Tridon et al., 2011). Finally, a total of 2,337 min of valid
rainy samples were obtained during IMFRE.

2.4. Classification of Rain Types

The general goal of this study is to examine the vertical distributions of the rain parameters and the Z‐R rela-
tionships through this comprehensive dataset and improve our understanding of the physical processes
involved in the transitioning of cloud droplets to raindrops. Previous studies (e.g., Jash et al., 2018; Peters
et al., 2005) have shown that rain structures and Z‐R relationships should somehow depend on rain types.
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In this study, the rain‐type classification scheme is similar to those pre-
sented by Bringi et al. (2003) and Chen et al. (2013) using RR. The strati-
form rain (SR) is classified as RR > 0.5 mm/hr, and the standard deviation
is less than 1.5 mm/hr for at least 10 consecutive sliding samples; the con-
vective rain (CR) is for an RR > 5 mm/hr, and the standard deviation is
more than 1.5 mm/hr for at least 10 consecutive sliding samples.
Because of a considerable number of samples with low RR, the LR is clas-
sified by an RR < 0.5 mm/hr. The samples, which do not belong to the
aforementioned three categories, are defined as unclassified rain.

The classification scheme produces 218 CR samples, 750 SR samples, 928 LR samples, and 441 unclassified
samples, as listed in Table 1. The unclassified samples account to 18.9% of the total samples (2,337) and
approximately 16.4% in terms of the total rainfall contribution. The mean RRs for CR, SR, and LR are
approximately 24.47, 2.16, and 0.27 mm/hr, respectively. The occurrence frequencies and the corresponding
contributions to the total rainfall are 9.3% and 62.0% for CR, 32.1% and 18.8% for SR, and 39.7% and 2.9% for
LR, respectively. Note that although the contribution of the LR to the total rainfall is small, its occurrence
frequency is high. Therefore, exploring themicrophysics of the LR is crucial. However, there are only limited
studies to examine the characteristic of the LR category, which is included in this study. In contrast, the CR
category shows the largest contribution to the total rainfall and the lowest occurrence frequency. A further
understanding of the CR category would be useful for improving extreme weather forecasting, especially
forecasting flash flood events during the monsoon season.

A total of 1,896 min of classified samples (CR, SR, and LR) during IMFRE are studied in the following ana-
lyses. In order to show the three instruments (S‐band radar, MRR, and 2DVD) used in this study and the
results of rain classification, Figure 1 presents an example of the measured time‐height Ze profiles from
the S‐band radar, MRR, and 2DVD from 0800 to 1800 LT on 30 June 2018. The classified CR, SR, and LR

Table 1
Statistical Information of the Classified LR, SR, CR, and Unclassified Rain
Samples Obtained During IMFRE

LR SR CR unclassified

Sample numbers 928 750 218 441
Cumulative rainfall (mm) 4.17 26.95 88.90 23.46

Abbreviation: IMFRE: IntegrativeMonsoon Frontal Rainfall Experiment.

Figure 1. Vertical profiles of the radar reflectivity from the (a) Sa‐band radar, (b) microrain radar (MRR), and (c) two‐
dimensional video disdrometer (2DVD)‐derived reflectivity Ze (dBZ) near the ground and the MRR‐derived
reflectivity Ze at 200 m, for a typical monsoon frontal rain case (30 June 2018) during the Integrative Monsoon Frontal
Rainfall Experiment (IMFRE), including classified light rain (LR), stratiform rain (SR), and convective rain (CR).
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results are color‐coded on the top of Figure 1 by red, green, and blue bars, respectively. The black line in
Figure 1a indicates the height of 3 km, which is the maximum height of theMRRmeasurements. The Ze pro-
files observed by the S‐band radar (Figure 1a) have a notable feature of convective cores with Ze greater than
40 dBZ in the CR category. Meanwhile, the SR category has a bright band at heights ranging from 4 to 5 km,
with Ze values of ~35 dBZ. The LR category displays weak Ze values of lower than 10 dBZ near the ground,
which is consistent with the results found byWen et al. (2016), indicating that the rain classification method
used in this study is robust.

The S‐band radar retrieved reflectivity (Figure 1a) showed that the lowest observing height at Xianning site
is above 1 km. Moreover, the S‐band radar suffered from beam blockage issue by mountains and urban
buildings at the first elevation (1,030 m) and the second elevation (2,282 m). Compared with the S‐band
radar‐derived Ze profiles between heights of 1 to 3 km, the MRR‐derived Ze profiles show more detailed ver-
tical structures with slight variance and little attenuation for the LR and SR categories as demonstrated in
Figure 1b. Whereas for the CR category, the MRR‐derived Ze profiles decrease significantly with height.
However, the MRR Ze values above 1 km decrease dramatically with height, indicating that the MRR Ze
values for the CR category suffer a severe attenuation and become less reliable with height.

To further evaluate the MRR‐derived Ze values, the 2DVD‐derived Ze near the ground is compared with the
MRR‐derived Ze at height of 200 m. Figure 1c illustrates that there are small differences between the two
datasets, with weak overestimation in MRR Ze. In general, MRR can provide valid observations with higher
vertical and temporal resolutions below 3 km than the traditional weather and cloud radars, which is a sup-
plementary observation between the S‐band radar and the surface 2DVD.

3. Results and Discussions

The DSDs reveal the primary microphysical properties and reflect the physical transitioning processes from
cloud droplets to raindrops, such as collision and coalescence processes between cloud droplets and rain-
drops below the melting layer (Wu et al., 2018). Some studies suggested that the coalescence and break‐up
processes are important factors to govern the temporal and vertical evolutions of the DSDs (Mcfarquhar &
List, 1993; Prat et al., 2012), whereas other studies demonstrated that these two processes are less critical
for the lower RRs (Barthes & Mallet, 2013; List et al., 1987; Prat & Barros, 2007). Therefore, examinations
of the variations of DSDs and associated rain parameters would be essential for improving the current under-
standing in rain formation processes.

3.1. Statistical Analyses of Raindrop Vertical Variations

The vertical variations of the DSDs for different rain types are presented as diameter‐height diagrams in
Figure 2 with contours of the median values of the logarithm of the number concentrations, log10N(D)s.
Although the mean values of log10N(D)s are widely used to describe the characteristics of the DSDs, the
mean values tend to be biased if some extreme values exist. Therefore, the median values of log10N(D)s have
been adopted in Figure 2.

Figure 2a shows the vertical distribution of log10N(D)s for the LR category, in which the log10N(D)s decrease
with increased diameters, notably higher log10N(D)s of the large raindrops (up to 2 mm) in the upper levels
(approximately 3 km) than near the ground, which provides some evidences for proving the break‐up and
evaporation process during the descending of raindrops. The first stage is dominated by the evaporation pro-
cess of smaller raindrops above 1 km, which is confirmed by the decreased log10N(D)s for the small‐sized
raindrops (0.2 to 0.4 mm) from 2–3 km to 1–2 km. Meanwhile, the log10N(D)s of medium‐sized raindrops
(0.4 to 1.5 mm) keep nearly constant and the log10N(D)s of large‐sized raindrops (>1.5 mm) decrease slightly
from 2–3 km to 1–2 km. The second stage is dominated by the break‐up process of medium‐sized and large‐
sized raindrops below 1 km. This is evident by the sharply decreased N(D)s of medium‐sized and large‐sized
raindrops, and the increased log10N(D)s of small‐sized raindrops from a 1‐km height to near ground level. In
regard to the SR, the vertical variations of the DSD are not as significant as for its LR counterpart. Figure 2b
shows a rapid decrease in the log10N(D)s of small‐sized raindrops, and a slight increase in the log10N(D)s of
medium‐sized and large‐sized raindrops, indicating a weak coalescence process.
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For the CR category, the log10N(D)s for different diameter bins of raindrops are much higher than those for
the LR and SR, as shown in Figure 2c. Also, there are different trends in the log10N(D)s below and above 1
km. For the log10N(D)s above 1 km, they increase slightly from 3 to 1 km for all of the detected raindrops due
to collective process with undetected cloud droplets. These results are consistent with the findings in Atlas
et al. (1999) and Maki et al. (2001), in which there are significant droplet collision‐coalescence processes
observed in the convective regions associated with large amounts of cloud water. Below the height of 1
km, for D < 0.6 mm, the log10N(D)s quickly decreases toward ground level. In contrast, the log10N(D)s of
large raindrops (D > 1.0 mm) almost mirror the DSD variations of small raindrops. These results agree with
the results in Low and List (1982), where they concluded that significant growth in the coalescence process
occurs only when small raindrops (D < 0.6 mm) are collected by large raindrops. That is to say, the increased
log10N(D)s for theD> 1.0 mm near the ground sacrifice a large number of small raindrops as their log10N(D)
s quickly decrease toward ground level. Moreover, although the large raindrops only represent a small por-
tion of the overall total raindrops, they play an important role in governing the rainfall intensities closer to
the ground.

Since numerical models parameterize rain microphysical processes by fitting Gamma models with Dm and
Nw, it is worthwhile to examine the vertical features of Dm and Nw (Morrison et al., 2012). The vertical pro-
files of the Dm and the logarithm of the Nw (log10Nw), in terms of the Contoured Frequency by Altitude
Diagrams (CFADs, Yuter & Houze [1995]) for different rain categories, are presented in Figure 3. Note that
the contours represent the normalized densities of the data samples, and the three dashed lines from left to
right represent the 25th, 50th, and 75th percentiles at each height.

Figures 3a and 3d show that the CFADs of the log10Nw and Dm for the LR category have double‐peak struc-
tures below 1 km, which apparently undergo different physical processes. The lower peak of the log10Nw in
Figure 3a shows a slight decreasing trend toward the ground, which is associated with the evaporation pro-
cess of smaller raindrops (~0.4 mm) shown in Figure 3d. The higher peak of the log10Nw shown in Figure 3a

Figure 2. Vertical distributions of rain drop size distributions (DSDs) for the classified rain of (a) light rain (LR), (b) strati-
form rain (SR), and (c) convective rain (CR) during Integrative Monsoon Frontal Rainfall Experiment (IMFRE).
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has a broad range and slightly increases with height decreasing, which possibly signs the break‐up process of
the raindrops measuring ~1 mm in Figure 3d, the main processes shown in Figure 2a.

As for the SR category in Figures 3b and 3e, when the raindrops fall, the log10Nw tends to decrease slightly
while the Dm increases from approximately 1 mm at 3 km to 1.2–1.5 mm near the ground, suggesting that
both coalescence and evaporation processes coexist for small raindrops, as suggested in Muller et al.
(2010). The log10Nw values of the CR category in Figure 3c are much higher than those of the LR and SR cate-
gories for large Dm values. The peak log10Nw near ground level corresponds to the quick increases in rain-
drop diameters beginning from height of 1 km toward the ground in Figure 3f, which further supports the
results discussed in Figure 2c that the coalescence is the dominant process in the growth of the raindrops.
Moreover, abundant small raindrops shown in Figure 2c may be evaporated preferentially (Muller et al.,
2010), which provides more water vapor source for increasing Dm.

Vertical variations in DSDs inevitably lead to different vertical features of radar reflectivity and RRs and sub-
sequently different Z‐R relationships. Peters et al. (2005) found that when employing the Z‐R relationships
from weather radar reflectivity, the RRs are underestimated by more than a factor of 4 for heavy rain events
in Germany's Zingst (331 events) and Westermarkelsdorf (395 events). Therefore, the investigations of the
vertical profiles of radar reflectivity (Ze) and RR will help understanding of Z‐R relationships and improving
operational weather radar QPE.

The CFADs of Ze and RR for the three rain types are presented in Figure 4, the same method used in
Figure 3. As shown in Figure 4a, for the LR category, most of the Ze values are located at ~10 dBZ, are

Figure 3. Vertical profiles of the logarithm of the generalized intercept parameter log10Nw (m−3 · mm−1, upper panel), and the mass‐weighted mean diameter Dm
(mm, lower panel), for the classified rain of light rain (LR), stratiform rain (SR), and convective rain (CR) during Integrative Monsoon Frontal Rainfall Experiment
(IMFRE). Note that the contours represent the normalized density of the data samples, and the dashed lines represent 25th, 50th, and 75th percentiles, respectively.
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nearly constant between heights of 1 and 3 km, and slightly decrease from the height of 1 km toward the
ground. These results are similar to the CFADs of the Dm presented in Figure 3d due to the dependence
of Ze on ~D6. Figure 4d shows that the LR category's RR values generally range from 0.1 to 0.4 mm/hr
and slowly decrease toward the ground, especially below 1 km. In contrast to the LR category, the Ze
profiles of the SR category shown in Figure 4b illustrate a narrow frequency distribution of 20 to 35 dBZ
with double peaks. The primary peak (~30 dBZ) is similar to its Dm counterpart shown in Figure 3e, and a
second peak of ~23 dBZ primarily occurs below 1 km. In response to this, Figure 4e illustrates the high
occurrence of weak RR around 1 mm/hr, with slight increase toward the ground. These findings suggest
that the coalescence process slightly overwhelms the break‐up process for the SR category.

Compared with the LR and SR categories, the CR‐derived Ze values are in nearly linear growth trend with
~25 dBZ at 3km and ~42 dBZ near the ground, which may represent the natural variations of the rain's
microphysical properties in convective systems or may be the result of attenuation of the heavy rain as dis-
cussed in Figure 1. The RR profiles in Figure 4f also show the largest RR values near the ground, which are
consistent with their Ze values. However, the slope of Ze is much greater than that of RR, because Ze is pro-
portional to the sixth moment of the DSD, while the RR is proportional to the third moment of the DSD. As
illustrated in Figure 3f, the raindrop diameters are almost doubled from 1 km to near the ground for the
CR category.

Based on the results discussed in Figures 3 and 4, we found that the physical processes and microphysical
structures of the classified three rain categories are significantly different. For the LR category, the raindrops
undergo a competition process between the raindrop evaporation and break‐up processes as the raindrops
fall, with relatively small raindrop diameters and high concentrations observed near the ground, which

Figure 4. Same as Figure 3 but for vertical profiles of (a–c) Ze (dBZ) and (d–f) RR (mm/hr).
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results in decreasing trends in both Ze and RR. For the SR category, the coalescence process slightly
overwhelms the break‐up process, which leads to weak growth trends in both Ze and RR toward the
ground. For the CR category, the coalescence process is dominant as the raindrops fall, with rapid
increase in raindrop diameter and sharp decrease in number concentration, which eventually leads to
faster growth trends in both Ze and RR.

3.2. Validation of the MRR‐Estimated Rain Parameters Using 2DVD

The validity of the MRR data has been reported by many researchers from different regions with satisfactory
results (Das, Maitra, & Shukla, 2010; Peters et al., 2005; Tokay et al., 2009). To ensure the robustness of MRR
data quality in this study, we have gone through detailed comparison between theMRR data and 2DVD data
to estimate its uncertainties. TheMRR data at the height of 200m are compared with the surface 2DVDmea-
surements. The scatterplots of mass‐weighted mean diameter (Dm), normalized number concentration (Nw),
radar reflectivity (Ze), and RR from the 2DVD (near the ground) and the MRR (200 m) for all classified rain
samples are shown in Figure 5 with some typical statistical values, corresponding statistical results for three
different rain categories listed in Table 2.

Figure 5a shows an excellent agreement in Dm retrieved from the MRR and 2DVD with the following statis-
tical results: a nearly perfect correlation of 0.966, linear regression of 1.025, and a low bias of −0.006 mm
with an root‐mean‐square error (RMSE) of 0.136 mm. As for the Nw comparison shown in Figure 5b,
althoughNw values mainly fall near the 1:1 line with a relatively high correlation of 0.777, some outstanding
issues still exist. TheNw values retrieved from the MRR are relatively higher than those from the 2DVDwith
a bias of ‐34,846 m−3 · mm−1 and an RMSE of 12,546 · m−3 · mm−1. It is worth noting that log10Nw and Dm

comparisons in Table 2 show a relatively poor correlation of 0.61 and 0.69 for CR category but relatively high
correlations for LR and SR categories. The differences in Nw and Dm comparisons for CR category might be
related to the strong vertical variations in convective systems or may be due to the detecting sensitivities of

Figure 5. Comparisons of rain parameters of (a) Dm, (b) Nw, (c) Ze, and (d) rain rate (RR) between the microrain radar
(MRR) retrievals (at 200 m) and two‐dimensional video disdrometer (2DVD) measurements (near the ground) during
Integrative Monsoon Frontal Rainfall Experiment (IMFRE). Note that the blue dots, green dots, and read dots indicate
light rain (LR), stratiform rain (SR), and convective rain (CR) categories, respectively.
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the two instruments to different raindrops. Although that the 2DVD can detect raindrops with diameter
between 0.1 and 8.1 mm and the MRR can only detect raindrops with diameter between 0.246 and 5.03
mm, Harikumar et al. (2012) found that the MRR overestimated the number concentration of small
raindrops and underestimated the number concentration of large raindrops, corresponding to higher Nw

and lower Dm in CR category. Another source for the bias is that some of small raindrops fail to reach the
ground due to the evaporation process, leading to fewer number concentration of small raindrops
observed by the 2DVD.

In addition, the Ze and RR comparisons shown in Figures 5c and 5d mimic their Dm counterparts, with high
correlations of 0.985 and 0.952, linear regressions of 1.021 and 1.032, low biases of −0.665 dBZ and −0.443
mm/hr, and RMSEs of 1.973 dBZ and 2.923 mm/hr, respectively. However, the RR comparison for LR in

Table 2
Statistical Means, Root‐Mean‐Square Errors (RMSE), and Linear Correlation Coefficients (Corr) of MRR (200 m) Retrievals and 2DVD (Near Ground
Level) Measurements (RR, Ze, log10Nw, and Dm) for Light Rain (LR), Stratiform Rain (SR), and Convective Rain (CR) During Integrative Monsoon Frontal
Rainfall Experiment (IMFRE)

RR Ze log10Nw Dm

LR SR CR LR SR CR LR SR CR LR SR CR

Samples 928 750 218 928 750 218 928 750 218 928 750 218
Mean (MRR) 0.27 2.16 24.47 11.73 25.74 42.04 4.28 3.83 3.91 0.68 1.17 1.80
Mean (2DVD) 0.27 1.86 21.64 11.44 24.75 40.90 4.14 3.85 3.80 0.70 1.12 1.82
RMSE 0.15 0.77 8.12 2.08 1.70 1.76 0.31 0.20 0.33 0.09 0.11 0.17
Corr 0.56 0.86 0.89 0.91 0.96 0.935 0.96 0.96 0.61 0.97 0.97 0.69

Note. Note that the statistics of means and RMSEs for RR, Ze, log10Nw, and Dm are given in mm/hr, dBZ, m‐3 mm‐1, and mm, respectively.
Abbreviations: 2DVD: two‐dimensional video disdrometer; MRR: microrain radar; RR: rain rate.

Figure 6. Sample frequencies of each parameter: (a)Dm, (b)Nw, (c) Ze, and (d) RR, retrieved by microrain radar (MRR; at
200 m: dashed lines) and two‐dimensional video disdrometer (2DVD; near the ground: solid lines) for the classified light
rain (LR), stratiform rain (SR), and convective rain (CR) categories during Integrative Monsoon Frontal Rainfall
Experiment (IMFRE).
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Table 2 shows that there is a relatively poor correlation (0.56), which may be caused by a truncation error of
MRR RR. The MRR RR in LR category was limited in a narrow range of 0.1–0.5 mm/hr. The systematical
error of MRR RR estimation is within ±10%, which is relatively higher for the magnitude of MRR RR in
LR category.

The small differences between the two instruments could also be explained by following two factors. First,
the measuring techniques of the two instruments are different. The 2DVD follows the raindrop counting
principle and acts as a ground truth. The MRR is based on volume backscattered energy, and its mean sta-
tistically related uncertainty is estimated to be ±10 % as mentioned in the MRR physical basis (Metek, 2012).
Second, the radar sampling volumes are different, with the sampling volume of the MRR being a few orders
of magnitude greater than that of the 2DVD. Tokay et al. (2009) found that regardless of the platform used,
the variability of rainfall estimates can be expected to be inversely proportional to the sampling volumes, due
to the small‐scale inhomogeneity of horizontal structure of precipitation. Nevertheless, the excellent agree-
ment between the two datasets provides a high confidence for this study to perform the scientific analysis
with the MRR data.

To further validate the MRR‐retrieved rain parameters for the three different rain types, the occurrence fre-
quencies of theDm, log10Nw, Ze, and RR retrieved from both theMRR and 2DVD for the LR, SR, and CR cate-
gories are plotted in Figure 6. As illustrated in Figure 6, the occurrence frequencies of the rain parameters
from both the MRR and 2DVD are quite similar with increasing trends from LR to CR and only a few slight
differences in terms of peak values. Among the three categories, the LR category has the smallest raindrop
size but the highest number concentration, which results in the lowest RR and Ze values. There are

Figure 7. Scatter plots of the log10Nw‐Dm pairs at different heights (frommicrorain radar [MRR] retrievals at heights of 1,000 to 200 m and the surface two‐dimen-
sional video disdrometer [2DVD]) for light rain (LR; blues circles), stratiform rain (SR, green circles), and convective rain (CR; read circles). Note that the diamond‐,
triangular‐, and square‐shaped boxes represent the averaged values.
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comparable raindrop number concentrations in the SR and CR categories but the largest raindrop diameter,
RR, and Ze in the CR category. These results could be explained by the DSD definition, that Ze and RR are
proportional to the sixth and third moments of the raindrop diameters, respectively.

3.3. Height Dependence of the Z‐R Relationships

There exists particular links between the DSDs, the raindrop formation and growth process, and the Z‐R
relationships as discussed above. To further understand the significant variations of DSDs in near‐surface
layer, Figure 7 presents the scatterplots of the Dm‐log10Nw pairs for the LR, SR, and CR categories, respec-
tively, at six different heights below 1 km. In the comparison of the three rain categories, there are three
important findings. First, the raindrop diameters shift toward large values from the LR to the CR at all levels
with fixed log10Nw. Second, there is an anticorrelation relationship between the log10Nw and Dm, in which a
smaller Dm corresponds to a higher Nw, and vice versa. For the LR category, the DSDs are characterized by a
high number concentration of small raindrops, and a low number concentration of large raindrops. In the
SR category, the gradual increases in the raindrop diameters and decreases in the number concentrations
suggest weak coalescence processes when the raindrops are falling. However, this anticorrelation relation-
ship becomes indistinguishable toward the ground for the CR, where an obvious increasing trend in the rain-
drop diameters observed below 400 m, as shown in Figures 7e and 7f. Third, the log10Nw‐Dm pairs mainly
locate in a region where the log10Nw= 3.5–4.2 m−3 · mm−1 and theDm= 1.5–2.1 mm, which roughly matches
the maritime‐like clusters found by Bringi et al. (2003).

The vertical variations of the DSDs in Figure 7 suggest different Z‐R relationships at different heights for the
LR, SR, and CR, the same results found in Steiner et al. (2004) and Wang et al. (2016). Jash et al. (2018)
showed significant variation in the coefficient (a) and exponent (b) of the Z‐R relationships with height using
MRRmeasurements. Tokay et al. (2009) also showed that values of coefficient (a) decreased from 556 to 170
with increasing height (150–500m); in the meantime, the values of exponent (b) increase from 1.14 to 1.40.
Therefore, it is essential to establish height‐dependent Z‐R relationships for different rain categories over
central China.

Figure 8 shows the vertical profiles of the coefficient (a) and exponent (b) of the Z‐R relationships for the
three rain categories derived from theMRRmeasurements during IMFRE. Generally speaking, there are sig-
nificantly vertical changes in both the coefficients and exponents for all three categories. Compared to the SR
and LR categories, there are larger coefficients and smaller exponents for the CR category. The coefficients of

Figure 8. Vertical profiles of the (a) coefficients and (b) exponents in the Z‐R relationships (Z = a · Rb) for classified light
rain (LR), stratiform rain (SR), and convective rain (CR) categories.

10.1029/2019JD031108Journal of Geophysical Research: Atmospheres

ZHOU ET AL. 13 of 18



Figure 9. Comparisons of vertical velocities retrieved by co‐located microrain radar (MRR) and 445‐MHz wind profile
radar (WPR) spectra data for a stratiform case (left column) and a convective case (right column). (a) WPR retrieved
vertical air velocity (m/s), (b) WPR retrieved raindrop fall velocity (m/s), (c) MRR retrieved raindrop fall velocity (m/s), (d)
vertical profile of mean air velocity (blue line), WPR raindrop fall velocity (green line), and MRR raindrop fall velocity
(orange line).
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the CR category increase with height from near the ground to 400 m, then keep nearly constant until 1 km,
and finally decrease dramatically with height (above 1 km). Meanwhile, the exponent values first decrease
quickly with height up to 1 km and then increase slightly. These findings indicate that there are different
microphysical processes below and above 1 km as discussed in Figures 3 and 4. For both LR and SR cate-
gories, the coefficients and exponents are comparatively similar above 2 km, then the coefficients and expo-
nents for the LR category start to decrease toward the ground, while the exponents for the SR category
increase toward the ground with nearly constant coefficient. These findings are consistent to the results dis-
cussed in Figures 3 and 4, which demonstrates that the Z‐R relationships for the three rain categories are
dominated by different DSDs and microphysical processes.

The Z‐R relationship obtained in this study can be compared with previous ones. At height of 200 m, the esti-
mated Z‐R relationship for the CR category from the MRR measurements is Z = 284 R1.36, which is slightly
different from the default relationship of Z = 300 R1.4 for summer convection (Fulton et al., 1998). The rain-
fall estimates, using the default relationship, are underestimated when compared with the MRR estimates,
which contradicts the findings of Wang et al. (2016) over the Southern Great Plains of the United States.
Similarly, the traditional Z = 200 R1.6 used by Marshall and Palmer (1948) for continental SR may slightly
underestimate the real rainfall when compared to the new relationship of Z = 154 R1.67 found in this study.
In contrast, the rainfall estimates using the new Z = 57 R0.95 for the LR category tends be lower than those
achieved using the Z = 42 R1.68 found by Wen et al. (2016) over eastern China. The current relationships are
not significantly different to the original ones, which means that the Z‐R relationships of typical monsoon
frontal systems over central China are robust.

The analyzed results above are based on the assumption of zero air motion in the MRR algorithm. Kim and
Lee (2016) also concluded that for a given spectrum, updrafts can overestimate raindrop number concentra-
tion and underestimate mass‐weighted mean diameter since updrafts shift a hydrometeor spectrum to a
small drop diameter range (vice versa for downdrafts). Therefore, the effects of air motion are
discussed below.

The vertical air motion cannot be separated from hydrometeor motion in MRR spectral data. Wang et al.
(2010) found that 445‐MHz wind profile radar spectra are often bimodal, with one mode representing the
vertical air motion and the other representing the raindrop fall speed. The spectrum of air velocity and rain-
drop terminal velocity may therefore be clearly identifiable within the observed spectrum. During IMFRE, a
wind profile radar (WPR) is co‐located with the MRR, which operates at a 445‐MHz frequency modulated
with spatiotemporal resolution of 6 minutes and 120 m. After data preprocessing (Ruan et al., 2014), spectral
model as introduced by Williams (2016) and Kim and Lee (2016) is used to retrieve the vertical winds and
mean Doppler velocities. Peters et al. (2005) concluded that themean Doppler velocity showedmost conspic-
uous feature and showed a height‐dependent transformation of the shape of the DSDs. Two cases, a strati-
form case and a convective dominated case, were studied to show the effects of air motion as in Figure 9.
The SR case showed weak air motion of −1–1 m/s, and the air motion effects on the retrieval of rain para-
meters is relatively small for statistical mean data (Kanofsky & Chilson, 2008; Rajopadhyaya et al., 1998).
Although the CR case showed strong air motion sometimes, but the unrealistic data caused by strong vertical
winds have been removed in MRR data shown as the white space in Figure 9c2, mean differences in MRR‐
and WPR‐retrieved raindrop fall velocities are relatively small as illustrated in Figure 9d2. The spectral data
from WPR is complicated but worthy in studying the DSD parameters and validating MRR data. In our
future studies, the ongoing analysis of the data from WPR and MRR will be needed for vertical wind retrie-
vals and the related DSD parameters.

4. Summary and Conclusions

The vertical profiles of the DSDs, rain parameters, and Z‐R relationships for different rain categories have
been investigated using co‐located MRR and 2DVD measurements at the Xianning surface site, along with
the S‐band weather radar at theWuhan radar site over central China during the IMFRE. In this study, based
on the MRR‐retrieved RRs, a total of 1,896 rain samples were collected and classified into three categories of
CR, SR, and LR, and their corresponding vertical structures were analyzed. The 2DVD‐measured DSDs and
rain parameters were then used as a “ground‐truth” dataset to validate the MRR data. Finally, the height‐
dependent Z‐R relationships for the different rain categories were discussed, which would provide
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insightful information for improving future operational QPEs. Through an integrative analysis of the MRR,
2DVD, and S‐band weather radarmeasurements and retrievals during IMFRE, the following conclusions are
drawn:

1. There are distinguishable physical processes and microphysical structures within various heights for the
three rain categories. The LR category is dominated by raindrop break‐up and evaporation processes on
the falling path, with smaller raindrops and higher concentrations near the ground, which results in
decreasing trends for both the Ze and RR. For SR category, the raindrops undergo a competition between
the evaporation, break‐up, and coalescence processes as the raindrops fall. In particular, the coalescence
process slightly overwhelms the break‐up process, which leads to weak growth trends in both Ze and RR
toward the ground level. The coalescence process is dominant for the CR category when the raindrops
fall, especially below the height of 1 km, with rapid increase in the raindrop diameter and sharp decrease
in the number concentration, which eventually leads to fast growth trends in both Ze and RR.

2. To quantitatively estimate the uncertainties of the MRR retrieved DSDs, Ze, and RR, the ground 2DVD
measurements run as ground truth during IMFRE. It is found that there are excellent agreements
between the 2DVD data and the MRR data for the three rain categories, with nearly perfect correlations
of 0.966, 0.985, and 0.925 and low biases of −0.006 mm, −0.665 dBZ, and −0.443 mm/hr for Dm, Ze, and
RR, but with medium correlation of 0.777 and bias of −34,846 mm−1 · m−3 for Nw. Among three cate-
gories, the LR category has the smallest raindrop size but the highest number concentration, which
results in the lowest RR and Ze. The SR and CR categories have comparable raindrop number concentra-
tions. However, the CR category has the largest raindrop diameters, RR, and Ze. These results can be
explained by the DSD definition that Ze and RR are proportional to the sixth and third moments of the
raindrop diameters, respectively.

3. The scatterplots of the DSDs demonstrate that there is an anticorrelation relationship between the
log10Nw and Dm and that the Dm shifts toward larger values from the LR to the CR at all levels with fixed
log10Nw, which leads to different coefficients and exponents of the Z‐R relationships. The height‐
dependent Z‐R relationships found in this study will provide insightful information for operational radar
QPE of monsoon frontal rainfall in central China. However, valid rain data during IMFRE are limited,
especially for CR. Statistical Z‐R relationships at different heights are not robust enough to be applied
to operational QPE systems.

Furthermore, the results obtained during IMFRE demonstrate that the vertical distributions of the DSD, Ze,
and RR from the LR, SR, and CR categories are different, which could be attributed to the different micro-
physical processes of the raindrops. These findings will help improve our understanding regarding to the for-
mation processes of different rain types, as well as their vertical variations, which subsequently provide
insights for improving the rain microphysical parameterizations in future models. In conclusion, although
interesting findings were achieved during IMFRE, these findings were based on one summer field campaign
without considerations of strong attenuation in severe convective systems and ambient air motion errors in
MRR retrievals. Long‐term ground‐based observations using integrative observational techniques are war-
ranted in the future for more statistically meaningful results.
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