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Abstract The characteristics of raindrop size distributions (DSDs) and vertical structures of rainfall during
the Asian summer monsoon season in East China are studied using measurements from a ground-based
two-dimensional video disdrometer (2DVD) and a vertically pointing Micro Rain Radar (MRR). Based on rainfall
intensity and vertical structure of radar reflectivity, the observed rainfall is classified into convective, stratiform,
and shallow precipitation types. Among them, shallow precipitation has previously been ignored or treated as
outliers due to limitations in traditional surface measurements. Using advanced instruments of 2DVD and MRR,
the characteristics of shallow precipitation are quantified. Furthermore, summer rainfall in the study region is
found to consist mainly of stratiform rain in terms of frequency of occurrence but is dominated by convective
rain in terms of accumulated rainfall amount. Further separation of the summer season into time periods
before, during, and after the Meiyu season reveals that intrasummer variation of DSDs is mainly due to changes
in percentage occurrence of the three precipitation types, while the characteristics of each type remain largely
unchanged throughout the summer. Overall, higher raindrop concentrations and smaller diameters are found
compared to monsoon precipitation at other locations in Asia. Higher local aerosol concentration is speculated
to be the cause. Finally, rainfall estimation relationships using polarimetric radar measurements are derived and
discussed. These new relationships agree well with rain gauge measurements and are more accurate than
traditional relations, especially at high and low rain rates.

1. Introduction

Raindrop size distribution (DSD) is a fundamental microphysical property of precipitation. Understanding the
variability of DSD is important for improving quantitative precipitation estimation (QPE) and microphysics
parameterization in numerical weather prediction models for accurate quantitative precipitation forecast (QPF)
[Milbrandt and Yau, 2005; Sun, 2005; Zhang et al., 2006]. For several decades, rain DSDs have been studied around
the world using surface disdrometer measurements and are known to vary both spatially and temporally across
different precipitation types, climatic regimes, and orography [Ulbrich, 1983; Tokay and Short, 1996; Testud et al.,
2001; Zhang et al,, 2001; Bringi et al., 2003; Rosenfeld and Ulbrich, 2003]. Various radar-based QPE algorithms have
been developed using these DSD observations. These algorithms include Z-R relations and polarimetric radar
algorithms, where Z and R are the radar reflectivity factor and rain rate [e.g., Marshall and Palmer, 1948;
Rosenfeld et al., 1993; Bringi and Chandrasekar, 2001; Ryzhkov et al., 2005; You et al., 2014].

The climate in China is deeply influenced by monsoons. During the Asian summer monsoon season (May—August),
southerly winds dominate and warm and moist air is transported from the ocean to the continent of China,
increasing convective instability in the region. As a result, heavy precipitation episodes occur frequently in
south and East China during the monsoon season. A quasi-stationary subtropical front, called the Meiyu front,
is a prominent feature in the region [Tao and Chen, 1987]. The Meiyu front establishes its mean position over
south China with the onset of the East Asian summer monsoon in the South China Sea then moves northward
to the Yangtze-Huaihe River Basin to establish the commonly known Meiyu season in the region. The Yangtze-
Huaihe River Basin Meiyu season typically lasts from mid-June to mid-July, producing persistent heavy rainfall
[Ding and Chan, 2005; Xu et al., 2009; Yu and Li, 2012].

The DSDs in the Meiyu season over China have only received limited investigation. Chen et al. [2013]
examined the statistical characteristics of DSDs during the Meiyu season at Nanjing China, using 3 year
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Figure 1. Field view of the Jiangning site (JN), displaying the relative positions of the Micro Rain Radar (MRR), the Wind Profiler Radar (WPR), the 2-D video disdrometer
(2DVD), and the PARSIVEL disdrometer. The inset figure presents the local topography around the JN site.

observations from a first-generation one-dimensional (1-D) laser-optical Particle Size Velocity (PARSIVEL)
disdrometer manufactured by OTT Germany. Their results show that the concentration of raindrops is slightly
lower, and the median raindrop diameter is higher than those observed in some other subtropical locations
and even during Baiu (Meiyu is named Baiu in Japan) in Japan [Bringi et al., 2006; Chen et al., 2013]. Tang et al.
[2014] further examined DSDs in different climatological regions in China and found that both North and
south China have lower raindrop concentrations than East China during the summer.

Results from the cited papers are not conclusive. They are mostly limited to using surface disdrometer
observations, and they were plenty of measurement uncertainties. For example, the PARSIVEL disdrometer
used generally underestimates small raindrops and overestimates large drops [Tokay et al., 2013]. As such,
it can artificially increase the measured median diameter of raindrops. With only surface-based measure-
ments, it is also difficult to investigate the relationship between DSDs and the corresponding vertical
structures of precipitation, which is important for DSD characterization. Finally, those studies focus mainly
on precipitation during the Meiyu season; whether DSD varies significantly across the pre-Meiyu, Meiyu,
and post-Meiyu periods remains unknown [Xu et al., 2009].

To improve the understanding of the dynamics and microphysics of severe convective systems, field
campaigns of the OPACC (Observation, Prediction and Analysis of Severe Convection of China) project were
conducted in the Yangtze-Huaihe River Basin in East China in the summers of 2014 and 2015. For the first
time, a two-dimensional video disdrometer (2DVD) [Schoénhuber et al., 2007], a vertically pointing Micro
Rain Radar (MRR), and a Wind Profiler Radar (WPR) were collocated to observe the precipitation microphysics
in the East China region (Figure 1). A one-dimensional PARSIVEL disdrometer was also collocated for compar-
ison purpose. The purpose of this study is to examine the precipitation characteristics during the summer
monsoon season in East China using this unique data set. Unlike previous studies that usually separated
precipitation into the convective and stratiform types, three types of precipitation (convective, stratiform,
and shallow) are identified in this study, and their DSDs and vertical structures are quantitatively compared
among the pre-Meiyu, Meiyu, and post-Meiyu periods. Furthermore, polarimetric rainfall estimators are
derived from DSD observations and discussed as well.

2. Data and Methods

2.1. Instruments and Data Set

The data sets used in this study were collected at a national weather station in Jiangning (JN), Nanjing, from
June to August during the 2014 and 2015 OPACC summer field campaigns. Nanjing is located in the
Yangtze-Huaihe River Basin of East China, a region strongly influenced by the East Asian summer monsoon
in the summer. A picture of the field site (31.93°N, 118.90°E) is shown in Figure 1. The MRR and WPR were
located nearby on the roof of a building, about 7 m above the ground and 20m away from the 2DVD.
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Figure 2. The observed wind speed and direction by WPR and hourly rainfall by RG from summer 2014 and 2015. The red vertical dashed lines separate the time
period into segments of pre-Meiyu, Meiyu, and post-Meiyu. (a) Wind speed (black line) and wind direction (blue line); (b) time series of 27 precipitation episodes.

The rain gauge (RG), OTT PARSIVEL, and 2DVD were positioned no more than 3 m apart. The 2DVD used
was the current third-generation version manufactured by Joanneum Research in Graz, Austria (details
can be found at www.distrometer.at). It accounts for the drops in the inner part of the measurement inlet
only to reduce splash effects. The horizontal imaging resolution of the unit used in this study is approxi-
mately 0.2 mm, while the vertical resolution is 0.1-0.2 mm for raindrops depending on particle terminal
velocity [Schénhuber et al.,, 2007]. The OTT PARSIVEL disdrometer used, as in Chen et al. [2013], was the
first-generation version, which measures 32 bins of diameter from 0 to 25mm and 32 bins of fall speeds
from 0 to 224ms™" [Léffler-Mang and Joss, 2000]. A size correction proposed by Battaglia et al. [2010]
has been applied for the OTT PARSIVEL observations to minimize the measurement error. The vertically
pointing MRR is a compact 24 GHzK band frequency-modulated, continuous-wave Doppler radar [Peters
et al.,, 2002]. It observes 30 vertical levels in the atmosphere with range gate resolution set to 200 m. It is
also capable of determining DSDs from the Doppler spectra utilizing the relation between drop size and
terminal fall velocity according to Atlas et al. [1973]. The main limitation of MRR of such retrieval is that it does
not account for wind (horizontal or vertical) at any scale. The temporal resolution is 1 min for 2DVD, MRR,
PARSIVEL, and RG and 6 min for WPR in this study. In situ sounding data were collected as well.

By screening the time series of DSD data, as well as composite radar reflectivity mosaic and rain gauge data
from China Meteorological Administration (CMA), 27 precipitation episodes were identified (Figure 2 and
Table 1) for the two summer seasons, including four in the pre-Meiyu period, nine in the Meiyu period,
and 14 in the post-Meiyu period. Following Carbone et al. [2002], a precipitation episode is defined as clusters
of rain systems (mainly in the form of organized convection such as squall lines, mesoscale convective
systems, and frontal rainband) which exhibit coherent rainfall patterns, characteristic of propagating events,
under a broad range of atmospheric conditions. The episodes are most easily identified in a time-longitude
Hovmoller diagram [Carbone et al.,, 2002]. In this study, the domain of computation for the Hovmoller
diagrams is 2°x 2° centered at JN site. The Meiyu period in the Yangtze-Huaihe River Basin was between
23 June and 19 July 2014 and between 24 June and 13 July 2015, as officially determined by CMA. The
pre-Meiyu period is from 1 June to a day before the onset of the Meiyu period, and the post-Meiyu period
is from the end date of the Meiyu period to 31 August of each year. Figure 2 indicates that the 850 hPa winds
during the precipitation periods are predominantly (over 90% of the time) southeasterly to southwesterly,
with those during the Meiyu season being mostly southwesterly. A similar quality control method as used
in Tokay et al.[2013] is used to process the 2DVD observations. For each 1 min data from the 2DVD, if the total
number of drops is less than 10 or a disdrometer-derived rain rate is less than 0.1 mmh ™', it is disregarded;
otherwise, it is considered to be a rainy minute. For each 1 min data from the MRR, if the rain rate observed by
2DVD is less than 0.1 mmh™", it is then discarded as noise caused by nonprecipitation echo.
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Table 1. Precipitation Episodes Used for the Present Study and Accumulated Precipitation From Rain Gauge

Accumulated Samples Mean Rain Rate  Maximum Rain Rate

Episode No. Date Precipitation (mm) (min) (mm h71) (mm h71)
1 31 May to 1 Jun 2014 26.5 189 84 88.7
2 16 Jun 2014 17.7 259 4.1 16.6
3 24-27 Jun 2014 67.2 858 4.7 434
4 1-2 Jul 2014 30.0 399 4.5 374
5 4-5 Jul 2014 83.2 1005 5.0 1144
6 12 Jul 2014 72.0 321 135 145.1
7 24-25 Jul 2014 40.2 337 7.2 26.2
8 27 Jul 2014 255 113 135 728
9 31 Jul to 1 Aug 2014 15.1 101 9.0 70.5
10 8-9 Aug 2014 8.2 89 5.5 10.6
11 12-14 Aug 2014 56.5 642 53 47.6
12 16-18 Aug 2014 223 238 5.6 36.9
13 24 Aug 2014 8.7 20 26.1 524
14 26-27 Aug 2014 16.4 220 4.5 18.2
15 28-30 Aug 2014 16.7 138 7.3 104.2
16 1-2 Jun 2015 143.8 600 144 1221
17 15-17 Jun 2015 171.0 894 11.5 114.7
18 25-30 Jun 2015 364.4 1706 12.8 110.8
19 3 Jul 2015 18.3 41 26.8 81.8
20 5-6 Jul 2015 10.6 472 1.3 3.8
21 7-8 Jul 2015 21.9 335 39 63.9
22 11-12 Jul 2015 51.0 147 20.8 117.9
23 16-19 Jul 2015 122.8 473 15.6 106.1
24 23 Jul 2015 39.1 423 55 88.1
25 24-25 Jul 2015 34 35 5.8 16.4
26 8-10 Aug 2015 196.4 919 12.8 114.2
27 19-20 Aug 2015 52 27 12.2 35.1

2.2. Raindrop Size Distribution

When the raindrop size distribution is given, the integral rainfall parameters including the radar reflectivity
factor Z (mm® mm™3), rain rate R (mmh™"), liquid water content LWC (gm~3), and the total concentration
of raindrops N; (m~3) are derived

Z= iD?N(D,-)AD,, (1
i=1
67 3
R= W,; D3ViN(D;)AD;, )
we=_"_% D3N(D;)AD; 3)
6000 & ' ’

L
Ne =Y N(D))AD;, (4)

i=1

where L is the total number of bins, D{mm) is the equivalent spherical raindrop diameter for size bin i,
AD; is the corresponding diameter interval (mm), and Vi(m s~ Y is the fall speed for the velocity bin i.
The equivalent-volume diameters are sorted into size categories of 0.2mm. The range in tabulated
raindrop diameters is 0.1-8.1 mm (41 bins), and the velocity bin is changed to match the size bin. V;
is obtained by averaging measured particle velocities within that size bin. N(D,-)(mm’1 m~3) represents
the number concentration of drops with diameters in the range from D; — 0.5AD; to D;+0.5AD; (per unit
size interval).

The widely used three-parameter gamma model DSD [Ulbrich, 1983] represents the observed raindrop
spectra reasonably well [Tokay and Short, 1996]. The gamma size distribution is expressed as

N(D) = NoD"exp(—AD), (5)
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where D (mm) is the equivalent diameter and N(D) (m~3mm™") is the number concentration of raindropsina
unit volume of air and in the unit size interval. No(mm™ ' ~# m™3), A(mm™ "), and x (dimensionless) are the
concentration, the slope, and the shape parameters, respectively. The nth-order moment of the DSDs is
expressed as

Drmax

M, =, D"N(D)dD. (©)

The mass-weighted mean diameter D,, (mm) equals the ratio of the fourth to the third moment of the
size distribution

My
Dy =— 7
m M3 I ( )
and the generalized intercept parameter N,, (mm™' m™3) was computed as [Bringi et al., 2003]
44 1103w
Ny = —— ( . ) ®)
7py, \ Dp,

where p,, (assumed to be 1.0gcm™3) is the density of water.

The standard deviation of the mass spectrum (o,,,) with respect to D,, is defined as [Ulbrich, 1983]

Dimax
_ 23
U;:IO (0= D" D*N(D)AD. o
[, D*N(D)dD

Note that D,,,, N,,, and o, are also calculated directly from measured DSD and not by fitting the measure-
ments to the gamma model.

2.3. Polarimetric Radar Parameters

Polarimetric radar parameters, such as radar reflectivity in horizontal polarization Z; (10logo (Zp)) and
differential reflectivity Zpg, provide valuable information that can better characterize DSD variability and
estimate precipitation. They are most important for improving the accuracy of rainfall estimation. These
variables depend on the DSD and the drop scattering amplitudes as follows:

474 (Orw
Zny =2 [ Fan (D) PN(D)dD, (10)
7 Kw|
Z
ZDR = 10|Og1o(i), (11)
Z,

where 1 is the radar wavelength, K, is the dielectric factor of water, and f, ,,(D) are the backscattering ampli-
tudes of a drop at horizontal or vertical polarization.

The polarimetric radar parameters in equations (10) and (11) were calculated from the observed DSDs by 2DVD
using the T-matrix [Ishimaru, 1991] scattering techniques described by Zhang et al. [2001]. Since the effects of
temperature on radar observables at S band are negligibly small [Aydin and Giridhar, 1992], the raindrop
temperature was assumed to be 10°C in this study. The raindrops were also assumed to follow the Brandes
axis ratio relation [Brandes et al., 2002].

2.4. Classification of Rain Types

Previous studies have usually categorized precipitation into stratiform and convective types based on the
rainfall intensity and variation measured by surface disdrometers [Tokay and Short, 1996; Testud et al.,
2001; Bringi et al., 2003; Chen et al., 2013]. A few researchers suggested a third type of precipitation (named
shallow precipitation) based on data from the vertically pointing radar observations, which are characterized by
low cloud top (below 0°C isotherm) and weak rainfall rate [Fabry and Zawadzki, 1995; Cha et al., 2009]. However,
shallow rainfall has generally been ignored or recognized as stratiform rain by surface disdrometer-based
classification schemes.

In this study, three types of precipitation, including stratiform, convective, and shallow, are defined by
combining the rainfall intensity and the vertical structure of radar reflectivity measured by the 2DVD and
the MRR. Figure 3 presents an example of the measured vertical profile of reflectivity and the time series
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Figure 3. The vertical profile of reflectivity from the MRR and the time series of the DSDs calculated from the 2DVD from
0000 to 2400 UTC 12 July 2014. (a) The color shading represents the vertical profile of reflectivity observed by the MRR.
The y axis represents the altitude. The classified convective, stratiform, and shallow samples are illustrated by the red,
black, and purple bars on the top of the diagram. (b) The color shading represents the DSD in logarithmic units of
mm~ ' m~>. The y axis indicates the equivolume diameter (mm) of raindrops. (c) The black line represents rain rate
calculated from the DSDs.

of the DSDs using the MRR and the 2DVD from 0000 to 2400 UTC 12 July 2014. The convective, stratiform, and
shallow categories are indicated by red, black, and purple bars, respectively, on the top of Figure 3a. The
feature of the shallow rain, as shown in Figure 3, has a notable difference compared to the convective and
stratiform rain. While the bright band is a marked feature of stratiform precipitation, the top of radar echo
of shallow rain is too low to reach the melting layer, which means that the precipitation forms directly in
liquid form and no melting is present [Fabry and Zawadzki, 1995; Cha et al., 2009]. The corresponding
DSD:s of this shallow rain have a relatively small maximum diameter and high concentration of raindrops with
small diameters, indicating distinctions among the microphysical processes of the three precipitation types.

The rain-type classification scheme is a two-step procedure. First, a method similar to that used in Bringi et al.
[2003] and Chen et al. [2013] is used to classify precipitation into stratiform and convective parts. The time
rate change of R and the standard deviation, oz, observed by 2DVD are used to separate convective from stra-
tiform rain types. Specifically, over at least 10 consecutive 1 min DSD samples, if the R values are higher than
0.5mm h™" and the standard deviation oy is less than 1.5 mm h™", then the precipitation is classified as strati-
form; otherwise, if the R values are higher than 5mmh™" and the standard deviation oy is more than
1.5mmh~", then it is classified as convective rain. Samples that belong neither to the stratiform nor convec-
tive type are excluded from the investigation. Next, similar to Cha et al.[2009] and Fabry and Zawadzki [1995],
the time series of vertical reflectivity measured by MRR is used to separate shallow rain from the stratiform type
identified in step 1. Specifically, for the time series of vertical profiles of reflectivity measured by the MRR during
the stratiform processes, if the echo top of radar reflectivity is 1 km lower than the level of the 0°C isotherm,
then it is recognized as shallow rain. The rest of the precipitation are recognized as stratiform rain.

The classification scheme produces 2701 convective samples, 6882 stratiform samples, and 1530 shallow
samples, as presented in Table 2. The fraction of uncategorized rainfall is about 11.3% in terms of total rainfall
contribution and 21.1% in terms of occurrence frequency. The mean rain rates for convective, stratiform, and
shallow rains are approximately 24.44, 235, and 1.95mmh~". The frequency of occurrence and the
corresponding contribution to the total categorized rainfall are, respectively, 24.3% and 77.5% for convective
rain, 61.9% and 19.0% for stratiform rain, and 13.8% and 3.5% for shallow rain. Note that although the percen-
tage of shallow rain precipitation is small, it may have important roles in, e.g., atmospheric energy balance
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Table 2. Frequency of Precipitation of the Classified Rain Types®

Rain Type Samples (min) R (mm h71) Accumulated Rainfall (mm) Percentage (%)
Convective 2,701 2444 1,100.2 77.5
Stratiform 6,882 235 2694 19.0
Shallow 1,530 1.95 49.7 3.5
Total 11,113 7.66 1,419.3 100

¥The percentage refers to the contribution of each rain type to the total categorized rainfall amount.

(for example, affecting the vertical distribution of latent heating [Johnson et al., 1999] by moistening the
lower troposphere [Masunaga and Kummerow, 2006]). Therefore, understanding the microphysics of shallow
rain is also important. The characteristics of shallow rain over tropical oceans and its role in maritime preci-
pitation have been examined in quite a few studies [i.e., Liu et al., 1995; Short and Nakamura, 2000; Blyth
et al., 2013; Hamada et al., 2015; Thompson et al., 2015]. But over continents, shallow rain has received little
attention. We therefore include this category in our study.

3. Results and Discussion
3.1. Vertical Structure of Precipitation

For different types of rain, the microphysical processes during the formation and landing of raindrops are
typically different. Therefore, investigating the vertical profiles of radar reflectivity (VPR, reflectivity greater
than 15 dB2) helps to improve the understanding of the microphysical processes of precipitation. Figure 4
presents the VPR in terms of contoured frequency-by-altitude diagrams (CFAD) [Yuter and Houze, 1995] for
the three different rain types measured by MRR. The level of the 0°C isotherm (gray line; about 5226 m from
the ground level) is averaged by all the in situ sounding data, which are three times a day during the
precipitation episodes.

The convective CFAD in Figure 4a has a near absence of low reflectivity (<25 dBZ) near the ground. The
reflectivity ranges from 25 dBZ to 53 dBZ with an average value of 38 dBZ. The reflectivity decreases drama-
tically with height, which can be attributed to the strong reflectivity attenuation in heavy rainfall, as
mentioned by Tsai and Yu [2012] and Wen et al. [2015]. Therefore, only the data from the lowest heights

%
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Figure 4. Vertical profiles of reflectivity (>15 dBZ) for different rain types. Contours represent the frequency of occurrence
relative to the maximum absolute frequency in the data sample represented in the CFAD, contoured every 10% with the
minimum of contour level at 5%. The ordinate of the CFAD is altitude (200 m bins), and the abscissa is reflectivity (dBZ, 1 dB
bins). The black bold line that goes through each subplot represents the mean value of reflectivity. The gray line represents
the mean level of the 0°C isotherm obtained from the in situ sounding data.
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Figure 5. Histogram of D,,, and logo N, for (a) the total categorized data set, (b) convective subset, (c) stratiform subset,
and (d) shallow subset. Mean values, standard deviation (STD), and skewness (SK) are also shown in the respective panels.

(~200 m) are quantified for convective rain here, in order to avoid the effect of attenuation on the physical
explanation of VPR.

In contrast to convective rain, the stratiform CFAD in Figure 4b indicates a frequent occurrence of weak
reflectivity below 4.5 km, with a mean value of about 25 dBZ that stays nearly constant with decreasing
height, suggesting that the raindrop evaporation and coalescence are in near balance in stratiform rain.
The enhanced radar echo area (known as the bright band) has been detected around 4.6 km, which is
0.6 km below the averaged sounding 0°C isotherm (~5226 m). The top of the bright band can be considered
the melting level and the altitude of the 0°C isotherm [Glickman, 2000], which means that the position of 0°C
isotherm indicated by the MRR and sounding agree well with each other. Above that level, the stratiform
reflectivity decreases sharply with height to a minimum centered at about 16 dBZ, and an extremely tight
frequency distribution within +5 dBZ, representing a nearly homogenous field of reflectivity at each level.

Compared to the convective and stratiform rain, the reflectivity of shallow rain is the weakest. The shallow
CFAD in Figure 4c implies a distinctive, narrower frequency distribution. The “modal distribution” (>50% of
the maximum frequency in the distribution [see Hence and Houze, 2011]) falls in the range of 15 to approxi-
mately 22 dBZ, with an average value centered at about 18 dBZ. The modal distribution of shallow rain
reaches 1.5 km, while the “outlier distribution” (<50% of the maximum frequency) reaches approximately
3.5km and extends to about 28 dBZ. The VPR stays nearly constant with height but far below the melting
layer, which means that the precipitation forms directly in liquid form and no ice phase is present. In other
words, the warm precipitation process is dominant in shallow rain. The corresponding DSDs of this shallow
rain have a relatively small maximum diameter and high concentration of raindrops with small diameters
near the ground (as will be shown in Figure 5d).

3.2. Distributions of D,, and N,

Figure 5 shows the relative frequency histograms of D, and logo N,, for the total categorized data set and for
the convective, stratiform, and shallow subsets calculated from the 2DVD, as well as three key parameters:
mean, standard deviation, and skewness. For the total categorized data set (Figure 5a), D,, and logqo N,,
histograms are both positively skewed. The standard deviations of the histograms are large (0.34 mm for
Dy, and 0.61 for log;¢ N), which suggest a high variability in D, and N,,. Note that the units of N, are inm™ 3
mm~ " and the Marshall-Palmer value of log;o N,, for exponential shape is 3.9 (log;o (mm ™' m™3), omitted
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Figure 6. Scatterplot of log,o N, versus D, for convective (blue filled circles), stratiform (green hollow circles), and shallow
(black dots) rain types. The two gray rectangles correspond to the maritime and continental convective clusters reported by
Bringi et al. [2003]. The square boxes, circles, and triangle represent the averaged values various types of rain, from Chen
et al. [2013], Chen and Lin [2009], and Bringi et al. [2006], respectively. The red, green, white, and yellow colors of these
symbols are for the total categorized data set, convective, stratiform, and shallow rain, respectively. The magenta dashed
line is that of Bringi et al. [2003] for stratiform rain.

hereafter). When considering different rain types, it is found that the D,,, histograms are all positively skewed,
whereas the log N,, histograms exhibit negative skewness for shallow rain (see Figures 5b-5d). Shallow rain
histograms show higher skewness for both D, and log;o N,, when compared with convective and stratiform
rain. The convective rain histograms of D,,, and log¢ N,, tend to shift toward the large values relative to strati-
form rain histogram, indicating that convective rain has higher D,,, and N,, values. Shallow rain has the smal-
lest D,,, (highest logqo N,,), the mean value of which is about 0.64 mm (4.97), compared with 1.41 mm (4.37)
and 1.16 mm (3.78) for convective and stratiform rain, respectively.

Figure 6 shows the scatterplot of log,q N,, versus D,, for the three rain types, as well as statistical results from
similar climatic regimes (i.e., East China, Japan, and Taiwan, where the climates are deeply influenced by East
Asian summer monsoon) reported by Bringi et al. [2006], Chen and Lin [2009], and Chen et al. [2013]. The two
gray rectangles correspond to the maritime and continental convective clusters reported by Bringi et al.
[2003]. The convective rain of our study is mostly plotted over the “maritime cluster,” and only a few points
appear in the “continental cluster” even though Nanjing is located in the inland area. This result indicates that
the summer convective rain in East China is more of a maritime nature. The stratiform rain is plotted over a
wide range, from 0.5 to 3.0 mm for D,,, and 2.0 to 5.7 for log;o Ny, respectively. Nearly 72% of the stratiform
rain appear on the left side of the “stratiform line” (magenta dashed line in Figure 6) given by Bringi et al.
[2003]. The N,,-D,,, pair for the total categorized data set (red cross) is very close to the stratiform line reported
by Bringi et al. [2003] (magenta dashed line), due to the highest population of stratiform in the summer
monsoon season (as shown in Table 2). Note that the unusual stratiform points with D,,,~2.0 —3.0mm
and logjg N, ~2.0 —2.75 are caused by a squall line, and the understanding of the exact microphysical
processes responsible for these points is beyond the scope of this paper. The majority of shallow points is
within the area of D,,~0.5 — 1.0 mm and log;o N,, ~4.0 — 5.8.

The DSDs measured in this study indicate a lower value of D,,, and a higher value of log;¢ N,, (the mean values
are 1.15 mm and 4.09) compared with the 2DVD measurements of Baiu (Meiyu in Japan) in Okinawa, Japan
[Bringi et al., 2006], where the mean values are 1.47mm and 3.78, and Meiyu in Taiwan during the
Southwest Monsoon Experiment [Chen and Lin, 2009], where the mean values were 1.40 mm and 3.55.
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Figure 7. Scatterplots of D,,, and rain rate (RR) for (a) the total categorized data set, (b) convective subset, (c) stratiform
subset, and (d) shallow subset. The fitted power law relationships using a least squares method are provided in each panel.

Given that all three studies use the same type of instrument (i.e., 2DVD) to measure the DSDs of precipitation
systems within the East Asian summer monsoon, assuming minimum interannual variations, the differences
in the DSD characteristics are likely to be related to the specific geographical locations.

One possible reason for such differences could be the aerosol concentration differences across the regions. In
East China, especially in the Yangtze River Delta region, the concentration of aerosols is markedly higher
[Streets et al., 2008; Liu et al., 2011]. During the Asian summer monsoon season (May-August), abundant
moisture is transported from the ocean inland. In the presence of high aerosol concentration therefore plenty
of condensation nuclei, an adequate supply of moisture, tend to lead to higher concentrations of smaller rain-
drops. In contrast, the aerosol concentration is relatively low over the islands of Japan and Taiwan, and fewer
but larger raindrops tend to form mainly through collision-coalescence process. It is noted that the DSDs from
our 2DVD measurements are also different from those obtained from the Meiyu season in Nanjing, China,
using a 1-D PARSIVEL disdrometer [Chen et al., 2013]. The use of different instruments may be the main cause,
as will be discussed more later.

To investigate the variability of the two parameters with respect to rain types and rain rates, scatterplots of D,,-R
and fitted power law relationships with different rain types are shown in Figure 7. For both D,,-R and N,,-R (not
shown), the exponents in the relationships are positive, suggesting that the D,,, and N,, values are enhanced with
rain intensity, possibly due to more efficient coalescence and breakup mechanisms [Chen et al., 2013]. It is nota-
ble that at high rain rates, the DSDs may reach an equilibrium state where coalescence and breakup of raindrops
are in near balance [Hu and Srivastava, 1995]. Under the equilibrium condition, D,, stays at a constant value, and
any increase in rain rate is mainly due to an increase in N,, [Bringi and Chandrasekar, 2001]. As can be seen from
Figure 7a, the D, values approach a stable value around 1.6-1.8 mm for R > 100 mm h, indicating that the
DSDs may have reached an equilibrium state. The stratiform rain has the largest coefficient and exponent
values of Dp,-R relation (Figure 7c) among the three rain types. Hence, for a given rain rate, stratiform rain
has the highest D, values compared with the convective and shallow rain. For example, when Ris 20mmh~",
the D,, values are 1.44 mm, 1.65 mm, and 0.91 mm for convective, stratiform, and shallow rain, respectively. The
coefficient and exponent values of the D,,-R relation are slightly lower for the convective rain (Figure 7b) and
the lowest for the shallow rain (Figure 7d). Moreover, the observed maximum rain rate of shallow rain is only
82mmh~", while the values of D,, are mostly under 1 mm. As a result, the corresponding contribution to
the total rainfall (3.5%) is negligible, even though the raindrop concentration of shallow rain is extremely high.
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Figure 8. Composite raindrop spectrum curves (fitted to the observations) for the convective, the stratiform, and the
shallow rain types, as well as for the total categorized data set. The composite spectra of Meiyu period obtained from
our 2DVD and PARSIVEL disdrometers are also provided at the upper right corner for reference.

3.3. Composite Raindrop Spectra

The characteristics of the DSD shapes of the total categorized data set and of the three rain types are
presented in Figure 8. The composite drop size spectra are obtained by averaging the instant size spectra
for each rain type. The integral rain parameters derived from the composite spectra are listed in Table 3.
Note that the maximum possible raindrop diameter is defined as the diameter of the last bin in the composite
spectra whose number concentration is greater than 1.0x 10 >m~>mm™", as is done in Chen et al. [2013].

The composite spectra exhibit similar one-peak distributions in all three rain types (Figure 8). Nevertheless,
there are distinct differences in the DSDs. The maximum raindrop diameters for convective, stratiform, and
shallow rain are 6.3, 4.5, and 2.9 mm, respectively. When compared to the other two rain types, the convective
spectrum has the highest concentrations at all size ranges, resulting in a higher number concentration, a
higher rain rate, and more rain water content (see Table 3). The peak concentration appears near the low limit
of drop size that the disdrometer can measure. The stratiform spectrum is narrower, and that of shallow rain is
the narrowest. The latter also has much higher concentrations below 1.1 mm, resulting in higher rain water
contents (see also Table 3). Due to the unreliability of measurements of small drops under 0.5 mm, we will not
discuss that part of the spectrum.

When compared with the composite raindrop spectrum of Chen et al. [2013], the most obvious difference is
that the spectra of our study have higher concentrations of raindrops, especially in small drop size in both
stratiform and convective rain type. For reference, the composite spectrum of 2 years of Meiyu precipitation
data obtained from 2DVD and in situ PARSIVEL (the same instrument as that used in Chen et al. [2013]) are

Table 3. Integral Rain Parameters Derived From the Composite Raindrop Spectra®

3

Rain Type Samples (min) Nt (m73) logyo Ny, (m73 mm71) LWC(gm °) R (mm h71) Dy, (mm) Dnax (mm)
Convective 2,701 8,079 437 1.50 24.4 1.41 6.3
Stratiform 6,882 627 3.78 0.15 23 1.16 4.5
Shallow 1,530 2,763 497 0.21 19 0.64 29
Total 11,113 1,432 4.09 0.49 7.7 1.15 6.3

@parameters N, Ny, LWC, R, Dy, and Dy are the total raindrop concentration, generalized raindrop concentration, liquid water content, rain rate, mass-weighted
mean diameter, and maximum raindrop diameter, respectively.
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Table 4. Integral Rain Parameters Derived From the Composite Raindrop Spectra for Pre-Meiyu, Meiyu, and Post-Meiyu Periods®

3 1 3

Period Samples (min) Nt (m73) log1g Ny (M " mm™ ) LWC(gm °) R (mm h71) Dy, (mm) Dmax (mm)
Pre-Meiyu 1,953 1,700 4,03 0.57 9.2 1.24 6.3
Meiyu 5,323 1,184 3.99 0.44 7.2 1.18 5.7
Post-Meiyu 3,838 1,708 4.25 0.50 7.5 1.07 5.9
Total 11,113 1,432 4.09 0.49 7.7 1.15 6.3

@parameters N, Ny, LWC, R, Dy, and Dynay are the total raindrop concentration, generalized raindrop concentration, liquid water content, rain rate, mass-weighted
mean diameter, and maximum raindrop diameter, respectively.

also shown at the upper right corner of Figure 8. As can be seen, the PARSIVEL disdrometer generally under-
estimates small raindrops and overestimates large drops when compared to that of 2DVD. Tokay et al. [2013]
noticed the same in their study. Accordingly, the higher value of log;o N,, and lower value of D,,, obtained
from 2DVD than those from PARSIVEL mentioned in section 3.2 can at least be partly attributed to the instru-
ment differences.

3.4. Comparison of Different Periods

To investigate the DSD differences during different precipitation periods, we define the pre-Meiyu, Meiyu,
and post-Meiyu periods (see section 2.1). The integral rain parameters of the three periods are derived from
the composite spectra and listed in Table 4. Figure 9 shows the percentage occurrence of different rain types
during each precipitation period. The occurrence of convective rain stays around 25-30% throughout. Due to
the significant increase of shallow rain, the stratiform rain decreases abruptly from nearly 70% in the
pre-Meiyu and Meiyu periods to 55% in the post-Meiyu period. For the total categorized rainfall (Table 2),
the contribution to precipitation amount in the summer monsoon seasons of 2014 and 2015 in the study area
is dominated by convective rain (77.5%), while stratiform rain occurs most frequently (61.9%). These results
are consistent with those of previous studies using 3 years of ground-based disdrometer data [Chen et al.,
2013] or 10years of Tropical Rainfall Measuring Mission Precipitation Radar measurements [Liu et al., 2012].

The average values of D,,, and log;o N,, for the three rain types during the different precipitation periods are
given in Figure 9 as well. For each rain type, the average D,, and log;q N, values in pre-Meiyu and Meiyu
period show slight difference except that the log;g N,, for shallow rain decreases moderately from 5.14 to

100
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Figure 9. The percentage occurrence of different rain types during different precipitation periods. Black and magenta
numbers represent average values of D,,, and Logqg Ny,
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Figure 10. The occurrence frequencies of various parameters computed from the DSDs. (a) D, (b) logq9 Ny, (c) LWC, and
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5.00. In post-Meiyu, the average log,o N, values show moderate increase for convective and stratiform rain
and the average D, values decrease a little for convective rain. Overall, there are no distinct differences in the
average Dy, and log;q N, values for each rain type across the different precipitation periods. This suggests
that the characteristics of each rain type remain unchanged during the whole monsoon period.

The occurrence frequency of various parameters (the mass-weighted diameter D,,,, the generalized intercept
parameter N, the liquid water content LWC, and the standard deviation of the mass spectrum o,,) is
computed to investigate the variability of the four parameters across the pre-Meiyu, Meiyu, and post-
Meiyu periods. The occurrence frequency is defined as the number of occurrences for a specific value
normalized by the total number of samples. As shown in Figure 10a, D,,, decreases from the pre-Meiyu period
to the post-Meiyu period. The peak value of the Dy, distribution curve appears at 1.3 mm for the pre-Meiyu
period and at 1.1 mm for the Meiyu period, which is approximately equal to the mean D, value of the
stratiform rain for each period, 1.24 mm and 1.18 mm, as given in Figure 9. Because of the significant increase
in shallow rain, double-peak distribution results for the post-Meiyu period, where the values appear at
0.7 mm and 1.3 mm. That is, one peak (1.3 mm) is approximately equal to the mean D,, value of the stratiform
rain, while the other peak (0.7 mm) is attributed to the significant increase in shallow rain during the post-
Meiyu period. Similarly, the distribution log;o N,, shows a two-peak pattern for the post-Meiyu period as well,
and logq N,, around the second peak is larger than the other two periods (also see Table 4). However, there
are only slight differences in liquid water content (LWC) among the three periods (Figure 10c and Table 4).
The Meiyu period shows the lowest LWC values compared to the other periods, as the mean values of
LWC are 0.57, 0.44, and 0.50gm ™ for the pre-Meiyu, Meiyu, and post-Meiyu periods, respectively. Such
variations of LWC can be explained by equation (3), where LWC depends on both raindrop diameter (~D)
and number concentration N(D). The convective rain has the largest raindrop size, hence the highest LWC
among all three types of precipitation. Compared with stratiform rain, shallow rain has a lower D but a higher
N(D), so they contain almost the same LWC. As the Meiyu period has the lowest occurrence frequency of
convective rain, it therefore has the lowest LWC among three periods. The distribution of o, has little differ-
ence between the pre-Meiyu and Meiyu periods, while the post-Meiyu period shows the narrowest spectrum
with the integral distribution becoming narrower and yielding smaller values, due to the abundance of
shallow rain.

The above analyses indicate that the DSDs of each rain type during the three precipitation periods from
summers of 2014 and 2015 differ only slightly. The difference in the occurrence frequency of various DSD
parameters for different precipitation periods seems to have been due more to the difference in the
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Figure 11. Scatterplots of Z-R values for convective (gray circles), stratiform (gray plus signs), and shallow rain (gray dots).
The fitted power law relationships of convective, stratiform, and shallow rain types in the form of Z= ARP are shown in red,
blue, and green solid lines. The coefficient and exponent values of the fitted power law equations are provided. The black
solid line represents the Z-R relationship for the total categorized data set. The relations for continental stratiform rain
[Marshall and Palmer, 1948] and Meiyu convective rain [Chen et al., 2013] are provided in dashed cyan and magenta lines,
respectively. The inset plot represents the amplified black rectangle region at the upper right corner.

dominant precipitation type in each period than to the change in season. Specifically, the pre-Meiyu period
contained a higher percentage of convective rain episodes that were associated with well-organized mesos-
cale convective systems, while the Meiyu rainfall had the largest fraction of stratiform rain, and the post-
Meiyu period, in contrast, had a significant increase in shallow rain.

3.5. Rainfall Estimation Relationships

Based on the characteristics of DSDs in the summer monsoon season over East China, radar-based rainfall
estimation algorithms are discussed in this section. The most widely used radar QPE algorithm is the Z-R
relation. However, the diversity of DSDs due to rain types, geographical locations, climatic regimes, and even
the choice of disdrometers will result in different coefficients in the Z-R relation [Chandrasekar et al., 2003;
Rosenfeld and Ulbrich, 2003; Tokay et al., 2008]. For example, the National Weather Service’s Weather
Surveillance Radar 1988 Doppler precipitation processing subsystem recommends Z=250R"? [Rosenfeld
et al,, 1993] for tropical systems, and Chen et al. [2013] suggest Z=368R"2" for Meiyu systems. Thus, a better
understanding of the characteristics of the DSD in East China during the summer monsoon season is needed
to help us improve radar rainfall estimation in this region.

Scatterplots between Z and R for the total categorized data set and for the three rain types are presented in
Figure 11. The coefficient and exponent values of the fitted power law equations are provided with the
corresponding colors. In order to facilitate the comparison of Z-R relation with different rain types, Z=368R’ 21
[Chen et al., 2013] for convective rain in Meiyu season and Z = 200R"® [Marshall and Palmer, 1948] for continen-
tal stratiform rain are also provided. The former Z=368R'2" relationship is slightly to the right of our
Z=230.85R"** relationship for convective rain at high rain rates. In other words, it gives a higher R value for
a given Z, which indicates that Z= 368R"2" would overestimate rainfall, in particular at high rain rates. For exam-
ple, when Z is 1.0x 10° mm®m~3 (50 dBZ, which happens frequently in summer rainfall), the rain rate is
overestimated by about 25% with the former Z=368R"?' relationship. As shown in Figure 11, our new
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The above analysis, as well as previous studies, suggests that DSD variability is a major source of diversity of
Z-R relations. Since the accuracy of remote estimation of rainfall is limited by and progress is impeded
by the variety of DSDs and sampling errors, researchers have turned to fixed-form relations of polarimetric
measurements which provide additional parameters. Recent studies indicate that rainfall estimates made
with the radar reflectivity (Z) and differential reflectivity (Zpgr) measurement pair are sensitive to size varia-
tions. They help to improve rainfall estimates derived only from radar reflectivity [Zhang et al., 2001;
Brandes et al., 2002; Ryzhkov et al., 2005; Lee, 2006; Cao et al., 2008, 2010; You et al., 2014]. In this study, S band
polarimetric radar parameters Z,; and Zpg are calculated following Zhang et al. [2001] for Brandes drop shape
assumption using 2DVD data observed during the summer. A power law rainfall estimation relationship is
then determined by the least squares method and the R(Zy, ZpR) is given by

R=1.81x1032%%8708 (12)
where Z;, ranges from 10" to 10> mm® m™3 and Zpg ranges from 0.1 to 3 dB, similar to Aydin and Giridhar [1992].

Figure 12 shows the scatterplots of 2DVD observed hourly rainfall against the rainfall from the rainfall estima-
tion relationship R(Zy, Zpg). To ensure a rigorous assessment, no threshold is set for either observed or
estimated rainfall. The results of the statistical evaluation are given as well. The correlation coefficient (CC),
standard deviation (STD), and root-mean-square error (RMSE) between R(Zy, Zpgr) estimated and observed
rainfall are 0.997, 0.524, and 0.534, respectively. The results suggest that the polarimetric estimates agree well
with observations on the whole. These estimates perform well even when low rain rates (where Zpg measure-
ment errors could be important) are included.

The disadvantage of the Z-R relation is that it is not unique and depends on DSDs, which vary both spatially
and temporally across differing precipitation types, climatic regimes, and orography. The R(Zy, Zpg) estimator
has the advantage over the single-parameter estimator (Z-R relation) because it partially accounts for
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changes in median drop size through the Zpr parameter. This capability reduces the impact of DSD variability
on the quality of rainfall estimation [Brandes et al., 2002; Ryzhkov et al., 2005]. That is to say, without classifica-
tion of rain types, rainfall estimation is consequently more accurate with additional polarimetric observations.

4. Summary and Conclusions

In this paper, the characteristics of the raindrop size distributions (DSDs) and calculated polarimetric radar
parameters of precipitation episodes during the Asian summer monsoon season are studied. For the first
time, measurements from ground-based 2-D video disdrometer and vertically pointing Micro Rain Radar
are utilized to improve characterization of summer precipitation in East China. A total of 27 precipitation epi-
sodes and 11,113 one minute DSD spectra are obtained for the summers of 2014 and 2015 at a site located in
Nanjing in the Yangtze-Huaihe River Basin of East China. Combining the rainfall intensity and the vertical
structure of radar reflectivity, convective, stratiform, and shallow rain types are identified, and their DSDs
and vertical structures are further compared among different precipitation periods (pre-Meiyu, Meiyu, and
post-Meiyu). Single-polarization and polarimetric rainfall estimators are derived from DSD observations
and discussed as well. The main conclusions can be summarized as follows:

1. The use of 2DVD and MRR observations enabled the identification of shallow rain in this study, which had
generally been ignored or mistakenly recognized as stratiform rain in previous studies. Compared to the
convective and stratiform rain, the reflectivity of shallow rain is the weakest. The vertical profiles of reflectiv-
ity show that the shallow precipitation forms mostly through warm rain processes. The shallow rain DSDs
have a relatively small maximum diameter and high concentrations with small diameters near the ground.

2. The rainfall in the two summers studied at the measurement site is found to consist mainly of stratiform
rain in terms of frequency of occurrence but is dominated by convective rain in terms of accumulated
rainfall amount. Relatively low values of D, but high values of N,, are observed for all three rain types
when compared with observations from similar climatic regimes (i.e., East China, Japan, and Taiwan).
This is likely associated with high local atmospheric aerosol and moisture contents. In the presence of high
aerosol concentration, adequate supply of moisture leads to a higher raindrop concentration but lower
raindrop diameter.

3. The differences of the frequency distributions of various parameters during different precipitation periods
appear to be due more to percentage occurrence variations among the three rain types than to variation
within each rain type. In other words, the characteristics of each precipitation type remain largely
unchanged during the summer, although they occur at different frequencies before and after Meiyu.

4. Radar-based rainfall estimation algorithms, R(Zy) and R(Zy, ZpR), are also derived and discussed. The Z-R rela-
tionships obtained are Z = 230.85R'3* 7=193.73R">* and Z=41.68R"®® for convective, stratiform, and shal-
low rain, respectively. In comparison, the single polarimetric R(Z, Zpg) algorithm agrees well with rainfall
observations for all rain types. The R(Zy, Zpg) estimator has the advantage over the single-parameter estima-
tor (Z-R relation) because it accounts for DSD differences through the additional Zpr parameter.

Although interesting findings were obtained on the DSD characteristics of different types of summer preci-
pitation in East China using 2 years of data from two types of disdrometer and an MRR, the results are not
necessarily conclusive due to the still limited sample size of precipitation episodes. Long-term observations
should be used as more data are collected. The vertical profiles of drop size spectra from MRR can be used to
better understand the growth of raindrops in the shallow rain. The aerosol effects on DSDs are not yet well
understood [Rosenfeld et al., 2008; May et al., 2011; Tao et al.,, 2012], and aerosol observations are needed
to determine the relation between the raindrop size and high CCN. Moreover, high-resolution simulations
with microphysics schemes properly accounting the effects of aerosol will be helpful for understanding
the microphysical processes involved. We plan to conduct some of the research in the future.
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